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Abstract
Radical Chain Reduction and C(sp?/sp’) Carboxylation via Formate Activation

By: Gavin Smith

Over the last several decades, various modes of catalysis in chemical synthesis have emerged at
the forefront of synthetic organic chemistry to make carbon-carbon bond formation more
efficient and selective. While single electron transformations have maintained synthetic utility
for decades, the emergence of photoredox catalysis has reinvigorated the field of single electron
processes by introducing mild and catalytic conditions for single electron activation of organic
molecules via redox manipulations. While many photoredox methodologies have relied on
highly reducing or oxidizing photocatalysts for radical formation, we utilized previous
methodologies in our group to access potent reductants via mild hydrogen atom transfer
processes. We have demonstrated through a polarity matched hydrogen atom transfer between
an electrophilic thiyl radical and abundant formate salts, we are able to mildly generate the
radical anion of carbon dioxide (CO;"), a potent reductant (E 1, °=-2.2 V vs SCE). We
demonstrate the utility of this reaction in a variety of reductive transformations including
hydroarylation, defluoroalkylation, ketyl radical formation, detosylation, and radical deamination
of aryl ammonium salts. Furthermore, our research shows CO>" as a nucleophilic source of CO2
as it adds across alpha, beta-unsaturated alkenes in a 1,4-addition. In addition, formate activation
with phenyl triflimide is used nickel-catalyzed cross coupling to generate aryl/vinyl carboxylic
acids from their corresponding aryl/vinyl bromide precursors. Finally, we utilize computational
chemistry to help elucidate the mechanistic features of a protocol for catalytic dearomatization of

unactivated arenes via catalytic hydroalkylation.
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Chapter 1: An overview of Single Electron Transformations, the
Emergence of Photoredox Catalysis, and Nickel-Catalyzed Cross-

Couplings



1.1 Single Electron Transformations

In most traditional undergraduate chemistry courses, the emphasis on bond forming is
typically centered around two-electron chemistry with classical electrophiles and nucleophiles.
Single electron, or radical, processes are often considered too complex for undergraduate
research courses despite its utility and abundance in both organic chemical transformations in
addition to various enzymatic processes. Regardless of their absence in undergraduate research
courses, the utility of radical processes has only increased over the last several decades as
emerging technologies to generate and use single electron transformations have become
increasingly important. Currently at the forefront or synthetic organic chemistry, single electron
transformations are often accessed via single electron redox manipulations in addition to

hydrogen/halogen atom abstractions (HAT/XAT) protocols.
1.1.1 Hydrogen Atom Abstraction

When considering the movement of hydrogen atoms in organic systems, most chemists
will immediately think of heterolytic cleavage of carbon/heteroatom-hydrogen cleavage—in
other words Bronsted-Lowry acid-base chemistry.! While the heterolytic cleavage of hydrogen-
carbon/heteroatom bonds provide useful anionic and cationic species, the homolytic cleavage of
the same bonds generates complementary radical species with unique selectivity profiles.? As
described my James Meyer, hydrogen atom transfer can be thought of as “the concerted
movement of a proton and an electron in a single kinetic step where both the proton and the

”22 and is described

electron originate from the same reactant and travel to the same product
simply in equation 1. In any HAT process, there is an abstractor and a donor, as show in

equation 1, X acts as the abstractor thereby generating an X-H bond while simultaneously

A—H + X  — X—H + A (1)



generating a new radical that may undergo further HAT processes or engage in other bond

forming reactions.

In order to understand the driving force for HAT processes, it is important to highlight the
correlation between HAT rate constants and the corresponding bond dissociation energies
(BDEs) of the reactive species. This relationship is detailed in equations 2 and 3 (derived from
the Bell-Evans-Polanyi principle) where E. is the activation energy, AH is the enthalpic driving
force, and o and 3 represent reaction parameters. When looking closely at AH, the importance
of BDEs becomes clear as the closer they are to one another the smaller AH becomes thereby the
smaller the E, becomes.> HAT processes have implications in a wide variety of systems

Ea=a(AH)+B  (2)

AH® = BDE(AH) - BDE(XH)  (3)

including metal mediated reactions,* biological systems,’ and a wide breadth of chemical
reactions. While BDEs are particularly important for HAT processes, so is the concept of

‘radical philicity’ and “polar effects’.

Although free radicals are considered electronically neutral, depending on the atom the
radical is located on they still experience a polar effect. This polar effect has implications on the
activation energy of an HAT event and is directly related to the charge transfer experienced
during the HAT process.® To better exemplify this, consider Scheme 1.1. As demonstrated in
Scheme 1A, a radical’s polar effect can be best described by its affinity towards single electron
oxidation or reduction. If a radical is more inclined to accept an electron (in other words its
anionic form is more stable) it is said to be nucleophilic while if a radical is more inclined to give

up an electron (its cationic form is more stable) then it is said to be nucleophilic. This concept is



further demonstrated in Scheme 2A and Scheme 2B where thiyl radicals are electrophilic due to
their affinity towards electrons while the opposite is true for acyl radicals. As such, the rate of
HAT between an electrophilic radical such as a tert-butoxy radical and an aldehyde is fast while
HAT between a tert-butoxy radical and a thiol is slow as the polar effects are unfavorable. To
summarize, HAT processes rely primarily on two components of a reaction system—the BDE of

the reactive components as well as their respective philicity.

Scheme 1.1: General Overview of Radical Philicity and Polar Effects.
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1.1.2 Halogen Atom Abstraction

While hydrogen atom abstraction is a fundamental tool for the generation of various
carbon or heteroatom-centered radicals, a complimentary and perhaps more well-known process
is that of halogen atom abstraction (XAT).” In a similar fashion to HAT, XAT processes are
primarily guided by BDEs and reactivity is generally consistent with the Bell-Evans-Polanyi
principle discussed earlier although polar, steric, and hyperconjugative effects also play a role.
An interesting feature of HAT when juxtaposed with HAT is the observed switch in polar effects
observed and suggested by Hammett plots. In HAT processes, cationic character is typically
observed on the forming carbon-centered radical in the charge-transition state while the opposite

is true for XAT processes as the nucleophilic abstractor imparts anionic charge on the forming



carbon-centered radical.” In part, this observed flip in reactivity is thought to be correlated to the
difference in electronegative between carbon-halogen bonds and carbon-hydrogen bonds which
is intrinsically related to bond polarizability and therefore charge transfer states. HAT processes
have important implications in organic synthesis and XAT also have important implications in a

variety of organic methodologies.

Two of the perhaps most well-known examples of XAT in organic synthesis involve the
use of tin and alpha amino radicals—notably both are examples of nucleophilic radicals. A
classical example a useful tin-mediated XAT reaction is in the total synthesis of Hirsutene which
actually relies on both an HAT and XAT event for this radical cascade (Scheme 1.2).!° In this
example, upon initiation with AIBN'!, HAT from tributyltin hydride generates the tin-centered
radical which upon XAT with the primary alkyl iodide undergoes two sequential cyclizations
followed by an HAT event to furnish the racemic product thereby forming two rings and a

quaternary carbon center in a single step.

Scheme 1.2: Classical Example of XAT-mediated Tin cyclization in the Racemic Total Synthesis
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Although tin-mediated radical processes demonstrate the utility of XAT processes, the

high toxicity of tin alongside the potentially explosive initiators needed to begin the bond-



forming process make these reactions rather hazardous. While there are a large number of
modern nucleophilic halogen atom abstractors that have gained attention in recent years, perhaps
one of the most notable examples is that of aminoalkyl radicals as XAT agents.!? In this example
pioneered by the Leonori group, amino alkyl radicals are generated under photocatalytic
conditions (discussed in the next section) where an oxidation deprotonation sequence generates
the active XAT agent in situ under mild conditions (Scheme 1.3). Upon abstracting a halogen
atom from a C(sp2/sp3) halogen bond, the corresponding alkyl/aryl radicals can then undergo
various useful transformations including deuteration, alkylation, allylation, olefination, and

arylation.

Scheme 1.3: Generation of alpha-amino radicals under Photocatalytic Conditions for

XAT from Aryl/Alkyl Halides
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1.1.3 The emergence of Photoredox Catalysis

Although single electron transformations have been well documented as useful reactive
intermediates, the often harsh conditions required to generate these reactive species left a hole in
the field that was quickly filled in with the emergence of photoredox catalysis. In 2008, the
Yoon group and the Macmillan group published! reports in tandem regarding the visible-light

promoted intramolecular [24+2] cycloaddition of olefins'? alongside the enantioselective o.-



alkylation of aldehydes'* using the transition-metal complex Ru(bpy)s;>". Most photoredox
catalysts are either organic dyes or transition-metal complexes that absorb light in the visible
region and operate in catalytic amounts (often between 0.5-1 mol%) at room temperature making
their use highly attractive. Furthermore, because many organic molecules used in organic
synthesis do not absorb light in the visible region making unproductive side reactions unlikely.'
Shown in Figure 1.1 are some of the most commonly used organic and transition-metal
photocatalysts with a large breadth in reactivity with respect to redox potentials with the most
modern photocatalysts being acridinium-based dyes (Mes-Acr")! and donor-acceptor cyano-

arenes (4CzIPN)!7.

Figure 1.1: Common Photoredox Catalysts Alongside their Excited State Redox Potentials and
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Within the realm of photoredox catalysis, there are essentially two modes of action to
activate organic molecules—single electron oxidation/reduction and energy transfer. For single
electron reduction/oxidation to be active and catalytic, stoichiometric additives are necessary and
come in the form of electron acceptors (A) and electron donors (D). There are essentially two

modes of activation within this system that allow access to different redox properties of the



photocatalyst and these modes come in the form of a ‘Reductive Quenching Cycle’ and an
‘Oxidative Quenching Cycle’ (Figure 1.2). In a reductive quenching cycle, upon excitation with
visible light, the photocatalyst may undergo single electron oxidation of some donor molecule
(trialkylamines are the most common) which then delivers the radical anion of the photocatalyst.
The radical anion of the photocatalyst may then deliver that electron to another substrate
delivering the photocatalyst back to the ground state. Alternatively, the opposite process may
also occur in which an excited state reduction of some reducible species (A) delivers the radical
cation of the photocatalyst which then oxidizes a substrate delivering the photocatalyst back to
the ground state. This conveniently allows the reaction parameters to be tuned in order to access

different redox states of the photocatalyst.

Figure 1.2: Graphic representation of oxidative/reductive quenching cycles shared by all

photoredox-catalyzed systems alongside common stoichiometric donors and acceptors.
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Another important feature of photocatalysts is their excited states (singlet and triplet
excited states) and its inherent relation to energy transfer pathways. While reduction/oxidation

potentials are important components in determining whether a redox event will happen, equally



important is their lifetime in either the single or triplet excited state'®. The singlet and triplet

excited states can be best summarized by a Jablonski diagram (Figure 1.3A).

Figure 1.3: Graphic representation of a Jablonski diagram (A) alongside the different energy

transfer mechanisms—Forster (B) and Dexter (C).
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Upon excitation with visible light, the photocatalyst may promote an electron to its
singlet excited state which then rapidly decays back to its resting state, most often in the form of
fluorescence. Alternatively, from the singlet excited state intersystem crossing (ISC) may occur
over to its triplet excited state followed by a spin forbidden (which accounts for its longer
lifetime) decay in the form of phosphorescence!'®. While fluorescence and phosphorescence are
both common pathways, both the singlet and triplet excited states may also engage in energy

transfer processes.

The first of which, Forster Resonance Energy Transfer, relies on a coulombic interaction
between the excited state of the donor molecule and acceptor molecule. This excited state
interaction generates a dipole in the acceptor molecule which eventually leads to an electronic
transition. Alternatively, Dexter energy transfer could occur in which the donor and acceptor
molecule can approach each other in solution and form a caged complex within the solvent
system. This complex may result in orbital overlap between the two molecules allowing an

energy transfer to occur, in other words this type of energy transfer is guided by proximity of the
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donor and acceptor molecule to one another and may be sensitive to solvent and triplet excited

state lifetimes.
1.2 An Overview of Nickel-Catalyzed Cross Couplings

Although palladium-catalyzed reactions have dominated the world of carbon-
carbon/carbon-heteroatom bond forming reactions, in recent years nickel-catalyzed cross
couplings has emerged as an interesting alternative. Although their reactivities with respect to
cross-coupling reactions essentially parallel each other, one of the primary differences between
the two metals is the more favorable interactions between nickel and single-electron processes?’.
This has allowed for the emergence of a subset of nickel-catalyzed cross-couplings in which
radicals, formed either through XAT with the metal center of dual photoredox catalysis, may
engage the metal center to forge C(sp?)-C(sp®) bonds?!. Typically, these cross-couplings occur in

the manner described in scheme 1.4.

Generally with nitrogen centered ligands, the nickel(0) may undergo oxidative addition
with a C(sp?) (pseudo)halide to form a Ni(II) complex which is reduced back to Ni(I) by some
stoichiometric metal reductant (often zinc or manganese). This complex may undergo XAT with
an alky electrophile followed by radical rebound to generate the activated Ni(IIl) complex which
is posed for reductive elimination to furnish the C(sp?)-C(sp®) product. Another equivalent of
reductant may then engage the nickel center and regenerate the catalytic cycle. The primary
difference between typical cross-electrophile couplings and metallophotoredox is the role of the
photocatalyst which may essentially replace the metal reductants and regulate the nickel catalytic

cycle with its own redox manipulations.
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Scheme 1.4: Standard catalytic cycle for nickel-catalyzed reductive cross-electrophile coupling.
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Chapter 2: Radical Chain Reduction via the Carbon Dioxide

Radical Anion (CO2")

Adapted and reprinted in part with permission from Hendy, C. M.; Smith, G.; Xu, Z.; Lian, T;

Jui, N. J. Am. Chem. Soc., 2021, 143, 8987-8992.
Copyright 2021 American Chemical Society
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C. M. Hendy contributed to both carboxylation and reduction scope. Z. Xu performed transient

absorption spectroscopy and Stern-Volmer quenching experiments.
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Abstract: The emergence of photoredox catalysis and electrochemistry has demonstrated both
the utility of radical intermediates in synthetic chemistry and their inherent limitations. We have
developed a new method for reductive radical formation in which the generation of the carbon
dioxide radical anion (CO:") serves as both a powerful reductant and a source of nucleophilic
carbon dioxide via a novel radical chain mechanism. Through a polarity matched hydrogen
atom transfer (HAT) between an electrophilic radical and a formate salt, the CO>" is generated.
We have demonstrated that this intermediate can act as a single electron transfer agent to
achieve difficult reductions or it can undergo a Giese type reaction with electron deficient olefins
to make synthetically useful 1,4-dicarbonyls where substrate reduction potential may be used to
predict reaction outcome. We found an initiation event leading to the formation of a thiyl radical
can be achieved through either thiol oxidation, homolytic cleavage of disulfides, or through the
thermal initiation of classical radical initiators such as AIBN. Under this novel radical chain
mechanism, we are able access the CO>" under mild conditions and demonstrate its ability to

serve as either a powerful reducing agent or a source of nucleophilic carbon dioxide.
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2.1 An Overview of Photoredox in the Jui Lab

In recent years, radical intermediates have emerged at the forefront of synthetic
chemistry. Radicals are highly reactive species with complementary selectivity profiles to ionic
intermediates, and many methods for radical generation have been developed with dissolving
metals'? and electrochemistry>* being among the most abundant. Within this area, single
electron reduction of olefins or halogenated substrates allows for reliable formation of radical
species from readily available starting materials. Recently, the fields of photoredox catalysis and
electrochemistry have offered exciting alternatives to radical generation/reactivity, but
significant limitations remain. Electrochemistry allows for precise tuning of potential but over
oxidation/over reduction processes make capturing radical species impossible in many cases.’ On
the other hand, photoredox catalysis readily allows for radical intermediates to be intercepted®’,
but many of the photocatalysts (PC) used in these systems are limited by the energy visible light
provides (up to 2.8 eV for visible light®), leaving difficult redox events out of reach using
traditional methods.

In the Jui lab, we have typically relied on highly reducing photocatalysts to achieve
single electron transformations that were previously inaccessible.” The potent reducing power of
these photocatalysts has allowed access to valuable radical intermediates for carbon-carbon bond
formation including aryl and difluorobenzylic radicals. As shown in Scheme 2.1, the carbon-
carbon bond formation occurs in very similar manners. Upon single electron reduction from a
highly reducing photocatalyst, the carbon-centered radical is formed which may undergo a Giese
type addition to the corresponding alkene generating an alkyl radical which may be capped upon
HAT. This methodology has allowed for the rapid construction of traditionally challenging

molecules including phenethylamines and compounds bearing difluoroalkyl motifs.
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Scheme 2.1: Radical Hydroarylation and Defluoroalkylation of Olefins
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Interestingly, within these systems although different photocatalysts are used the catalytic
cycles do operate in parallel with one another. Upon excitation with visible light (blue LEDs),
the photocatalyst (PC) is excited to its triplet/singlet excited state (PC*) which may then undergo
single electron reduction of some organic species. This organic species may then undergo
mesolytic fragmentation to generate the carbon centered radical alongside the radical cation of
the photocatalyst (PC™). Following Giese-type addition to an alkene by the
aryl/difluorobenzylic radical another alkyl radical is generated which may then be capped via a
polarity matched HAT process between the newly generated alkyl radical and a catalytic thiol

(Figure 2.1). In order to turn over both catalytic cycles, an interaction between thiyl radical and



a formate salt delivers an electron to the photocatalytic and a hydrogen atom to the thiol — an
interaction that has long been ambiguous in our group.
Figure 2.1: A representative catalytic cycle for thiol/formate catalyzed photoredox

systems in the Jui lab.
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Implied within the interaction between thiyl radical is the presence of the highly elusive

and transient carbon dioxide radical anion via the HAT process shown in Scheme 2.2

Scheme 2.2: Initial hypothesis regarding the generation of CO2" via HAT
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2.2: An Overview of the Carbon Dioxide Radical Anion

The carbon dioxide radical anion CO>" is known to be a highly reactive and elusive
intermediate, typically formed via electrochemical reduction of carbon dioxide.!®!" Given its
very potent reduction potential (E ».°=-2.2 V vs SCE)'? and intrinsic reactivity, CO>" has the

potential to be a useful synthetic intermediate. Despite the high value of generating this
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intermediate, very few examples exist of its utility in organic synthesis. Previous work carried
out by Barba'® and Kubiak'* show that reduction of CO, to CO2" may be employed in
carboxylation reactions under the corresponding photochemical or electrochemical conditions.
In 2017, the Jamison group designed an approach that allows for the generation and capture of
CO>~ with UV light in a flow reactor thereby facilitating carbon-carbon bond formation.!> While
these initial reports demonstrate the utility of this useful intermediate, the requirement of harsh
conditions (super reductants, UV light, electrochemistry) limit its practicality. As such, its utility
is understudied. Given the use of formate and HAT systems in our previous work, we sought to
elucidate the details for CO2™ generation and how we might leverage its formation in organic
synthesis.
2.2.1 Mechanistic Investigations into CO2"" as an Upconverted Reductant

Under our previous conditions, we had relied on an exited state reduction of highly
reducing photocatalysts to access reactive radical species via single electron reduction while the
corresponding alkyl radical generated formed thiyl radical via HAT. We sought to augment this
system bypassing the need for highly reducing catalysts by directly generation of CO," via thiol
oxidation. The low oxidation potential of various alkyl/aryl thiols'® are well-established
allowing for the oxidation and subsequent deprotonation (the radical cation of thiols experience
enhanced acidity relative to their redox neutral counterpart)!” of a thiol leading to the generation
of thiyl radical—this would set up a catalytic cycle outlined in Figure 2.2. By augmenting this
system towards thiyl radical generation, the framework for is set for intentional generation of the

carbon dioxide radical anion.
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Figure 2.2: Modified Catalytic Cycle Generating Electrophilic Thiyl Radical via SET
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One of the first questions that we asked about this system is the energetic feasibility of this

system, is HAT from formate via thiyl radical a favorable process? As discussed earlier, for an

HAT event to be favorable it is important to have matched polar effects and bond dissociation

energies. As shown in Figure 2.3, the polar effects of this interaction are clearly favorable as the

carbon dioxide radical anion is likely to expel a radical (to make CO2 simultaneously) while thiyl

radical is favored to form the anion.

Figure 2.3: Factors Contributing to the Feasibility of HAT from Formate
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The next question that needed answering is the BDE of the two reactive species. The S-
H BDE of a typical alkyl/aryl thiol is well-known to be around 85-90 kcal/mol.'"® What was not
known at the time however, is the formyl C-H BDE of formate. In order to quantify the BDE of
sodium formate we relied on DFT calculations employed at (U)B3LYP levels of theory with the
6-31+G(d,p) basis set. By performing geometry optimizations and quantifying the energetic
minima of the reactive species, we found formyl C-H BDE of formate to be 89.6 kcal/mol. With
the energetic feasibility established, we next sought to evaluate this hypothesis on a model
system.

Under standard conditions (developed and modified from conditions optimized in
Chapter 3), we first sought to evaluate the hydrodehalogenation of 2-chloromethyl benzoate (a
challenging reduction at -2.1 V vs SCE).!” We were excited to see that under the conditions
outlined in Figure 2.4, conversion from the aryl chloride to the HDH product went smoothly in
high yield (93-100%). It is important to recognize that SET from any of the photocatalysts is
highly unfavored with the most reducing photocatalyst holding a reduction potential more than
600 mV more positive than that of the aryl chloride. This implies that single electron reduction
occurs from CO;", the only reactive species in this experiment that is energetically capable of
performing this reduction. It is important to note that although none of the photocatalyst
screened in this experiment are reducing enough with respect to the aryl chloride, they are
oxidizing enough with respect to the thiols present (Figure 2.6B). This feasible oxidation,
implies single electron oxidation thiol to make the upconverted reductant. It is important to note

that DMSO may contain trace amounts of thiol impurities?’-*>

capable of promoting this reaction,
as such mechanistic experiments were conducted with freshly distilled DMSO (solvents from old

bottles were capable of promoting this reaction without added thiol cocatalyst).
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Interestingly, this reaction was found to tolerate a wide variety of HAT catalysts. As
shown in Figure 2.5, all thiol catalysts are efficient in this reaction system (entries 2-6) and the
tertiary amine DABCO was also capable of facilitating reduction albeit at a diminished yield

Figure 2.4: Formate Catalyzed Reduction of an Aryl Chloride via Thiol Oxidation?

PC (1 mol%)

CO,Me o Mesna (20 mol%) CO,CH3
cC - & X
cl H ONa DMSO, N,, Blue LEDs H

Y

Aryl Chloride Sodium Formate on Hydrogehalogenation
1 equiv. 5 equiv.
- B - HoH I
1 4CzIPN 98
2 4CzTPN 98
3 Ir(df-CF3-ppy)»(dtbbpy)PFg 99
4 Ir(ppy)2(dtbbpy)PFg 98
5 DCA 90

@ Conditions: aryl chloride (1 equiv.), sodium formate (5 equiv.), ,photocatalyst (PC, 1 mol%),
Mesna (20 mol%), DMSO [0.1 M], N5, Blue LEDs, 16 h. Reactions performed on a 0.1 mmol
scale. PYield determined via "H NMR using CH,Br, as an internal standard.

(entry 7). In the absence of any HAT catalyst, we found zero conversion to the HDH product
indicating that formate oxidation to the oxygen centered electrophilic radical (although

energetically feasible) is not a viable pathway in this system.
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All together, this allows us to summarize are mechanistic data in support of CO>™
behaving as an upconverted reductant shown in Figure 2.6A. As clearly shown in the reduction
potential series, all employed photocatalyst (despite their weak reducing power) are able to
convert the aryl chloride to the HDH product via thiol oxidation to make the carbon dioxide

Figure 2.5: HAT catalyst Screen and Control®
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Aryl Chloride Sodium Formate Hydrogehalogenation
1 equiv. 5 equiv.
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3 cyclohexane thiol 91

4 dodecane thiol 93

5 thiophenol 92

4 thiobenzoic acid 92

5 DABCO 62

@ Conditions: aryl chloride (1 equiv.), sodium formate (5 equiv.), ,photocatalyst (PC, 1 mol%),
HAT catayst (20 mol%), DMSO [0.1 M], N, Blue LEDs, 16 h. Reactions performed on a 0.1 mmol
scale. PYield determined via '"H NMR using CH,Br, as an internal standard.

radical anion—the only reductant capable of this transformation due to the large underpotential
from the catalyst. Various electrophilic HAT catalysts are operative in this system and the

reaction does not proceed in their absence. Additional controls demonstrate that the reaction
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does not proceed in the absence of blue light, photocatalyst, and formate. Furthermore, we
conducted a series of photophysical experiments that demonstrate this reaction is an HAT driven
radical chain (discussed further in Chapter 2.2.2).

Figure 2.6: A Summary of Mechanistic Evidence for CO," Generation
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2.2.2: Investigations into Radical Chain Generation of CO>™

Given the fact that this reaction relies primarily on the shuttling of labile hydrogen atoms
around, we hypothesized that it was likely that there may be chain characteristics to this reaction.
Using the protocols established by the Yoon group for characterizing chain processes? in

photoredox catalysis we were able to quantity the quantum yield (®) of the reaction under our
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standard conditions to be 2.63. Quantum yield is defined as the number of product molecules
that are formed per absorbed photon.?* In other words, it is the ratio of the moles of product
formed divided by the einsteins of light absorbed where einstein is the energy in one mole of
photons. As such, any value greater than one indicates that a radical chain is occurring and is
consistent with our findings.

Consistent with our hypotheses regarding thiol oxidation, we employed transient
absorption spectroscopy>* in collaboration with the Lian lab, and quantified the rate of thiyl
formation under our standard conditions (4.0 X 10-3 M-1s-1) in addition to the quantum yield of
the triplet excited state (® = 0.0072) and the radical chain length greater than or equal to 365 (see
Supporting information). Despite our strong mechanistic evidence indicating that CO2™
formation is occurring and is the active reductant, given the elusive nature of this intermediate
we sought alternative ways of generation this reductant that may eliminate any ambiguity.

2.2.3: Generation of CO2" with Alternative Initiators

Given our understanding that this reaction proceeds as an HAT driven chain reaction,
product formation should not be dependent on a closed catalytic cycle. Rather it should be
dependent on an initiation event as is consistent with other radical chain mechanisms. We
hypothesized that if all that is needed is an electrophilic radical to get the show going, alternative
means of initiation should also be operable. The most obvious of which would exploit the weak
BDE of disulfides as disulfides absorb visible light and may undergo direct photolysis to
generate two equivalence of thiyl radical (Figure 2.7).2> Alternatively, thermal activation of a
persulfate or AIBN would generate the corresponding electrophilic radicals also poised for HAT
from formate. In order to test this hypothesis, we reexamined the hydrodehalogenation of 2-

chloromethyl benzoate—this time in the absence of any photocatalyst.



Figure 2.7: The Formation of Electrophilic Radicals under Alternative Conditions
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We found that when 4CzIPN was replaced with 20 mol% of an initiator and the
corresponding initiation conditions, our hypotheses were confirmed. Using 2-chloromethyl

benzoate, sodium formate, 20 mol% dimethyl disulfide, and blue light we were able to see

27
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almost quantitative reduction to the corresponding HDH product (Figure 2.8, entry 1).
Furthermore, the use of ammonium persulfate or AIBN at 100°C in combination with 20 mol%
Mesna we saw efficient conversion to the corresponding HDH product (entries 2-3). Given the
absence of any photocatalyst, we were excited to show for the first time that CO;™ is in fact the
active reductant in our system.

With our mechanistic data in hand including photophysical interrogations, photochemical
generation of CO;"™, and alternative initiators we were able to put together a proposed
mechanistic scenario (Figure 2.9). Upon formation of thiyl radical, either via photocatalytic
initiation or alternative initiation, HAT from sodium formate delivers the key reductant. Upon
single electron reduction with an aryl chloride CO- is released alongside the radical anion of the
aryl chloride. Upon mesolytic fragmentation, a chloride anion is expelled after which the
corresponding aryl radical may abstract a hydrogen atom from thiol delivering the reduced
product alongside another equivalent of thiyl radical thereby propagating the chain.

Figure 2.9: Proposed Mechanistic Scenario for Aryl Chloride Reduction
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2.2.4: Reductive Process Enabled by CO>™
Given our previous work developing catalytic systems for the hydroarylation of olefins

with (hetero)aryl radicals, we sought to expand upon that reactivity. Our previous conditions for
hydroarylation involved the use of either a heteroaryl radical and an unactivated alkene, or an
aryl radical and an activated alkene.” The additional stabilization provided in the transition state
of this transformation helps to promote intermolecular carbon-carbon bond formation over
(hetero)aryl radical capping with a hydrogen atom. A more challenging transformation,
however, is the intermolecular coupling between an aryl radical and an unactivated alkene—the
stabilization present in our previous systems is not activated in this transformation (Figure 2.10).

Figure 2.10: A Summary of Intermolecular Hydroarylation Protocols via (Hetero)aryl Radical

Giese Addition

Hydroarylation of Unactivated Alkenes with Heteroaryl Halides
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Hydroarylation of Vinly Amines with Aryl Halides
A X H
AR NHBoc

Hydroarylation of Unactivated Alkenes with Aryl Halides
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Z e ///\R Z R
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Although the intermolecular hydroarylation of unactivated alkenes was known at the
time, the conditions/requirements for this transformation were limiting. Sonoda and Chatani
demonstrated the ruthenium catalyzed hydroarylation of alkenes although a directing group was
required alongside harsh conditions (Figure 2.11).2¢ Several years later the Yoshida group
developed a protocol for coupling aryl rings with unactivated alkenes via iridium catalysis
although poor selectivity between linear and branched products was required in addition to high
temperatures.”’” More recently, the Hartwig group developed a similar protocol that minimized
28

the formation of branched products but still relied on high temperature and harsh conditions.

Figure 2.11: Modern Examples of Unactivated Alkene Hydroarylation with Unactivated Arenes

Sonoda & Chatani (1993)

RuH,(CO)(PPh3);
R A R > R
Toluene, 135°C

Yoshida (2000)

Ir catalyst
R > + R
H R

Benzene, 180°C

)

Hartwig (2020)

Ni (cat.)

©\ NaH (cat.) ©\/\
H g R

Ni(acac) (cat)
Neat, 120°C, 24h

)

When using our optimized conditions for aryl halide reduction, we encountered an

expected issue with most of the mass balance being made up of the HDH product (Figure 2.12,



entry 1). We have previously shown, that DMSO contains a significant amount of

decomposition products that may serves as HAT donors thereby providing potentially
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stoichiometric amounts of HAT donors promoting HAT over intermolecular addition. Distilling

DMSO over calcium hydride the same day reduces the amount of these impurities, however blue

LEDs catalyze this decomposition as well making the difference in reactivity negligible (entry

2). As such, the net result is a negligible shift in product distribution. Interestingly, when DMF

and DMF were employed as solvents in this protocol, similar reactivity to that of DMSO is

observed.

Figure 2.12: Solvent Screen for Hydroarylation

NC
\©\/Hl\
CeH1z

Product?

NC
Q, . 7
Cl +

4CzIPN (1 mol%)
NaHCO, (5 eq.)

-
>

Mesna (20 mol%), Solvent,
N,, 23°C, Ar, Blue LEDs

(1 equiv.) (5 equiv.)
1 DMSO
2 DMSOQ°
3 DMF
4 DMA

m HDH

0 60%
0 50%
0 48%
0 50%

40%

45%

35%

32%

aConditions: Aryl chloride (1.0 eq.), alkene (5 eq.) sodium formate (5 eq.), initiator (20

mol%), Solvent [0.1M], N,, Blue LEDs or 100°, 16 hrs, 0.1 mmol scale. bYield
determined via'H NMR using dibromomethane as an internal standard. °©DMSO distilled

the same day

Given the reactivity profile of DMSO, DMF, and DMA are all similar to one another, we

decided to examine potential similarities between these solvents. We first considered the



32

polarity index—DMF, DMA, and DMSO are among the most polar solvents employed in
organic chemistry (Figure 2.13).%° Their high polarity may help solubilize the formate salt and
help drive the necessary reductant into solution. Secondly, the dielectric constant of the solvent,
essentially a value measuring a substances ability to store electrical energy, may also play a role
here with all solvents containing high values although DMSO is the highest.? It is possible that
changing the dielectric constant of a system may impact the ability to carry out redox
manipulations thereby impacting the reaction. Finally, given the nature of this reaction and
issues with aryl radical capping we naturally considered the BDEs of potentially labile sources of
hydrogen atoms. Given the intermediacy of a high energy aryl radical, this reactive intermediate
is likely able to abstract hydrogen atoms from the solvent*® which has relatively low BDEs
compared to the aryl radical (~110 kcal/mol).’!

Figure 2.13: Potential Solvent Factors Impacting Reaction Effiacy
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o} H
Potentially labile )I\ AN )j\ ) Q
He” N7 H, ]

C-H Bonds: H S H
INSINE
P 7
BDE™: 295.0; P94.0 392.5-94.1 294.02

"BDE measured in kcal/mol.
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Given the reaction proceeds only in DMSO, DMF, and DMA, we hypothesized that a
cosolvent system may be useful in order to satiate but also slow down reactivity. Although 1:1
mixtures of hexanes and CH,Cl,/DMSO did not enhance reactivity, we were excited to see that a
1:1 acetonitrile/DMSO mixture promoted product formation in 80% yield. Although
acetonitrile’s polarity index and dielectric constant (5.8 & 37.5) are comparable to
DMSO/DMF/DMA, the C-H BDEs are quite higher (~98 kcal/mol).*> Although the difference is
not substantial, perhaps the energy barrier is high enough that HAT from the aryl radical is
reduced enough to promote intermolecular hydroarylation.

Figure 2.14: Cosolvent Screening for Hydroarylation

1 mol% 4CzIPN

NG o NC .
20 mol% Mesna
\©\ * P ot * )J\ >
Cl H ONa CeH13

Solvent, 23°C, 16 hr
1 equiv. 5 equiv. 5 equiv. Blue LEDs

1:1 Hexanes/DMSO 10%

1:1 CH,CI,/DMSO 40%

=
1
2
3

1:1 ACN/DMSO 80%

2Yields determined via 'H NMR using dibromomethane as an internal standard; Reduction potentials reported
vs SCE.

With our optimized conditions in hand, we first considered the coupling between 4-
chlorobenzonitrile (Ey2=-2.1 V vs SCE) with 1-octene to afford the alkylation product 1 in 66%
yield via photocatalytic initiation conditions. Although slightly less efficient, we found that
alternative initiation conditions also promoted the desired reactivity (disulfide: 50%, persulfate:

42% yield). Although we had reported a series of radical hydroarylation systems, these
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conditions are unique in that they allow for the direct coupling of benzene-derived radicals with
unactivated olefins. Furthermore, this methodology proceeds without the need for directing
groups on either reaction component—a common limitation to aryl C-H activation strategies.
Monosubstituted alkenes bearing alcohol and alkyl chloride functional groups reacted to give
alkylated products 2 and 3 in 46 and 85% yield, respectively, where the remaining material was
direct aryl chloride reduction. The more electron-rich olefins 2-methyl-2-butene and isopropenyl
acetate also underwent smooth hydroarylation to 4 and §, 66% and 81% yield. Evaluation of the
aryl radical scope with 1-octene revealed that a number of electron-poor aryl and heteroaryl
chlorides can be engaged in this protocol with high functional group tolerance including
sulfonamides, phosphonates, and esters (6-14, 32-80% yield). The ortho, meta, para effect is
seen is entries 8-10 where the ortho substituent inclines the reaction towards HDH presumably
due to a steric effect. Moreover, aryl radical coupling reactions employing bromobenzene, 4-
chlorobenzonitrile, and 2-bromothiazole all smoothly engaged fer#-butylvinyl carbamate (3

Table 2.1: Hydroarylation Substrate Scope®

Hydroarylation Substrate Scope

Cz ?\\\\ (blue light)
NC CN
N Standard N 2
i i
R—T P _ R—
\A/ cl '\A/ R HJ\ONa cz Cz

Conditions

SO,N:
& HS/\/ Na
[het]-Ar-Cl (1eq.)  olefin (5 eq.) hydroarylation 5 equiv 1 mol% 20 mol%
alternative initiators NG
NC NC
N H
Ne MeS—SMelblue LEDs: © \©\/\/ e \©\/\
" 50% yield® oH cl CHy Ot
CHs
(NH,),S,04/100°C:
42% yield® 2: 46% yield 3: 85% yield 4: 66% yield 5: 81% yield
1: 66% yield
o MeO,C. CO,Me N n-hex
X n \©\/\ C(/\ \>_/_
n-hex -}
HoNO,S nehex BT MeO,C n-hex hex o s
6: 51% yield® 7: 37% yield® 8:69% yield 9: 75% yield 10: 75% yield 11: 80% yield®d
phenethylamines
NC
FaC N | N N N\
| _ pZ | P [ >—\_
N n-hex N n-hex n-hex NHBoc NHBoc S NHBoc
12: 70% yield 13: 43% yield 14: 59% yield 15: 74% yield®® 16: 81% yield® 17: 98% yield, ¢

aReaction conditions: substrate (1 equiv), olefin (5 equiv), P1 (1 mol %), mesna (20 mol %), sodium formate (5 equiv), MeCN/DMSO (1:1, v/ v), blue light, 16 h. ®Yield
determined by "H NMR with internals tandard. °Reaction conducted with aryl bromide. Reaction conducted at 100 °C. ®DMSO used as solvent.
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equiv.) to afford the corresponding phenethylamines (15-17, 74-98% yield)—a well-known
pharmacophore. Here, reductive activation of aryl halide substrates can be reliably predicted by
reduction potential—reduction occurs smoothly with substrates whose reduction potential lie
within the range of CO>" (less negative than -2.1 V vs SCE). Substrates with values less
negative than -2.1 (electron-rich aryl chlorides, ketones, amides, nitriles, sulfonamides,
phosphonates) are well-tolerated under these conditions.

Table 2.2: Alternative Reduction Scope

Radical Deamination Sulfonamide Cleavage

Q. 0
\//
Me R H R /\S/ RLN/H

f
Std. Conds®. N N Std. Conds. \
| R2 —_— R2
Z Me

/\_®

<\ /2
@z—=
5

H
NC. H 1l MeO,C. H N
_P H z “Ph
Et0”/
Et0

18: 86% yield' 19: 94% yield 20: 70% yield

" C[N
N \>
U N
N H

21: 79% yield! 22: 84% yield®>%® 23: 81% yield

Radical defluoroalkylation Unctivated ketyl radical formation
o N R F °
R Std. Conds.® OH o] OH o
AN E > AN )]\ Std. Conds.f )\ via )\
l % AN l / H” R —_— H” R OSSR
o] R F e R F R F oH cl
(\N)J\QXR 3 R S R 4\ o O/\OH
| H i n-hex
o\) N H H
24: 50% vyield 25: 50% yield 26: 30% yield® 27: 87% yield 28: 80% vyield 29: 97% yield

Reaction conditions: substrate (1 equiv), olefin (5 equiv), P1 (1 mol %), mesna (20 mol %), sodium formate (5 equiv), MeCN/DMSO (1:1, v/ v), blue light, 16 h. ®Yield
determined by 'H NMR with internals tandard. °Reaction conducted with aryl bromide. Reaction conducted at 100 °C. ®DMSO used as solvent. 20% H,0/DMSO (v/v) used
as solvent.

In order to further demonstrate the utility of this radical chain mechanism, we sought to
apply it to the reduction of other challenging substrates. We first sought to demonstrate its
reactivity with aryl trimethylammonium salts which are known to behave as electrophilic
coupling partners®} and may undergo deamination under Birch reduction conditions. Using our
standard reduction conditions, we found that electron-deficient aryl ammonium salts undergo
clean deamination (18-20, 70-94% yield). This process may serve as an alternative aryl radical

precursor (as opposed to aryl halides), or a useful way to incorporate deamination into a
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synthesis. Currently, this methodology is limited to substrates that contain electron-withdrawing
groups in the meta-position—a drawback that stems from competitive nucleophilic
demethylation processes alongside issues associated with trialkylammonium salt formation.
Recently, Nicewicz demonstrated a consecutive photoinduced electron transfer process of
acridinium salts that effectively cleaves arylsulfonamide N-S bonds.>* Under our conditions, we
found that the carbon dioxide radical anion is effective at achieving reduction where radical
chain deprotection gave 21-23 in 52-84% yield. We have previously reported the use of highly
reducing photocatalysts to carry out radical defluoroalkylation of trifluoromethylaromatics to
give difluoroalkyl products and found our much simpler conditions can also accomplish this
chemistry, albeit at reduced yield (24-26, 30-50% yield). Finally, we found that these conditions
effectively reduce aliphatic aldehydes (27-29, 80-97% yield). Although the net transformation
itself is not necessarily interesting, the intermediacy of the ketyl radical®” is a valuable synthetic
intermediate typically accessed via samarium diiodide (a compound known to be extremely
unstable).
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Chapter 3: Hydrocarboxylation of Electron-Deficient Alkenes via

the Carbon Dioxide Radical Anion (CO2")

Adapted and reprinted in part with permission from Hendy, C. M.; Smith, G.; Xu, Z.; Lian, T;

Jui, N. J. Am. Chem. Soc., 2021, 143, 8987-8992.
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Abstract: After demonstrating the reducing capability as the carbon dioxide radical anion
(CO>"") as a potent single electron reductant, we found that its interaction with electron-deficient
alkenes was unique. Instead of undergoing single electron reduction with electron-deficient
alkenes, specifically a, b-unsaturated carbonyls, we instead observed radical conjugate addition
across the double bond to furnish synthetically valuable 1,4-dicarobnyls. Interestingly, substrate
reduction potential could be used to predict reaction outcomes where a,f-unsaturated carbonyls
within the reducing potential of CO:" underwent single electron reduction while those outside of
the window underwent Giese-type addition. Furthermore, when attempting to access other acyl
radicals from formyl C-H bonds we found a direct correlation between the bond dissociation

energy of the formyl group and reaction outcome.
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3.1: Discovery and Optimization of the CO2" as a Nucleophilic Source of CO2

When expanding the reaction scope of the carbon dioxide radical anion, we came across a
unique byproduct when electron-deficient alkenes—specifically Michael acceptors—were
employed in the reaction conditions. Instead of single electron reduction, we instead noticed

COz incorporation across the double bond in a Giese type conjugate addition (Figure 3.1).!

Figure 3.1: Potential Reaction Mechanism for CO> Incorporation via CO>"™
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We hypothesized this reaction mechanism could be occurring in two ways. Upon conjugate
addition of the carbon dioxide radical anion across the alkene, the resulting alkyl radical could
directly pick up a hydrogen atom to furnish the hydrocarboxylated product. Alternatively,
following conjugate addition the formed alkyl radical may undergo radical polar crossover? to
form the resulting anion after which protonation would deliver the hydrocarboxylated product.
Intrigued by this reactivity, we decided to optimize this reaction and investigate the scope of this

methodology.

Using alpha, beta-unsaturated ester 1 we optimized the reaction system to form

hydrocarboxylated product 2 (Figure 3.2). While most formate salts were operative under this
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system, we opted to use sodium formate as it is the most affordable of the formate salts. Using
the odorless and solid thiol Mesna, we next evaluated the solvents used. Using 1 mol% of
commercially available 4CzIPN, 20 mol% Mesna, sodium formate (5.0 equiv.), formic acid (5.0
equiv.), in DMSO [0.1M] under irradiation with blue lights afford 2 in 31% yield. Interestingly,
increasing water concentration for the solvent system saw a substantial increase in product
formation (entries 2-4) ranging from 47-95% yield with 20% H>O/DMSO as the optimal solvent.

This is likely a result of increasing solvent polarity to help solubilize formate.

Figure 3.2: Optimization/Controls for Hydrocarboxylation of Michael Acceptors

o 4CzIPN (1 mol%)

/\)j\ NaHCO, (5 equiv.), HCO,H (5.0 equiv.)
Me OBn Me OBn
1 Mesna (20 mol%) 2
Solvent, Kessil 390s, N, 1hr, 23°C

- oeisron BER 8

CO,H O

1 DMSO - 31%
2 10% H,O/DMSO - 47%
3 20% H,O/DMSO - 95%
4 50% H,O/DMSO - 73%
5 20% H,O/DMSO no mesna 15%
6 20% H,O/DMSO no HCO,H 77%
7 20% H,O/DMSO no light 0%

8Conditions: 1 (1.0 equiv.), 4CzIPN (1 mol%), sodium formate (5.0 equiv.), formic acid (5.0 equiv.),
mesna (20 mol%), Solvent [0.1M], 390 nm light, N5, 1hr, 0.1 mmol scale. ®Yield determined via 'H
NMR with dibromomethane as an interntald standard. “Reaction ran for 16 hrs.
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Furthermore, in the absence of Mesna the reaction proceeded in 15% yield, presumably a result
of decomposed DMSO discussed in chapter 2. In the absence of formic acid, the reaction yield
was slightly diminished (entry 6, 77%) and the absence of light so no product formation at all

(entry 7, 0% yield).

Although this reaction system was proficient on Michael acceptors, we found that
expanding the scope outside of electron-deficient alkenes was rather challenging. We first

considered styrenes as an activated alkene using 1,1-diphenylethylene (3). Under our standard

Figure 3.3: Optimization of Carboxylation for 1,1-Diphenylethylene

O COLH
4CZIPN (1 mol%)

NaHCO, (5 equiv.)

Mesna (20 mol%) O

20% H,O/DMSO, Kessil 390s, N,, 1hr, 23°C

&

3 4
1 - 10%
2 HCO,H (5 equiv.) 3%
3 DMSO as solvent 14%
4 NaHCO, (10 eq.) 9%
5 3DPA2FBN as PC 30 %
6 3DPA2FBN as PC, 70°C 75%

8Conditions: 1 (1.0 equiv.), 4CzIPN (1 mol%), sodium formate (5.0 equiv.), mesna (20 mol%),
Solvent [0.1M], 390 nm light, N5, 1hr, 0.1 mmol scale. bYield determined via "H NMR with
dibromomethane as an internal standard. °Reaction ran for 16 hrs.
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conditions we observed small conversion to the carboxylated product (entry 1, 10% yield).
Adding formic acid to formic a buffered system, changing the solvent to DMSO, and increasing
formate equivalence were all ineffective at increasing product yield (entries 2-4, 3-15% yield).
Given the relatively low reduction potential of 3 (Ei2=+ 1.54 V vs SCE)?, we hypothesized that
substrate oxidation by the photocatalyst may be inhibiting the reaction. Consistent with this
hypothesis, switching out the photocatalyst for the substantially less oxidizing photocatalyst
3DPA2FBN (Ei2=+0.92 V vs SCE)* increased the yield substantially (entry 5, 30% yield). We
further hypothesized that the resulting radical formed via conjugate addition would be tertiary,
doubly benzylic, and sterically encumbered. In other words, it is stabilized and persistent, and
therefore likely reversible.® To drive this reaction forward, the addition of heat (70°C) increased
the reaction yield substantially (entry 6, 75% yield). Despite extensive screening of different
styrenes, we were unable to replicate this reactivity with polymerization or a return of starting
material making up most of the reactivity. Although styrenes were not productive coupling

partners in this transformation, we decided to examine the scope of electron-deficient alkenes.

When coupling in electron-deficient alkenes (5 and 6) with similar electronics to ester 1,
we instead saw divergent reactivity where most of the mass balance consisted of
reduced/hydrogenated forms of the alkenes with only trace amounts of carboxylation observed
(Figure 3.4A). We hypothesized that this reactivity was likely occurring from single electron
reduction of the olefin by the carbon dioxide radical anion instead of carboxylation.® SET to
these a,B-unsaturated systems should deliver the alkyl radical and alpha anion (enolate) after
which subsequent HAT and protonation would deliver the “hydrogenated” product (Figure

3.4B).



Figure 3.4: Investigations into Michael Acceptor Single Electron Reduction

Single Electron Reduction vs Carboxylation
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Intrigued by this divergent reactivity, we sought to quantify the reduction potentials of a

series of a,B-unsaturated systems to identify any potential correlation between substrate

reduction potential and reaction outcome. After calculating the reduction potentials of a series of

Michael acceptors we saw an interesting split where electron-poor ester (7) and ketone (8) were

within the reduction potential of the carbon dioxide radical anion while ester (9), nitrile (10), and

amide (11), were outside the reduction potential. This split in reduction potential was directly

correlated to the observed reactivity where olefins within the reduction potential underwent SET

while those outside the reduction potential underwent Giese type addition. Efficient

transformation of pyridyl cinnamate ester (7) to the hydrogenated product (12) in 95% yield was

observed. To interrogate the radical nature of this system, we prepared b-cyclopropyl enone 8
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and subjected it to our standard conditions. The net transformation observed was cyclopropyl
ring opening to the internal alkene 13 (79% yield)—an event consistent with SET as described in
Figure 3.4B.” With the analogous ester, we instead observed carboxylation to afford the
corresponding 1,4-dicarboylnyl 14 (66% yield) where cyclopropyl ring opening was not
observed. These data indicate that olefin reduction potential and reaction outcome are correlated,
where more electron-poor olefins (E1/2°>— 2.1 V vs SCE) undergo SET and less electron-poor
olefins (E1/2° <—-2.1 V vs SCE) undergo radical hydrocarboxylation. Consistent with this
observation, nitriles and amides (10 & 11) also underwent CO; corporation to afford the
corresponding hydrocarboxylation products 15 (67% yield) and 16 (69% yield). Although
carbon dioxide is a common electrophilic coupling partner, we here demonstrate the nucleophilic
behavior of its radical anion aiding in the construction of 1,4-dicarbonyls which have important

implications in the synthesis of heterocycles®!° and bioactive small molecules.!!

Figure 3.5: Reduction Potential Series Demonstrating the Split Reactivity for Michael Acceptors
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Given the utility in generating nucleophilic acyl radicals for carbon-carbon bond
formation, we sought to extend this reactivity to other systems which revealed yet another
interesting trend. As expected, carboxylation with sodium formate proceeded in 77% yield
(entry 1) while aliphatic aldehyde octanal also went addition in near quantitative yield (entry 2,
96% yield). However protonating formate to formic acid resulted in a complete return of starting
material (entry 3, 0% yield). Similarly, DMF and ethyl formate were also unreactive (entry 4 &

5, 0% yield).

Figure 3.6: Evaluation of Olefin Conjugate Addition with Different Formyl C-H Sources?
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1 Sodium Formate 7%
2 Octanal 96%
3 Formic acid 0%
4 DMF 0%
5 Ethyl Formate 0%

aConditions: 1 (1.0 equiv.), 4CzIPN (1 mol%), sodium formate (5.0 equiv.), mesna (20 mol%),
Solvent [0.1M], blue LEDs, N,, 1hr, 0.1 mmol scale. bYield determined via "H NMR with
dibromomethane as an internal standard.
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To further probe the change in reactivity in this system, we employed computational
chemistry to calculate the BDE of the (formyl) C-H bonds for entries 1-5 and found a clean split
in reactivity. While the formyl C-H bonds of sodium formate and octanal were found to be less
than or equal to 90 kcal/mol, the BDE of formic acid, DMF, and ethyl formate were found to be
between 98-101 kcal/mol. This substantial increase in BDE is likely to high in energy for a thiyl
radical to abstract from and are therefor inert. The most likely explanation for this phenomenon

is driven by an “anomeric effect”.

Although the anomeric effect has historically been used to describe the preference of
certain functional groups to rest in the axial confirmation at the anomeric position of sugars, it
also has implications in other systems. In carbonyl species, the p-orbital one pairs of the oxygen
have hyperconjugative interactions on adjacent atoms, namely the & C-R bonds directly
adjacent to it. As shown in Figure 3.7A, there are two competing interactions—one guided by
hyperconjugative donation from the oxygen lone pairs ((no(p)) into the 6~ C-R orbital and the
other into the ¢~ C-H orbital."> When the “acceptor” capacity ¢~ C-R orbital is high, a high
degree of the p-orbital donation goes into this orbital and its effect on the ¢~ C-H orbital is
weakened therefore providing a stabilizing effect and the opposite is true when R acceptor
capacity is low. This phenomenon is exemplified in Figure 3.7B, for aldehydes where the R
acceptor capacity is low, the rate of HAT from the formyl C-H bond is fast and its BDE is low.
However, when R is replaced with a heteroatom as is the case with DMF and ethyl formate, the
rate of HAT decreases substantially, also consistent with our BDE calculations. When R is a
heteroatom, the ¢~ C-R orbital is more polarized and therefore capable of accepting electron
density. This in turn pulls electron density away from the ¢~ C-H orbital making it less inclined

to participate in C-H activation. Although slightly more complicated, the same rationale for the
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difference in BDE between formate and formic acid may also be used here. In the case of
formate given its equivalent resonant structures, it is possible that it exhibits a “double” anomeric

effect that is not present in formic acid thereby making its C-H bond labile.

Figure 3.7: Graphic Representation of the Anomeric Effect in Formyl C-H Systems
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3.2: Mechanistic Questions Regarding Spirocyclic Dearomatization

In our efforts to elucidate the mechanistic details regarding our protocol for the synthesis
of spirocyclic lactams via a dearomatization strategy we employed computational chemistry.
Using DFT calculations we elucidate key features of this mechanism, first regarding the redox
potential of a reactive intermediate that was shown to be consistent with the proposed redox
states of the photocatalytic cycle. Furthermore, we optimized the geometry of multiple
substrates to examine the structural minima. Upon close investigation, it was revealed the
compounds bearing an ortho substituent were primed for intramolecular cyclization as the ortho
substituted positioned the ring under the forming radical thereby minimizing the interatomic

distance between the forming bonds.



53

After optimization and evaluation of the substrate scope, two key mechanistic features
remained ambiguous in this transformation. Upon initial single electron reduction of the a-
chloroacetamide, the forming radical may then undergo cyclization to form the corresponding
dienyl radical.’® In order to match up the redox potentials of this catalytic system, the redox
potential of this intermediate must be quantified (Scheme 5.1A). Furthermore, we noticed an
interesting trend in our substrate scope where substrates bearing ortho substituents were

particularly efficient at undergoing cyclization as opposed to hydrodehalogenation (Scheme

5.1B).
Scheme 3.1: Mechanistic Questions Regarding Spirocyclic Dearomatization
A
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3.2.1: Computational Investigations

Using standard DFT techniques (see Supporting Information), we identified the reduction
potential of the dienyl radical (E 1 ° =-1.40 V vs SCE) which may then undergo radical polar
crossover to the resultant dienyl anion (Scheme 5.2). Importantly, the rate of SET to the starting

material (ki) must be slower than the rate of radical polar crossover (k2) as this would correspond
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with good reaction efficiency. However, if ks is slower than k; then the build up of dienyl radical
is observed and can lead to dimerization (via radical-radical coupling) instead of hydrogen

incorporation.

Scheme 3.2: Reaction Mechanism for Intramolecular Dearomatization
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When examining the substrate scope, there appeared to be a direct correlation when the
pendant aromatic ring of the starting material was ortho-substituted. In order to examine this
further, we carried out geometry optimizations of the starting materials and examined the
resulting lowest energy confirmations. Upon first glance, it appeared that the compounds that
were ortho substituted oriented themselves directly underneath the forming radical, presumably

due to a steric effect'*

—this conformation would favor cyclization over hydrodehalogenation.
As such, we quantified the interatomic distance between the bond forming sites and found a
direct correlation between compounds that were ortho substituted and a smaller interatomic
distance (Table 5.1). This fact is also reflected in the ratio of dearomatization and

hydrodehalogenation where dearomatization is favored for compounds bearing ortho

substituents.



Figure 3.8: Correlation Between Arene Substitution & Reaction Efficiency
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Chapter 4: Nickel/Visible-Light Catalyzed Carboxylation of C(sp?)

Bromides via Formate Activation

Adapted and reprinted in part with permission from Smith, G.; Zhang, D.; Zhang, W.; Soliven,

A.; Wuest, W. J.Org. Chem., 2023, 88, 9565-9568.
Copyright 2023 American Chemical Society
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Abstract: A new visible-light-driven method for the carboxylation of (hetero)aryl/vinyl bromides
has been developed using catalyzing 4CzIPN, nickel, phenyl triflimide, and sodium formate as a
carboxylation agent. Interestingly, we found that catalytic phenyl triflimide plays an essential
role in promoting the reaction. While many C(sp?) carboxylation reactions require hash reagents
or gaseous carbon dioxide, we demonstrate the mild and facile construction of carboxylic acid

from readily available starting materials.
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Chapter 4.1: Incentive and Overview of C(cp?) Carboxylations

Carboxylic acids are one of the most ubiquitous functional groups found across a variety of
pharmaceutically and biologically relevant compounds.! Outside of their relevance in bioactive
compounds, carboxylic acids, are a valuable synthetic linchpin in organic chemistry providing a
functional handle for a large range of useful transformations.? Classical methods of constructing
carboxylic acids includes the hydrolysis of esters, amides, and nitriles; the oxidation of
aldehydes/alcohols, and the addition of organometallic species to CO> (Figure 4.1). While these
methods are valuable, they rely on the pre-existing frameworks for hydrolysis/oxidation or the

use of harsh reagents and gaseous COx.
Figure 4.1: Classical Methods of Constructing Carboxylic Acids
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While these classical methods remain useful, the utility of catalytic carboxylation
reactions with organic halides and CO2 has emerged as a valuable alternative.® Martin et al. have
demonstrated several elegant methods for the carboxylation of aryl (pseudo)halides using either
stoichiometric metal reducing agents or dual photocatalytic systems (Figure 4.2B).* Nickel-
catalyzed electrochemical processes have also been demonstrated as valuable alternatives to
classical carboxylation reactions (Figure 4.2B).> We recently disclosed a protocol for accessing
the radical anion of carbon dioxide (CO.™) through a polarity matched hydrogen atom transfer
(HAT) between an electrophilic radical and a formate salt, demonstrating both its nucleophilic
and reductive reactivity.’ Inspired by the emergence of dual photoredox/nickel catalysis
pioneered by Molander, Doyle, and Macmillan,” we sought to expand the reactivity of the carbon
dioxide radical anion by binding it to a metal center thereby allowing formate salts to replace

CO in C(sp?) cross-couplings.

Figure 4.2: Catalytic Strategies for C(sp?) Carboxylation
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Fu et al. recently reported a similar system,® where the use of more highly oxidizing
photocatalysts and additives were necessary to access aryl bromide reactivity. In this report, we
share our initial insights into this system where we hypothesize phenyl triflimide plays a key role

in catalyzing this reaction (Figure 4.2C).
4.2: Initial Investigations Using Alternative Initiators

In a similar manner to classical metallophotoredox catalytic cycles, we envisioned the
mechanistic scenario outlined in Figure 4.3. Upon oxidative addition to a metal species (M),
the M("") complex may then intercept the carbon dioxide radical anion to form the corresponding
M(™) complex which would undergo reductive elimination to expel the carboxylated product
alongside a M(') species. Finally, another equivalent of the carbon dioxide radical anion may

turn over the catalytic cycle and release CO; gas in the process.

Figure 4.3: Initial Mechanistic Scenario for C(sp?) Carboxylation
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While this mechanistic hypothesis is theoretically feasible, it places a significant amount
of mechanistic responsibility on the carbon dioxide radical anion. The CO>"", in this scenario,

would be responsible for generating M(°) in situ, binding the M("") complex, and also reducing
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the M(") complex back to M(°). In other words, it must operate as both the reductant and the CO;
source reagent. We began investigation this process under our alternative initiator protocols—
using either disulfide (in combination with blue LEDs) or persulfate (in combination with heat).
Despite extensive screening with a variety of different metals, ligands, and additives that are
known to catalyze similar transformation®, product yield was never observed. The vast majority
of these systems only produced unreacted starting material, homocoupling products, and

reduction products—indicating CO; radical anion formation (Figure 4.4).
Figure 4.4: Overview of Reaction Screening for Alternative Initiators
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In order to target a system with more control, we decided to look at this transformation
using more established chemistry. As such we began examining this transformation under
photochemical conditions using nickel as our metal source—a reaction well established as

facilitating radical processes.
4.3: Reaction Optimization Under Photochemical Conditions

Using 4CzIPN (1 mol%), cyclohexanethiol (10 mol%) as an HAT catalyst, nickel (I)
bromide ethylene glycol dimethyl ether complex (10 mol%), ditertbutylbipyridine (10 mol%),
sodium formate (4 equiv.), solvent (0.03M), under irradiation with blue LEDs and argon.
Although using dioxane as solvent did not yield any product (Table 4.1A, entry 1), we were
excited to find that a 1:1 dioxane/DMSO cosolvent system or DMF as solvent furnished the

product in 60% yield (entries 2-3). Interestingly, we found that another byproduct made up the

Table 4.1: Solvent Screen Under Photochemical Conditions

A 4CzIPN (1 mol%), CySH (10 mol%)
/©/Br NiBr,*glyme (10 mol%), DTBBPY (10 mol%) /@/COZH /@,H OH
= g oy
NC NaHCO, (4 eq.), Solvent (0.03M) NC NC NC

Blue LEDs, Ar, 23°C, o/n

Entry Conditions Starting Material® Product® Reduction® Phenol®
1 Dioxane 100% 0% 0% 0%
2 1:1 Dioxane/DMSO 0% 60% 0% 40%
3 DMF 0% 60% 0% 30%

8Conditions: Aryl chloride (1.0 eq.), sodium formate (5 eq.), initiator (20 mol%), DMSO [0.1M], N2, Blue LEDs or 1000c, 16 hrs, 0.1
mmol scale. ®Yield determined via "H NMR using dibromomethane as an internal standard.Product yield determined via H NMR
using CH,Br, as an internal standard.

B
Ox M
Y 1M HCI OH
o} >
/©/ aq. workoup NC/©/
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rest of the mass balance which after close examination was revealed to be the phenol indicating
carbon-heteroatom formation. After altering the reaction conditions, reducing sodium
formate equivalence to 1.5 and increase solvent concentration to 0.1 molar, we next sought to

examine the substrate scope of this reaction.

When these reaction conditions were applied to electron-neutral arene bromobenzene, no
product yield was observed (Table 4.2, entry 1). The same result was observed with 3 and 4-
bromoanisole, electron-neutral and electron-rich arenes (entries 2-3), and switching out the

halide for 4-iodoanisole (entry 4) did not produce any product yield either. This divergence in

Table 4.2: Reaction Screening with Electron-Rich/Neutral Arenes?

4CzIPN (1 mol%), CySH (10 mol%)

Bt 0 COzH
L NiBr,*DTBBPY (10 mol%) ™ L A
R=1 _ L R P R—r
NaHCO, (1.5 eq.), 1:1 Dioxane/DMSO (0.1M) Z
Blue LEDs, Ar, 23°C, o/n

Entry Substrate Starting Material® Product® Reduction® Phenol®

1 R=H 100% 0% 0% 0%

2 R = 3-OCHj; 100% 0% 0% 0%

3 R =4-OCHj,3 100% 0% 0% 0%

4 R = 4-OCHj, X =1 100% 0% 0% 0%

8Conditions: Aryl bromide (1.5 eq.), sodium formate (1.55 eq.), initiator (20 mol%), 1:1 DMSO/dioxane [0.1M], N,, Blue LED, 16
hrs, 0.1 mmol scale. ®Yield determined via 1H NMR using dibromomethane as an internal standard.

reactivity was accompanied by a new reaction feature in which the system rapidly turned dark
brown upon irradiation with blue LEDs. Although unfortunate, this setback was not surprising as
many metallophotoredox catalyzed systems are unreactive or low-yielding in the absence of

electron-withdrawing groups—this is most likely attributed to the slow rate of oxidative addition
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to electron rich/neutral aryl halides relative to their electron-deficient counterparts.!’ Both

4CzIPN (E12’(PC*/PC™") =—1.2V vs SCE)"" and CO2"~ (E12’=—2.2 V vs SCE) are capable of

generating the active nickel species (E12™¢ [Ni"/Ni’] =— 1.2V vs SCE),'? which may lead to

rapid accumulation of Ni° consistent with nickel black formation.'3

This potential bottleneck is outlined in Figure 4.5. As previously discussed, mismatched

kinetics between oxidative addition of our aryl species alongside radical formation may prevent

product formation from occurring. However, it is also possible that thiol is disrupting this

process given its proclivity to coordinate metal catalysts and therefore inhibit product

formation.'* As such, we sought to identify an HAT catalyst that was non-nucleophilic/bulky in

order to prevent catalyst coordination with the right kinetics to interact with the metal system.

Table 4.3: HAT Catalyst Screen

4CzIPN (1 mol%), HAT cat. (10 mol%)

| NiBr,*DTBBPY (10 mol%) /@COZH H oH
> /O/ i RN N /(j N, /Ej
o NaHCO, (1.5 eq.), 1:1 Dioxane/DMSO (0.1M)  © o o

Blue LEDs, Ar, 23°C, o/n

Entry Substrate Starting Material® Product® Reduction® Phenol®
1 CySH 100% 0% 0% 0%
2 PhSH 92% trace 0% 0%
3 TriiPrSiSH 75% 15% 0% 0%
4 tBuSH 82% 7% 0% 0%
5 Ph3;SH 72% 0% 0% 0%
6 DABCO 40% 0% 60% 0%
7 NHPI 45% trace 15% 0%
8 Mn(dpm)3 30% 56% 0% 0%
0 PhN(Tf), 17% 75% 0% 0%
10 Comin's Reagent 60% 40% 0% 0%

aConditions: Aryl bromide (1.5 eq.), sodium formate (1.55 eq.), initiator (20 mol%), 1:1 DMSO/dioxane [0.1M], Ny, Blue LED, 16
hrs, 0.1 mmol scale. PYield determined via 1H NMR using dibromomethane as an internal standard.
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In order to find a suitable HAT catalyst, we screened a series of known and hypothesized
HAT catalysts beginning with a series of thiols (Table 4.3, entries 1-5). While cyclohexanethiol
and thiophenol lead to 0% product formation, small amounts of carboxylation were observed
with triisopropylsilane thiol and tert-butyl thiol (entries 4-5, 15 and 7% yield). Both thiols are
sterically encumbered potentially preventing thiol coordination, although the higher yield for
triissopropyl silane thiol may also be attributed to its very low oxidation potential (E 2 °* =+ 0.28
V vs SCE)."> Despite a similar steric profile, triphenylmethane thiol (entry 5) did not correlate
with product formation. Nitrogen and oxygen-centered heterocycles DABCO and NHPI'® were
not productive in product formation either (entries 6-7). There are several established protocols

using manganese as a hydrogen atom transfer agent!’

for selective processes and interestingly
Mn(dpm); catalyzed product formation in 56% yield (entry 8). Although intriguing, we sought
to keep expensive metals out of this reaction system and this hit was not pursued any further.

Interestingly, the use of phenyl triflimide and Comin’s reagent catalyzed product formation in

75% and 40% yield (entries 9-10).
4.4: Mechanistic Investigations into Phenyl Triflimide

Our initial hypothesis regarding this system was that phenyl triflimide was playing a role

as a unique and novel HAT catalyst (Scheme 4.1). Single electron transfer from phenyl triflimide
Scheme 4.1: Initial Hypothesis for the Role of Phenyl Triflimide

Tf o]

Tf Tf
| L, R |+
©/N‘Tf SET | ©/N‘Tf H o ©/g\Tf -H* ©/N‘Tf
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to the photocatalyst would generate the electrophilic radical cation of phenyl triflimide which
could abstract from formate. Finally, deprotonation of corresponding sulfonamide salt by excess
formate would regenerate phenyl triflimide. Given the bulky and electron-deficient nature of
phenyl triflimide we initially hypothesized the unique additive was effective because it was
unable to coordinate the catalyst and/or exhibited favorable kinetics. An alternative to single
electron oxidation of phenyl triflimide could simply be single electron reduction. SET from
4CzIPN to phenyl triflimide would generate an electrophilic sulfinyl radical which may be

capable of HAT'8, alongside an anionic nitrogen byproduct (Figure 4.5A). The standard

Figure 4.5: Reduction Pathway and CV of Phenyl Triflimide

A
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reduction potential of phenyl triflimide was measured using cyclic voltammetry (see Supporting

Information), revealing an irreversible reduction potential (Ey2=-0.91 V vs SCE) indicating that
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SET between 4CzIPN (PC*/ PC™" = -1.2 V vs SCE) and phenyl triflimide is favorable (Figure
4.5B). However, Stern-Volmer fluorescence quenching experiments indicate no quenching of

the photocatalyst (4CzIPN) by phenyl triflimide (see Supporting Information).

Although phenyl triflimide is an air-stable crystalline solid, we reconsidered its role in the
reaction given its traditional role as an electrophile to make enol triflates from carbonyl
compounds.'® Indeed, control experiments using '°’F NMR indicate a rapid reaction between
phenyl triflimide and sodium formate that result in complete conversion to sodium
trifluoromethanesulfonate (A) alongside the aniline byproduct (B) that would result from
nucleophilic attack with formate (Scheme 4.2). Upon initial attack of phenyl triflimide, the
intermediate anhydride may then undergo decarbonylation which computational studies predict
should be a rapid process (17.3 kcal/mol for decarbonylation).?’ An alternative pathway would
involve another equivalent of formate to intercept the anhydride thereby generating formic
anhydride instead which also possesses a low barrier to decarbonylation. Regardless of the

pathway, we began to examine how catalytic carbon monoxide may play a role in this reaction.

Scheme 4.2: Reaction Pathway for CO Generation
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We first considered the potential that either sodium trifluoromethanesulfonate or the
aniline byproduct were catalyzing the reaction. Neither trifluoro-N-phenylmethanesulfonamide
(1) nor sodium trifluoromethanesulfonate (2) resulted in any product formation indicating that
they play no part in catalyzing the reaction. Using sodium p-toluenesulfinate (3), known as an
HAT catalyst, gave a complete return of starting material solidifying our belief that sulfinyl

radicals are not at play in this system (Table 4.4, entries 1-3).

Table 4.4: Reaction Controls
4CzIPN, NiBr,"DTBBPY

e Br+ JOL HAT catalyst (15 mol%) ; o~° CO,H
H oNa 1:1 Dioxane/DMSO, Ar

Blue LEDs, 23°C, 16 hr

Entry HAT Catalyst Deviation Yield®
1 Trifluoro-N-phenylmethanesulfonamide - 0%
2 Sodium trifluoromethanesulfonate 0%
3 Sodium p-toluenesulfinate - 0%
I
H
NGO 9 EN
©/ T Nao—#—CF3 /©/ ONa
0 HaC
1 2 3

aConditions: Aryl bromide (1.0 eq.), 4CzIPN (1 mol%), Ni cat. (10 mol%), sodium
formate (1.5 eq.), additive (15 mol%), 1:1 DMSO/dioxane [0.1M], N,, Blue LED,
16 hrs, 0.1 mmol scale. Yield determined via 1H NMR using dibromomethane as
an internal standard.

Given the reaction effiacy of a stoichiometric amount of a sulfonylating agent in this
reaction system, we hypothesized other sulfonylating agents may be able to catalyze similar

systems. Excitingly, we found that when phenyl triflimide was replaced with toulenesulfonyl
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chloride the reaction proceeded in 76% yield. Furthermore, methanesulfonyl chloride also
catalyzed the reaction in 90% yield in further support of our hypothesis that formate is engaging

the sulfonylating agents in a decarbonylation process.

Figure 4.6: Evaluation of Alternative Sulfonylating Agents

4CzIPN, NiBr,-DTBBPY
Sulfonyl Radical
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8Conditions: Aryl bromide (1.0 eq.), 4CzIPN (1 mol%), Ni cat. (10 mol%), sodium
formate (1.5 eq.), additive (15 mol%), 1:1 DMSO/dioxane [0.1M], N5, Blue LED,
16 hrs, 0.1 mmol scale. Yield determined via 1H NMR using dibromomethane as
an internal standard.

Interestingly, Fu et al. recently reported a system regarding the nickel-catalyzed
carboxylation of alkynes using formic acid and catalytic pivalic anhydride.?! Through a series of
in depth computational analyses, they found that their system was proceeding through a
thermally induced (100°C or greater) process in which carbon monoxide is recycled throughout
the reaction and maintained at sub-stoichiometric amounts. This process is outlined in scheme
4.3. Upon oxidative addition, the Ni(Il) complex may then undergo migratory insertion followed
by transmetallation with formate. Upon reductive elimination, carbon-hetero atom bond
formation furnishes the anhydride product. Under thermal conditions, this complex may then

decarbonylate to deliver the carboxylated product alongside carbon monoxide.
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: Carbon Monoxide Recycling System

Scheme 4.3
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To further probe this mechanism, we ran a series of screens to probe this reaction system.

Consistent with other carbon monoxide recycling systems,?? we found a direct correlation

between phenyl triflimide loading and product formation. At our standard 15 mol% phenyl

triflimide, we see quantitative conversion to the product (Table 4.3, entry 1). However, doubling

that loading leads to a significant drop in product yield (entry 2, 55% yield). This trend

continues with a complete shut down of reactivity at 100 mol% pheny] triflimide. This is

consistent with previous findings and is likely a result of catalyst poisoning by carbon monoxide.

We next considered the role of the photocatalyst and ligand given the use of a

photocatalyst and bipyridine ligand often indicates radical reactivity. Although the use of

bipyridine ligands is often related to stabilizing incoming radical species on the metal center,

bipyridine ligands are also known to stabilize odd redox intermediates in nickel, namely Ni(I)

and Ni(III)—reactive species known to facilitate carbon-heteroatom bond formation.?
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Table 4.5: Phenyl Triflimide Loading

4CzIPN (1 mol%), PhN(Tf), (X mol%)
/O\©/Br NiBry« glyme (10 mol%), DTBBPY (10 mol%) /O\@rCozH
NaHCO, (1.5 eq), 1:1 DMSO/Dioxane

Ar, Blue LEDs, o/n

Entry Conditions Starting Material Product
1 15 mol% 0% 100%
2 30 mol% 42% 55%
3 60 mol% 82% 20%
4 100 mol% 100% 0%

8Conditions: Aryl bromide (1.0 eq.), 4CzIPN (1 mol%), Ni cat. (10 mol%), sodium formate (1.5
eq.), additive (15 mol%), 1:1 DMSO/dioxane [0.1M], N5, Blue LED, 16 hrs, 0.1 mmol scale. Yield
determined via 1H NMR using dibromomethane as an internal standard.

Some reports indicate that upon oxidative addition, Ni(IT) complexes absorb visible light
promoting the complex to its excited state. This complex may then undergo disproportionation
to generate an active Ni(I) catalyst poised for oxidative addition?*. However, in the absence of a
photocatalyst no product formation is observed indicating a photoexcited nickel complex is not
at play here (Figure 4.7B, entry 1). Alternatively, energy transfer mechanisms may also be at
play as energy transfer from a photocatalyst to a Ni(II) complex has been shown to facilitate
carbon-heteroatom bond formation.?® Although this possibility was unlikely given 4CzIPN is not
well established in energy transfer mechanisms, we switched out the photocatalysts for

benzophenone (a known energy transfer catalyst) but did not observe any product formation

(Figure 4.7B, entry 2). A final possibility would be the direct regulation of the nickel redox state
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by the photocatalyst.?® The use of photocatalyst with highly oxidizing exited states is consistent

with this mechanistic hypothesis delivering product in 69-100% yield (Figure 4.7B, entries 3-5).

tBu

Figure 4.7: Nickel Photocatalyst Dependence
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Entry Conditions Starting Material® Product?
1 No PC 100% 0%
2 Benzophenone 100% 0%
3 Cl-4CzIPN 0% 95%
4  Ir[(dF(CF3)ppy)z(dtbbpy),PFg 0% 100%
5 Ir[(ppy).dtbbpy]PFe 30% 69%

8Conditions: Aryl bromide (1.0 eq.), PC (1 mol%), Ni cat. (10 mol%), sodium
formate (1.5 eq.), phenyl triflimide (15 mol%), 1:1 DMSO/dioxane [0.1M], N,
Blue LED, 16 hrs, 0.1 mmol scale. Yield determined via 1H NMR using

dibromomethane as an internal standard.
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With our mechanistic data in hand, we propose the following mechanistic scenario. Upon
generation of Ni(0) in situ by the photocatalyst and coordination of carbon monoxide the active
catalyst is formed. Oxidative addition of the aryl bromide followed by nucleophilic
displacement with formate would yield the Ni(IT) intermediate. This complex may then be
oxidized by the photocatalyst (generation the radical anion of the photocatalyst) to Ni(IIl) which
readily undergoes reductive elimination to deliver the mixed anhydride. Upon hydrolysis with
another equivalent of formate, formic anhydride is generated (alongside the carboxylated
product) which could then decarbonylate thereby regenerating carbon monoxide. The resultant

Ni(I) species may then be reduced back to Ni(0) from the radical anion of the photocatalyst.

Scheme 4.6: Proposed Mechanistic Scenario
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With our optimized conditions in hand, we sought to demonstrate the utility of this system with
a variety of (hetero)aryl/vinyl bromides. We first considered a panel of neutral aryl bromides
where bromobenzene, 2-bromotoluene, and 3-bromotoluene all underwent carboxylation in good
yield (Table 4.4, 1-3, 88-91% yield). Interestingly, substrates with ortho substituents were not
compatible coupling partners under this system, presumably due to steric effects. We next
evaluated a series of electron-rich/electron-poor systems which all proceeded smoothly to the
corresponding carboxylated product (4-7, 52-98% vyield). This system was found to tolerate a
variety of functional groups including primary alcohols, ketones, aldehydes, and sulfonamides (8-
11, 51-91% vyield). Interestingly, neither aryl ketone 9 nor benzaldehyde 10 showed signs of
reduction to the corresponding benzylic alcohols—a further piece of evidence that the carbon
dioxide radical anion is not involved in this transformation. Furthermore, despite the labile formyl
C-H bond of 10, we observed no traces of ketone formation from the aldehyde-derived acyl radical.
Halogens were also well tolerated under this system (12-14, 82-84% yield) where coupling was
selective for the C-1 bond over the C-Br bond. Finally, we found this system also worked with
vinyl bromide 15 (80% vyield) alongside a variety of heterocyclic bromides including dioxalane,
indole, and indazole further demonstrating the tolerance of this methodology (16-18, 50-66%

yield).
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Table 4.6: Substrate Scope for C(sp?) Carboxylation

C(sp?) Carboxylation Scope

4CzZIPN NiBry DTBBPY PhN(Tf),
s . 4CzIPN (1 mol%), PhN(Tf), (15 mol%) B

R—! + )j\ NiBr,:DTBBPY (10 mol%) { SO,CF3
Z H” NONa > R A,

[het]Ar-Br
(1 equiv.)

1:1 DMSO/Dioxane (v/v)

sodium formate
(1.5 equiv.)

Ar, 23°C, Blue LEDs, 16 hr

CO,H Cz
X |
NC. CN
Z -
cz Cz | \N/ e
Cz

|
N
©/ NS0,CF;

©/(302H

H30\©/COZH

/©/ -
HsC

0. CO,H
ch/ \O/ 2

NC\©/COZH

1:91% 2:88% 3:91% 4: 86% 5:52% 6:89%
Q Q
ol
COzH o CO,H HiC COH " CO,H Q/s COzH F. CO,H
H,N
NC
7:98% 8:51% 9: 79% 10: 91% 11:76% 12: 84%
cl COH B COH CO,H o COH A
2/ < \ N/N
[ j [ j I j /[ :EN: HO,C
° HOC' \ \SEM
Bn
13:83% 14:82% (X =1) 15: 80%P 16: 66% 17: 50% 18: 66%

8Condition sare as follows: Aryl bromide (1 equiv), sodium formate (1.5 equiv.) , 4CzIPN (1 mol%), NiBr,-dtbbpy (10 mol%),
PhN(Tf), (15 mol%), 1:1 DMSO/Dioxane (v/v , 0.1M), blue LEDs, and Ar at 23°C for 16 h. Isolated yields are shown unless
otherwise stated. Reactions were performed on a 0.5 mmol scale (see Supporting Information). bReaction performed on a 0.1
mmol scale, yields determined by 4H NMR using CH,Br, as an internal standard.
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Chapter 5 Supporting Information

S2.4 Supporting Information

S2.4.1 General Information

A. General Reagent Information

Reagents were purchased from Sigma-Aldrich, Alfa Aesar, Acros Organics, Combi-Blocks,
Oakwood Chemicals, Astatech, and TCI America and used as received, unless stated otherwise.
All reactions were set up on the bench top and conducted under nitrogen atmosphere while
subject to irradiation from blue LEDs (LEDwholesalers PAR38 Indoor Outdoor 16-Watt LED
Flood Light Bulb, Blue; or Hydrofarm® PPB1002 PowerPAR LED Bulb-Blue 15W/E27
(available from Amazon). Flash chromatography was carried out using Siliaflash® P60 silica gel
obtained from Silicycle. Thin-layer chromatography (TLC) was performed on 250 um SiliCycle
silica gel F-254 plates. Visualization of the developed chromatogram was performed by
fluorescence quenching or staining using KMnQj, p-anisaldehyde, or ninhydrin stains. DMSO

was purchased from Fisher Scientific and was distilled over CaH2 and degassed by sonication
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under vacuum and stored under nitrogen. Photoredox catalyst 4CzIPN was prepared according to

literature procedures.!
B. General Analytical Information

Unless otherwise noted, all yields refer to chromatographically and spectroscopically (1 H NMR)
homogenous materials. New compounds were characterized by NMR and HRMS. 1 H and 13C
NMR spectra were obtained from the Emory University NMR facility and recorded on a Bruker
Avance III HD 600 equipped with cryo-probe (600 MHz), Bruker 400 (400 MHz), INOVA 600
(600 MHz), INOVA 500 (500 MHz), INOVA 400 (400 MHz), or VNMR 400 (400 MHz), and
are internally referenced to residual protio solvent signals. Data for 1 H NMR are reported as
follows: 43 chemical shift (ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m
= multiplet, dd = doublet of doublets, dt = doublet of triplets, ddd= doublet of doublet of
doublets, dtd= doublet of triplet of doublets, b = broad, etc.), coupling constant (Hz), integration,
and assignment, when applicable. Data for decoupled 13C NMR are reported in terms of
chemical shift and multiplicity when applicable. High Resolution mass spectra were obtained
from the Emory University Mass Spectral facility.

C. General Photoredox Reaction Setup

To run multiple reactions, an appropriately sized 3D printed carousel was used, which exposed the reactions
to the blue light evenly (photo 1). A 15 W LED array lamp was used as a blue light source (photo 2,3).
These lamps were routinely used for up to 12 reactions at a time (photo 2,3). The blue LEDs were
positioned approximately 6 inches above the reaction vials to get good light coverage without overheating
the reactions (photo 2,3). Reactions run at elevated temperatures were irradiated in a shallow oil bath (photo

4,5).
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Photo 1 Photo 2 Photo 3

Photo 4

S2.4.2 Optimization of Hydrodehalogenation with CO2"

Procedure:

An 8 mL screw-top test tube was charged with 4CzIPN (1 mol%, 0.001 mol), sodium formate
(5.0 equiv, 0.5 mmol) and mesna (20 mol%, 0.02 mol). The tube was equipped with a stir bar
and sealed with a PTFE/silicon septum. Under nitrogen atmosphere, separately degassed DMSO
(1 Photo 4 Photo 5 45 mL) was added via syringe, followed by 2-chloromethylbenzoate (1 equiv,
0.1 mmol). The resulting mixture was stirred at 1400 RPM for 16 h under irradiation by blue
LEDs. The reaction was then extracted with ethyl acetate (3 x). The organic layer was passed

through a small silica plug with 100% EtOAc and concentrated. Deutero-chloroform with an
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internal standard of dibromomethane (7 pL, 0.1 mmol) was added. The sample was analyzed by
1 HNMR (d =5 s), and the integral values were used to calculate the data given in Table S1- S3.

HAT Catalysts Screen:

4CzIPN (1 mol%)

CO,Me 0 HAT catalyst (20 mol%) CO,CH,4
cL A - X
Cl H ONa DMSO, N,, Blue LEDs

H
16 h
Aryl Chloride Sodium Formate Hydrogehalogenation
1 equiv. 5 equiv.
B | HDH" o
1 none 0
2 mesnha 100
3 cyclohexane thiol 91
4 dodecane thiol 93
5 thiophenol 92
4 thiobenzoic acid 92
5 DABCO 62

@ Conditions: aryl chloride (1 equiv.), sodium formate (5 equiv.), ,photocatalyst (PC, 1 mol%),
HAT catayst (20 mol%), DMSO [0.1 M], N,, Blue LEDs, 16 h. Reactions performed on a 0.1 mmol
scale. PYield determined via '"H NMR using CH,Br, as an internal standard.
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Controls
deviations
al 5.0 eq. NaHCO, H
: :Cone DMSO : :COZMe
N, 16 hr
SM '

Entry deviations m m_
1 no 4CzIPN 100 0
2 no formate 99 0
3 no light 102 0
4 in presence of air 3 94

@ Conditions: aryl chloride (1 equiv.), sodium formate (5 equiv.), ,photocatalyst (PC, 1 mol%),
Mesna (20 mol%), DMSO [0.1 M], N,, Blue LEDs, 16 h. Reactions performed on a 0.1 mmol
scale. PYield determined via '"H NMR using CH,Br, as an internal standard.

Photocatalyst Screen:

PC (1 mol%)

CO,Me o Mesna (20 mol%) CO,CH3
SRR - X
Cl H ONa DMSO, N,, Blue LEDs H

Aryl Chloride Sodium Formate on Hydrogehalogenation
1 equiv. 5 equiv.
- E& —3 3
1 4CzIPN 98
2 4CZTPN 98
3 Ir(df-CF3-ppy),(dtbbpy)PFe 99
4 Ir(ppy)2(dtbbpy)PFg 98
5 DCA 90

@ Conditions: aryl chloride (1 equiv.), sodium formate (5 equiv.), ,photocatalyst (PC, 1 mol%),
Mesna (20 mol%), DMSO [0.1 M], N, Blue LEDs, 16 h. Reactions performed on a 0.1 mmol
scale. PYield determined via "H NMR using CH,Br, as an internal standard.

SH
Na0ys~ "

Mesna
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S2.4.3: General Procedures

General Procedure A

A 20 mL screw-top test tube was charged with 4CzIPN (1 mol%), sodium formate (5.0 equiv),
mesna (20 mol%), (hetero)aryl halide (if solid, 1.0 equiv) and alkene (if solid, 5.0 equiv). The
tube was equipped with a stir bar and was sealed with a PTFE/silicon septum. The atmosphere
was exchanged by applying vacuum and backfilling with nitrogen (this process was conducted a
total of three times). Under nitrogen atmosphere, separately degassed solvents were added via
syringe in a 1:1 ratio (50% MeCN/ 50% DMSO, 0.1 M) followed by the (hetero)aryl halide (if
liquid, 1.0 equiv) and the alkene (if liquid, 1.0 equiv). The resulting mixture was stirred at 1400
RPM for 16 h under irradiation by blue LEDs. Water was added and then the reaction mixture
was extracted with ethyl acetate (3 x). The organic layer was passed through a small silica plug
with 100% EtOAc and concentrated. The residue was purified on silica using the indicated
solvent mixture as eluent to afford the title compound.

General Procedure B

A 20 mL screw-top test tube was charged with 4CzIPN (1 mol%), sodium formate (5.0 equiv),
mesna (20 mol%), and the phenyl ammonium salt (1.0 equiv). The tube was equipped with a stir
bar and was sealed with a PTFE/silicon septum. The atmosphere was exchanged by applying
vacuum and backfilling with nitrogen (this process was conducted a total of three times). Under
nitrogen atmosphere, degassed DMSO (0.1 M) was added via syringe. The resulting mixture was
stirred at 1400 RPM for 16 h under irradiation by blue LEDs. Water was added and then the 60
reaction mixture was extracted with ethyl acetate (3 x). The organic layer was passed through a
small silica plug with 100% EtOAc and concentrated to afford the title compound.

General Procedure C
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A 20 mL screw-top test tube was charged with 4CzIPN (1 mol%), sodium formate (10.0 equiv),
mesna (20 mol%), and the N-tosyl (hetero)arene (1.0 equiv). The tube was equipped with a stir
bar and was sealed with a PTFE/silicon septum. The atmosphere was exchanged by applying
vacuum and backfilling with nitrogen (this process was conducted a total of three times). Under
nitrogen atmosphere, a degassed solution of 20% H20O/DMSO (0.1 M) was added via syringe.
The resulting mixture was stirred at 1400 RPM for 16 h under irradiation by blue LEDs, unless
noted otherwise. Water was added and then the reaction mixture was extracted with ethyl acetate
(3 x). The organic layer was passed through a small silica plug with 100% EtOAc and
concentrated The residue was purified on silica using the indicated solvent mixture as eluent to
afford the title compound.

General Procedure D

A 20 mL screw-top test tube was charged with 4CzIPN (1 mol%), sodium formate (10.0 equiv),
mesna (20 mol%), and the trifluoromethyl- arene (if solid, 1.0 equiv). The tube was equipped
with a stir bar and was sealed with a PTFE/silicon septum. The atmosphere was exchanged by
applying vacuum and backfilling with nitrogen (this process was conducted a total of three
times). Under nitrogen atmosphere, degassed DMSO (0.1 M) was added via syringe followed by
trifluoromethyl arene (if liquid, 1.0 equiv) and buten-1-ol (3.0 equiv). The resulting mixture was
stirred at 1400 RPM for 16 h under irradiation by blue LEDs, unless noted otherwise. Water was
added and then the reaction mixture was extracted with ethyl acetate (3 x). The organic layer was
passed through a small silica plug with 100% EtOAc and concentrated. The residue was purified
on silica using the indicated solvent mixture as eluent to afford the title compound.

General Procedure E
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A 20 mL screw-top test tube was charged with 4CzIPN (1 mol%), sodium formate (10.0 equiv),
and mesna (20 mol). The tube was equipped with a stir bar and was sealed with a PTFE/silicon
septum. The atmosphere was exchanged by applying vacuum and backfilling with nitrogen (this
process was conducted a total of three times). Under nitrogen atmosphere, a degassed solution of
20% H20/DMSO (0.1 M) was added via syringe followed by the aldehyde (1.0 equiv). The
resulting mixture was stirred at 1400 RPM for 16 h under irradiation by blue LEDs. Water was
added and then the reaction mixture was extracted with ethyl acetate (3 x). The organic layer was
passed through a small silica plug with 100% EtOAc and concentrated. The residue was purified
on silica using the indicated solvent mixture as eluent to afford the title compound.

S2.4.4: Alternative Initiators

Procedure

An 8 mL screw-top test tube was charged with appropriate initiator (20 mol%, 0.02 mol), sodium
formate (5.0 equiv, 0.5 mmol) and mesna (20 mol%, 0.02 mol, if needed- refer to table below).
The tube was equipped with a stir bar and sealed with a PTFE/silicon septum. The atmosphere
was exchanged by applying vacuum and backfilling with nitrogen (this process was conducted a
total of three times). Under nitrogen atmosphere, separately degassed DMSO (0.1 M, 1 mL) was
added via syringe, followed by 2-chloromethylbenzoate (1 equiv, 0.1 mmol) . The resulting
mixture was stirred at 1400 RPM for 16 h under irradiation by blue LEDs or heated to 100 "C
(refer to table below). The reaction was then extracted with ethyl acetate (3 x). The organic layer
was passed through a small silica plug with 100% EtOAc to remove any excess DMSO and

concentrated. Deutro-chloroform with an internal standard of dibromomethane (7 puL, 0.1 mmol)
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was added. The sample was analyzed by '"H NMR (d = 5 s), and the integral values were used to

calculate the data given in Table S4.

Initiators:
initiator
: Cl 50 eq. NaHC02 H
COzMe QCOZMB
DMSO
SM N, 16 hr HDH
Entry initiator SM HDH
1 20 mol% methyl disulfide, blue LEDs 0 99
2 20 mol% ammonium persulfate, 20 mol% mesna, 100 °C 0 96
3 20 mol% AIBN, 20 mol% mesna, 100 °C 50 48

yields determined by "H NMR with dibromomethane as internal standard
Table S4

S2.4.5: Preparation of Starting Materials
o)

/\IIJJI\H

Boc

Tert-butyl formyl(vinyl)carbamate (S1): To a round bottom flask under nitrogen was added
di-tert-butyl decarbonate (15.7 g, 72 mmol, 1.2 equiv.), 4-dimethylaminopyridine (0.073 g, 0.6
mmol, 0.01 equiv.), freshly distilled N-vinylformamide (4.21 g, 60 mmol, 1 equiv.), and THF
(200 mL). The reaction was stirred at 23 °C for 16 h and concentrated in vacuo. The crude
product was purified by silica chromatography (5% EtOAc/hexanes as the eluent) to give the title
compound as a clear oil (10.15 g, 99% yield). The physical properties and spectral data were

consistent with the reported values.?
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H NMR (600 MHz, Chloroform-d) & 9.26 (s, 1H), 6.59 (dd, J = 16.3, 9.7 Hz, 1H), 5.67 (d, J =

16.2 Hz, 1H), 5.06 (d, ] = 9.6 Hz, 1H), (s, 12 H).

Tert-butyl vinylcarbamate (S2): To a round bottom flaks was added zerz-butyl

formyl(vinyl)carbamate (7.19 g, 42 mmol, 1 equiv) followed by THF. The reaction
N _Boc
@&
mixture was cooled to 0 °C then a solution of 2M NaOH (25 mL) was added over a

period of 20 minutes. The reaction mixture was warmed to room temperature and monitored via
GCMS until complete consumption of starting material (1 hour). The reaction mixture was
diluted with H,O (20 mL) and extracted with MTBE (4x ). The combined organic extracts were
washed with H>O (20 mL) and brine (20 mL), dried over MgSQOs4, and concentrated in vacuo.
The crude product was recrystallized in pentanes at -20°C overnight to afford the title compound
as a crystalline white solid (4.94 g, 82% yield). The physical properties and spectral data were
consistent with the reported values.?
'TH NMR (600 MHz, DMSO-ds) 5 (9.20, s, 1H), 6.51 (ddd, J = 15.9, 10.4, 8.9 Hz, 1H), 4.45 (d,
J=15.9 Hz, 1H), 4.09 (d, J = 8.9 Hz, 1H), 1.41 (s, 9H).
Diethyl (3-bromophenyl)phosphonate (S3): Pd(OAc)> (0.224 g, 1 mmol, 0.1 equiv) was added
EZ;,P//iQ/BF to a flame dried found bottom flask and the atmosphere was exchanged three
times with N». 3-bromoiodobenzene (10 mmol, 1.27 mL, 1 equiv) was then
added followed by triethyl phosphite (10.5 mmol, 1.8 mL, 1.05 equiv) and the reaction was
heated to 90 °C overnight under N>. After cooling to room temperature, the reaction mixture was
diluted with Et,0O and pushed through a celite plug using Et2O ( 50 mL ). The crude reaction
mixture was then concentrated in vacuo and purified by silica chromatography (50- 100%

EtOAc/Hexanes as the eluent) to afford the title compound as a red-orange oil (1.7 g, 58% yield).
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The spectral data were consistent with the reported values.’
'"H NMR (500 MHz, Chloroform-d) 6 7.94 (ddd, J=13.6, 1.9, 1.4 Hz, 1H), 7.73 (ddt, J=12.9,
7.6, 1.2 Hz, 1H), 7.67 (ddt, J=8.1, 2.1, 1.0 Hz, 1H), 7.34 (td, J= 7.8, 4.7 Hz, 1H), 4.11 (m, 4H),

1.32 (t, J=7.1 Hz, 6H).

NC. -, Miez  3-(dimethylamino)benzonitrile (S4): A round bottom flask equipped with a

H‘“»’; stirbar was added 3-aminobenzonitrile (10 mmol, 1.2 g, 1.0 equiv), Na2CO3
(20 mmol, 2.1 g, 2.0 equiv) and DMF (10 mL). Methyl lodide (25 mmol, 1.6 mL, 2.5 equiv) was
added dropwise to the solution a few minutes later. The reaction was heated to 80 °C and stirred
overnight. The reaction was allowed to cool to room temp. and it was diluted in EtOAc. The
solution was washed with a solution of 1 M LiCl, extracted with EtOAc (3 x), dried over Na>SO4
and concentrated in vacuo. The crude reaction mixture was pushed through a silica plug (10%
EtOAc/hexanes) to afford the title compound as an orange oil (1.0 g, 69% yield). The spectral
properties were consistent with the reported values.*

IH NMR (500 MHz, Chloroform-d) & 7.32 — 7.26 (m, 1H), 6.95 (dt, J = 7.5, 1.1 Hz, 2H), 6.91

~6.82 (M, 1H), 2.98 (s, 6H).

Cr @ o 3-cyano-N,N,N-trimethylbenzenaminium iodide (SS): A round bottom
\HHJ;:. © flask equipped with a stir bar was added methyl 3-

(dimethylamino)benzonitrile S4 (6.0 mmol, 0.88 g, 1.0 equiv) and DMF (4 mL). Methyl lodide

(12 mmol, 0.74 mL, 2.0 equiv) was added dropwise. The reaction was heated to 50 °C and stirred

overnight. The reaction was allowed to cool to room temp. and it was diluted with Et;O. The
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solid precipitate was collected by vacuum filtration to afford the title compound as a white solid

(1.26 g, 73% yield).

'H NMR (500 MHz, DMSO-ds) & 8.58 (dd, J = 2.4, 1.3 Hz, 1H), 8.34 (ddd, J = 8.7, 2.8, 0.9 Hz,
1H), 8.15-8.06 (m, 1H), 7.90 — 7.85 (m, 1H), 3.64 (s, 9H).

13C NMR (151 MHz, DMSO-de) & 147.43, 133.94, 131.33, 125.86, 125.13, 117.47, 112.81,
56.47.

HRMS (APCI) m/z: [M+] calcd. for CioH13N2, 161.0709; found, 161.0711. [M-] calcd. for I,
126.9050; found, 126.9057.

o
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diethyl (3-(dimethylamino)phenyl)phosphonate (S6): A pressure tube equipped with a stirbar
was added 3-(dimethylamino)benzoic acid (5.0 mmol, 0.83 g, 1.0 equiv), Pd(OAc)2 (0.25 mmol,
0.056 g, 5 mol%) and 1,4-Bis(diphenylphosphino)butane (0.5 mmol, 0.213 g, 10 mol%). The
atmosphere was exchanged by applying vacuum and backfilling with nitrogen (this process was
conducted a total of three times). Diethyl phosphonate (7.5 mmol, 0.97 mL, 1.5 equiv),
trimethylacetic anhydride (7.5 mmol, 0.83 mL, 1.5 equiv), and triethyl amine (7.5 mmol, 1.0 mL,
1.5 equiv) was added to the tube under nitrogen followed by degassed 1,4-dioxane (25 mL). The
reaction was heated to 160 °C and allowed to stir overnight. The reaction was cooled to room
temperature and concentrated in vacuo. The crude reaction mixture was purified by silica
chromatography (30- 100% EtOAc eluent) to give the title compound as an opaque yellow oil

(0.83 g, 65% yield). The spectral properties were consistent with the reported values.®
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'"H NMR (400 MHz, Chloroform-d) 8 7.36 — 7.26 (m, 1H), 7.20 — 7.05 (m, 2H), 6.87 (d, ] = 8.4

Hz, 1H), 4.20 — 3.99 (m, 4H), 2.98 (s, 6H), 1.32 (t, J = 7.1 Hz, 6H).

3-(diethoxyphosphoryl)-N,N,N-trimethylbenzenaminium iodide (S7): A round bottom flask
equipped with a stir bar was added diethyl (3-(dimethylamino)phenyl)phosphonate S6 (2.0
mmol, 0.51 g, 1.0 equiv) and DMF (1.5 mL). Methyl Iodide (4 mmol, 0.25 mL, 2.0 equiv) was
added dropwise. The reaction was heated to 50 °C and stirred overnight. The reaction was
allowed to cool to room temp. and it was diluted with Et;O. The solid precipitate was collected

by vacuum filtration to give the title compound as a white solid (0.65 g, 81% yield).

'H NMR (400 MHz, Methanol-d4) 5 8.26 (dd, J = 14.8, 3.3 Hz, 2H), 8.02 (ddt, J = 12.7, 7.5,

1.0 Hz, 1H), 7.94 — 7.83 (m, 1H), 4.31 — 4.12 (m, 4H), 3.77 (s, 9H), 1.38 (t, J = 7.1 Hz, 6H).

13C NMR (151 MHz, Methanol-d4) § 148.80 (d, J = 18.9 Hz), 134.72 (d, J = 8.9 Hz), 132.56 (d,
J=15.7 Hz), 132.52 (d, T = 192.1 Hz), 124.15 (d, J = 12.7 Hz), 64.56 (d, ] = 6.0 Hz), 57.84,

16.64 (d,J = 6.1 Hz).
31p NMR (162 MHz, Methanol-d4) § 15.49.

HRMS (APCI) m/z: [M+] calcd. for C13H23NO3P, 272.1410; found, 272.1410. [M-] calcd. for I,

126.9050; found, 126.9056.
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methyl 3-(dimethylamino)benzoate (S8): To a round bottom flask equipped with a stirbar was
added 3-(dimethylamino)benzoic acid (20 mmol, 3.3 g, 1.0 equiv) and MeOH (20 mL). A few
drops of concentrated HCI was added and the reaction was refluxed overnight and then
concentrated in vacuo. The crude product was diluted in EtOAc and washed with sat. NaHCO3 (3
x), dried over Na>SO4 and concentrated in vacuo. The crude reaction mixture was pushed
through a silica plug (5% EtOAc) to give the title compound as a clear oil (1.7 g, 47% yield). .)

The physical and spectral properties were consistent with the reported values.®

'"H NMR (500 MHz, Chloroform-d) § 7.42 —7.36 (m, 2H), 7.29 (t,J = 7.8 Hz, 1H), 6.91 (d, J =
7.8 Hz, 1H), 3.90 (s, 3H), 3.00 (s, 6H).
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3-(methoxycarbonyl)-N,N,N-trimethylbenzenaminium iodide (S9): A round bottom flask
equipped with a stir bar was added methyl 3-(dimethylamino)benzoate S8 (9.0 mmol, 1.6 g, 1.0
equiv) and DMF (7 mL). Methyl lodide (15 mmol, 0.93 mL, 1.5 equiv) was added dropwise. The
reaction was heated to 50 °C and stirred overnight. The reaction was allowed to cool to room

temp. and it was diluted with Et20O. The solid precipitate was collected by vacuum filtration to

give the title compound as a white solid (2.4 g, 84% yield).

'H NMR (400 MHz, DMSO-de) 3 8.43 (dd, J= 2.8, 1.4 Hz, 1H), 8.30 (ddd, J = 8.6, 2.9, 0.9 Hz,

1H), 8.14 (ddd, J=7.8, 1.4, 0.9 Hz, 1H), 7.82 (t, 1H), 3.92 (s, 3H), 3.66 (s, 9H).

13C NMR (101 MHz, DMSO-ds) § 165.03, 147.48, 131.29, 130.83, 130.60, 125.55, 121.14,

56.40, 52.81.
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HRMS (APCI) m/z: [M+] calcd. for C11H16NO>, 194.0812; found, 194.0813. [M-] calcd. for I,

126.9050; found, 126.9056.

4-methyl-N,N-diphenylbenzenesulfonamide (S10): A round bottom flask was charged with
diphenylamine (0.68 g, 4 mmol, 1 equiv.) and pyridine (10 mL). The reaction mixture was then
cooled to 0 °C followed by the addition of toulenesulfonyl chloride (1.14 g, 6 mmol, 1.5 equiv).
The reaction mixture was warmed to room temperature, stirred overnight, and then concentrated
in vacuo. The reaction mixture was then diluted with water (10 mL) extracted with CH2Cl> (3x),
dried over Na,SO4 and concentrated in vacuo. The crude product was purified by silica
chromatography (0- 10% EtOAc/Hexanes as the eluent) to give the title compound as a white
solid (0.43 g, 36% yield). The physical and spectral properties were consistent with the reported
values.’

'H NMR (600 MHz, Chloroform-d) § 7.58 (d, J = 6.7 Hz, 2H), 7.35 — 7.22 (m, 12H), 2.43 (s,

3H).!

NHT:
NT y
I =

4-methyl-V-(pyridine-3-yl)benzenesulfonamide (S11): A round bottom flask was charged with
3-aminopyridine (10 mmol, 0.94 g, 1 equiv.), pyridine (25 mL) and cooled to 0 °C. The reaction
mixture was then treated with toluenesulfonyl chloride (11 mmol, 2.09 g, 1.1 equiv), equipped
with a reflux condenser and refluxed at 115 °C for 3 hours. After cooling to room temperature,
the reaction mixture was concentrated in vacuo, diluted with water (20 mL), and extracted with

CH2Cl2 (3 x). The crude product was purified by silica chromatography (10- 100%
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EtOAc/hexanes as the eluent) to give the title compound as a white solid (0.33 g, 13% yield).
The physical and spectral properties were consistent with the reported values.®

'"H NMR (400 MHz, DMSO-de): 5 10.49 (bs, 1H), 8.26 (d, J =2.6 Hz, 1H), 8.23 (dd, J =4.7,]
=1.5Hz, 1H), 7.65 (d, J = 8.3 Hz, 2H), 7.48 (ddd, ] = 8.3, 2.7, 1.5 Hz, 1H), 7.35 (d, J = 8.1 Hz,

1H), 7.27 (dd, ] = 8.3, 4.7 Hz, 1H), 2.33 (s, 3H).

1-tosyl-1H-benzo[d]imidazole (S12): A round bottom flask was charged with benzimidazole
(0.47 g, 4 mmol, 1 equiv.) and pyridine (10 mL). The reaction mixture was then cooled to 0°C
followed by the addition of toulenesulfonyl chloride (1.14 g, 6 mmol, 1.5 equiv.). The reaction
mixture was warmed to room temperature, stirred overnight, and then concentrated in vacuo. The
reaction mixture was then diluted with water (10 mL) extracted with CH>Cl> (3 x ), dried over
NaxSO4 and concentrated in vacuo. The crude product was purified by silica chromatography
(10- 100% EtOAc/Hexanes as the eluent) to give the title compound as a white solid (0.78 g,
72% yield). The physical and spectral properties were consistent with the reported values.’

"H NMR (600 MHz, Chloroform-d) & 8.39 (s, 1H), 7.86 (m, 3H), 7.76 (m, 1H), 7.37 (m, 2H),

7.30 (m, 2H), 2.38 (s, 3H).

3-(4-chlorophenyl)propanal (S13): To a round bottom flask was added 3-(4-
chlorophenyl)propan-1-ol (10 mmol, 1.5 mL, 1 equiv), [Cu(CH3CN)4]PFs (0.5 mmol, 0.19 g,

0.05 equiv.), TEMPO (0.5 mmol, 0.078 g, 0.05 equiv.), 2,2-bipyridine (0.5 mmol, 0.078 g, 0.05



98

equiv), NMI (1 mmol, 80 pL, 0.1 equiv) and CH3CN (50 mL). The reaction was then sparged
with air overnight then pushed through a silica plug using EtOAc and concentrated in vacuo.
The crude product was then purified by silica chromatography (0-30% EtOAc/Hexanes as the
eluent) to give the title compound as a light yellow oil (0.519 g, 31% yield.) The physical and
spectral properties were consistent with the reported values. '

'"H NMR (400 MHz, Chloroform-d) 6 9.80 (t, J = 1.3 Hz, 1H), 7.27-7.21 (m, 2H), 7.15-7.08

(m, 2H), 2.96-2.87 (m, 2H), 2.80-2.73 (m, 2H).

SacE

morpholino(3-(trifluoromethyl)phenyl)methanone (S14): A round bottom flask equipped with
a stir bar was added morpholine (11 mmol, 0.95 mL, 1.1 equiv), triethylamine (12.5 mmol, 1.7 g,
1.25 equiv) and CH2Cl> (20 mL) and stirred for 10 minutes. 3-(trifluoromethyl)benzoyl chloride
(10 mmol, 1.5 mL, 1.0 equiv) was added dropwise and the solution was allowed to stir for 1
hour. The reaction mixture was quenched with 1 M HCI, extracted with CH2Cl (3 x), and
concentrated in vacuo. The crude reaction mixture was pushed through a silica plug (50%
EtOAc/hexanes as the eluent) and concentrated in vacuo to afford the title compound as a white

solid (2.3 g, 90% yield). The spectral properties were consistent with the reported values.!!

'H NMR (600 MHz, Chloroform-d) § 7.70 (d, J = 11.7 Hz, 2H), 7.62 — 7.53 (m, 2H), 3.99 —

3.30 (m, 8H).

AL

Me
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(E)-N-phenethylbut-2-enamide (S15): To a flame dried round bottom flask was added crotonic
acid (5 mmol, 0.43 g, 1 equiv) after which the atmosphere was exchanged three times with
nitrogen. CH>Cl> (20 mL) was then added followed by oxalyl chloride (5.5 mmol, 0.46 mL, 1.5
equiv) and DMF (2 drops)—the reaction mixture was then allowed to stir for 1 hour.
Phenethylamine (6 mmol, 0.76 mL, 1.2 equiv) was then added in one portion followed by
triethylamine (5.5 mmol, 0.77 mL, 1.1 equiv). The reaction mixture was allowed to stir
overnight, diluted with CH>Cl, (20 mL) and 1M HCI (10 mL). The organic phase was separated
from the aqueous phase and washed with 1M HCI (10 ml), brine (2x), dried over Na;SOs4, and
concentrated in vacuo. The crude product was pushed through a silica plug with (50%
EtOAc/Hexanes as the eluent) to afford the title compound as white solid (0.96 g, 99% yield).
'TH NMR (600 MHz, Chloroform-d) 5 7.31 (t, J = 7.6 Hz, 1H), 7.24 (t,J = 7.9 Hz, 2H), 7.20 (d,
J=7.3Hz, 2H), 6.83 (dq, J =15.2, 6.9 Hz, 1H), 5.72 (dd, J = 15.2 Hz, 1.6 Hz, 1H), 5.39 (bs,
1H), 3.59 (td, J = 6.9 Hz, 5.9 Hz, 2H), 2.84 (t, ] = 6.9 Hz, 2H), 1.83 (dd, J = 6.9, 1.6 Hz, 3H).
13C NMR (600 MHz, Chloroform-d) 5165.9, 140.5, 138.5, 128.8, 128.7, 125.9, 124.9, 40.53,
35.7,17.2.

HRMS (APCI) m/z: [M+H] calcd. for C12H16NO, 190.1226; found, 190.1229.

Rf: 0.34 (50% EtOAc/Hexanes)

Ethyl (E)-3-cyclopropylacrylate (S16): To a flame dried round bottom flask was added sodium

hydride (3.6 mmol, 0.14 g, 1.2 equiv) after which the atmosphere was exchanged three times
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with N>. THF was added (5 mL) and the flask was then cooled to 0 °C followed by the dropwise
addition of triethyl phosphonoacetate (3.3 mmol, 0.65 mL, 1.2 equiv). The reaction mixture was
then stirred at 0 °C for thirty minutes after which cyclopropane carboxaldehyde (3 mmol, 0.22
mL, 1 equiv) was added dropwise as a solution in THF (5 mL). The reaction mixture was then
allowed to warm to room temperature, stirred overnight, and then quenched with saturated
aqueous ammonium chloride (10 mL) at 0 °C. The aqueous phase was extracted with EtOAc (3x)
dried over Na;SOs, and concentrated in vacuo. The crude product was then pushed through a
silica plug using (10% EtOAc/Hexanes as the eluent) to afford the title compound as yellow oil
(0.42 g, 99% yield). The physical and spectral properties were consistent with the reported
values.'?

'TH NMR (600 MHz, Chloroform-d) 5 6.41 (dd, J = 15.4 Hz, 10.1 Hz, 1H), 5.89 (d, J = 15.4 Hz,

1H), 4.17 (q, J = 10.7 Hz, 2H), 1.58-1.53 (m, 1H), 1.26 (t, ] = 7.1 Hz, 3H), 0.95-0.91 (m, 2H),

0.65-0.61 (m, 2H).

X

(E)-1-cyclopropyl-6-phenylhex-1-en-3-one (S17): To a flame dried round bottom flask was
added 1-(triphenylphosphoraneylidene)-2-propanone (4 mmol, 1.27 g, 1 equiv) after which the
atmosphere was exchanged three times with nitrogen followed. THF was added (30 mL), the
reaction mixture was cooled to -78°C and n-butyllithium (5.2 mmol, 2.5 mL, 1.3 equiv.) was
added dropwise. The reaction mixture was stirred at -78°C for 1 hour followed by the dropwise
addition of (2-bromoethyl)benzene (5.2 mmol, 0.71 mL, 1.3 equiv). The reaction mixture was
warmed to room temperature, stirred for 7 hours, and concentrated in vacuo. The crude mixture

was then dissolved in CH,Cl, (40 mL), washed with water (3x), dried over Na;SO4 and
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concentrated in vacuo. The crude reaction mixture was then dissolved in CHCI3 followed by the
addition of cyclopropane carboxaldehyde (6 mmol, 0.45 mL, 1.5 equiv.). The reaction mixture
was refluxed overnight at 60 °C, concentrated in vacuo, and purified by silica chromatography
(0-5% EtOAc/ Hexanes as the eluent) to give the title compound as a colorless oil (0.35 g, 41%
yield).

IH NMR (600 MHz, Chloroform-d) § 7.28-7.22 (m, 2H), 7.19-7.13 (m, 3H), 6.27-6.14 (m,
2H), 2.61 (t, J = 7.6 Hz, 2H), 2.47 (t, J = 6.8 Hz, 2H), 1.96-1.88 (m, 2H), 1.55-1.48 (m, 1H),
0.98-0.91 (m, 2H), 0.64-0.59 (m, 2H).

13C NMR (151 MHz, Chloroform-d) & 199.65, 152.58, 141.92, 128.65, 128.49, 127.34, 126.03,
77.37,77.16, 76.95, 39.59, 35.33, 25.95, 14.78, 9.08.

HRMS (APCI) m/z: [M+H] calcd. for C15sH190, 215.1430; found, 215.1233.

Rf: 0.48 (10% EtOAc/Hexanes)

Methyl (E)-3-(pyridine-2-yl)acrylate (S18): A round bottom flask was equipped with 2-
pyridinecarboxaldehyde (5 mmol, 0.48 mL, 1 equiv), methyl
(triphenylphosphoranylidene)acetate (7.5 mmol, 2.50 g, 1.5 equiv) and benzene (10 mL) under
nitrogen. The reaction was then heated to 80 °C for three hours, cooled to room temperature, and
concentrated in vacuo. The crude product was purified by silica chromatography (30- 40%
EtOAc/Hexanes as the eluent) to give the title compound as a light brown solid (0.59 g, 73%
yield). The physical properties and spectral data were consistent with the reported values. '

'"H NMR (600 MHz, CDCls) 6 8.64 (d, J = 4.8 Hz, 1H), 7.73-7.64 (m, 2H), 7.42 (d, ] = 7.8 Hz,

1H), 7.29-7.24 (m, 1H), 6.93 (d, J = 15.7 Hz, 1H), 3.81 (s, 3H).
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2.4.6: Preparation of Substrates from the Substrate Table

NC\@\/\
CeH13

4-octylbenzonitrile (1): Prepared according to general procedure A using 4-chlorobenzonitrile
(0.5 mmol, 0.069 g, 1 equiv.), 1-octene (2.5 mmol, 390 uL, 5.0 equiv), sodium formate (2.5
mmol, 0.17 g, 5.0 equiv), mesna (0.1 mmol, 0.016 g, 20 mol%) and 4CzIPN (0.005 mmol,
0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16 hours the reaction was
purified by silica chromatography (5% EtOAC/Hexanes as the eluent) to afford the title
compound as a clear oil (0.071 g, 66% yield). The physical and spectral properties were
consistent with the reported values.'*

'TH NMR (500 MHz, Chloroform-d) 5 7.55 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 2.65 (t,

J=7.6 Hz, 2H), 1.60 (m, 2H), 1.35-1.16 (m, 10H), 0.87 (t, J = 6.8 Hz , 3H).

NC\@\/\/\
OH

4-(4-hydroxybutyl)benzonitrile (2): Prepared according to general procedure A using 4-
chlorobenzonitrile (0.5 mmol, 0.069 g, 1 equiv.), 3-buten-1-ol (2.5 mmol, 215 pl, 5 equiv.),
sodium formate (2.5 mmol, 0.17 g, 5.0 equiv.), mesna (0.1 mmol, 0.016 g, 20 mol%) and
4CzIPN (0.005 mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16 hours,
the crude product was purified by silica gel chromatography (30% EtOAc/Hexanes to 50%
EtOAc:/Hexanes as the eluent) to afford the title compound as a colorless solid (0.040 g, 46%
yield).

"H NMR (500 MHz, Benzene-d6) & 7.01 (d, J = 8.0 Hz, 2H), 6.56 (d, J= 8. Hz, 2H), 3.22 (t,J =

6.3 Hz, 2H), 2.13 (1, J = 7.6 Hz, 2H), 1.32-1.24 (m, 2H), 1.20-1.13 (m, 2H).
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13C NMR (100 MHz, Chloroform-d) & 148.17, 132.27, 129.31, 119.23, 109.71, 62.57, 35.88,
32.18, 27.23.
HRMS (APCI) m/z: [M+H] calcd. for C11H14NO, 176.1069; found, 176.1071.

Rf: 0.23 (30% EtOAc/Hexanes)

NC
\©\/\/CI

4-(6-chlorohexyl)benzonitrile (3): Prepared according to general procedure A using 4-
chlorobenzonitrile (0.5 mmol, 0.069 g, 1.0 equiv), 6-chlorohex-1-ene (2.5 mmol, 0.33 mL, 5.0
equiv), sodium formate (2.5 mmol, 0.17 g, 5.0 equiv), mesna (0.1 mmol, 0.016 g, 20 mol%) and
4CzIPN (0.005 mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16 hours
the reaction was purified by silica chromatography (0%- 20% EtOAc/hexanes as eluent) to afford

the title compound as a clear oil (0.094 g, 85% yield)

'H NMR (400 MHz, Chloroform-d) § 7.57 (d, J = 8.3 Hz, 2H), 7.27 (d, ] = 6.9 Hz, 2H), 3.53 (t,
J = 6.6 Hz, 2H), 2.71 — 2.58 (m, 2H), 1.82 — 1.70 (m, 2H), 1.64 (p, ] = 7.6 Hz, 2H), 1.54 — 1.41

(m, 2H), 1.40 — 1.31 (m, 2H).

13C NMR (101 MHz, Chloroform-d) & 148.35, 132.44, 132.29, 129.31, 119.29, 109.73, 45.14,

36.07, 32.55, 30.89, 28.51, 26.74.
HRMS (APCI) m/z: [M+H] calcd. for CisHi7NCl, 222.1044; found, 222.1043.

Rf: 0.40 (10% EtOc/ Hexanes)

NC
Me
Me

Me
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4-(3-methylbutan-2-yl)benzonitrile (4): Prepared according to general procedure A using 4-
chlorobenzonitrile (0.5 mmol, 0.069 g, 1 equiv.), 2-methyl-2-butene (2.5 mmol, 265 ul, 5 equiv.),
sodium formate (2.5 mmol, 0.17 g, 5.0 equiv), mesna (0.1 mmol, 0.016 g, 20 mol%) and 4CzIPN
(0.005 mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16 hours, the crude
product was purified by silica gel chromatography (5% EtOAc/Hexanes as the eluent) to afford
the title compound as a light yellow oil (0.057 g, 66% yield).

'"H NMR (500 MHz, Benzene-d6) & 7.01 (d, J = 8.0 Hz, 2H), 6.56 (d, J= 8.0 Hz, 2H), 1.99 (q, J
=7.2 Hz, 1H), 1.43-1.31 (m, 1H), 0.88 (d, J="7.1 Hz, 3H), 0.71 (d, J = 6.7 Hz, 3H), 0.53 (d, ] =
6.7 Hz, 3H).

13C NMR (100 MHz, Chloroform-d) 4 152.95, 132.11, 128.56, 119.35, 109.69, 47.24, 34.41,
36.62,21.17,20.16, 18.60.

HRMS (APCI) m/z: [M+H] calcd. for Ci2Hi6N, 174.1277; found, 174.1277.

Rf: 0.66 (5% EtOAc/Hexanes)

NC\@\/\
OEt

4-(2-ethoxyethyl)benzonitrile (5): Prepared according to general procedure A using 4-chloro-
benzontrile (0.5 mmol, 0.07 g, 1.0 equiv), ethyl vinyl ether (2.5 mmol, 0.24 mL, 5.0 equiv),
sodium formate (2.5 mmol, 0.17 g, 5.0 equiv), mesna (0.1 mmol, 0.016 g, 20 mol%) and 4CzIPN
(0.005 mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16 hours the
reaction was purified by silica chromatography (0%- 50% EtOAc/hexanes as eluent) to provide

the title compound as a clear oil (0.070 g, 81% yield)

'H NMR (500 MHz, Chloroform-d) 3 7.58 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.1 Hz, 2H), 3.64

(t,J=6.7 Hz, 2H), 3.48 (q, J= 7.0 Hz, 2H), 2.93 (t, J = 6.7 Hz, 2H), 1.18 (t, J = 7.0 Hz, 3H).
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13C NMR (151 MHz, Chloroform-d) § 145.24, 132.25, 129.85, 119.22, 110.23, 70.57, 66.53,

36.62, 15.24.
HRMS (APCI) m/z: [M+H] calcd. for C11H14NO, 176.1069; found, 176.1070.

Rf: 0.25 (10% EtOc/ Hexanes)

3-octylbenzenesulfonamide (6): Prepared according to general procedure A using 3-
bromobenzenesulfonamide (0.5 mmol, 0.118 g, 1 equiv.), 1-octene (2.5 mmol, 390 pl, 5 equiv.),
sodium formate (2.5 mmol, 0.17 g, 5.0 equiv.), mesna (0.1 mmol, 0.016 g, 20 mol%) and
4CzIPN (0.005 mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16 hours,
the crude product was purified by silica gel chromatography (30% EtOAc/Hexanes to 50%
EtOAc:/Hexanes as the eluent) to afford the title compound as a clear amorphous solid (0.068 g,
51% yield).

IH NMR (500 MHz, Chloroform-d) § 7.76-7.72 (m, 2H), 7.44-7.37 (m, 2H), 4.75 (s, 2H), 2.67
(t,J = 7.8 Hz, 2H), 1.66-1.58 (m, 2H), 1.36-1.21 (m, 10H), 0.88f (t, J = 6.7 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 144.60, 141.91, 133.03, 129.15, 126.24, 123.80, 35.89,
31.97, 31.34, 29.51, 29.37, 29.33, 22.78, 14.23.

HRMS (APCI) m/z: [M+H] calcd. for C14H22NO3S, 270.1522; found, 270.1515.

Rf: 0.75 (40% EtOAc/Hexanes)

O\\ /©\/\
R n-hex

N\
SO



106

Diethyl (4-octlyphenyl)phosphonate (7): Prepared according to general procedure A using
diethyl (3-bromophenyl)phosphonate S3 (0.5 mmol, 0.147 g, 1 equiv.), 1-octene (2.5 mmol, 390
ul, 5 equiv.), sodium formate (2.5 mmol, 0.17 g, 5.0 equiv.), mesna (0.1 mmol, 0.016 g, 20
mol%) and 4CzIPN (0.005 mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL).
After 16 hours, the crude product was purified by silica gel chromatography (15%
EtOAc/Hexanes to 50% EtOAc:/Hexanes as the eluent) to afford the title compound as a
colorless oil (0.060 g, 37% vyield).

IH NMR (500 MHz, Chloroform-d) § 7.65-7.57 (m, 2H), 7.38-7.34 (m, 2H), 4.19-4.02 (m,
2H), 2.64 (t, J = 7.7 Hz, 2H), 1.65-1.58 (m, 2H), 1.35-1.22 (m, 10H), 0.87 (t, J = 12.9 Hz, 3H).
13C NMR (151 MHz, Chloroform-d) & 143.46 (d, J = 14.5 Hz), 132.67 (d, J = 3.2 Hz), 131.89
(d, J =10.2 Hz), 129.13 (d, J = 9.8 Hz), 128.51 (d, J = 15.6 Hz), 128.21 (d, J = 186.5 Hz), 62.16
(d, J=5.4 Hz), 35.92, 31.98, 31.46, 29.53, 29.39, 29.36, 22.78, 16.46 (d, J = 6.5 Hz), 14.21.

3P NMR (243 MHz, Chloroform-d) 6 19.42

HRMS (APCI) m/z: [M+H] calcd. for C1sH3203P, 327.2084; found, 327.2078.

Rf: 0.62 (50% EtOAc/Hexanes)

Me020/©\/\n-hex

Methyl 3-octylbenzoate (8): Prepared according to general procedure A using methyl 3-
chlorobenzoate (0.5 mmol, 70 uL, 1.0 equiv), 1-octene (2.5 mmol, 390 pL, 5.0 equiv), sodium
formate (2.5 mmol, 0.17 g, 5.0 equiv), mesna (0.1 mmol, 0.016 g, 20 mol%) and 4CzIPN (0.005
mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16 hours, the crude
product was pushed through a silica plug using EtOAc, concentrated in vacuo, and left under

vacuum overnight to afford the title compound as a colorless oil (0.086 g, 69% yield). The
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physical and spectral properties were consistent with the reported values.!”
'H NMR (500 MHz, Chloroform-d) & 7.88-7.82 (m, 2H), 7.39-7.31 (m, 2H), 3.91 (s, 3H), 2.65

(t, J=7.9 Hz 2H), 1.61 (m, 2H), 1.36-1.21 (m, 10H), 0.88 (t, ] = 6.9 Hz , 3H).

MeOZC\©\/\
n-hex

Methyl-4-octylbenzoate (9): Prepared according to general procedure A using methyl 4-
chlorobenzoate (0.5 mmol, 0.085 g, 1.0 equiv), 1-octene (2.5 mmol, 390 pL, 5.0 equiv), sodium
formate (2.5 mmol, 0.17 g, 5.0 equiv), mesna (0.1 mmol, 0.016 g, 20 mol%) and 4CzIPN (0.005
mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16 hours, the crude
product was pushed through a silica plug using EtOAc, concentrated in vacuo, and left under
vacuum overnight to afford the title compound as a light yellow oil (0.093 g, 75% yield). The
physical and spectral properties were consistent with the reported values. '

'"H NMR (500 MHz, Chloroform-d) & 7.95 (d, J = 8.0 Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H), 3.90

(s, 3H), 2.65 (t, ] = 7.8 Hz 2H), 1.64-1.59 (m, 2H), 1.32-1.22 (m, 10H), 0.89 (t, ] = 7.0 Hz , 3H).

: :COZMe
n-hex

Methyl-2-octylbenzoate (10): Prepared according to general procedure A using methyl 2-
chlorobenzoate (0.5 mmol, 72 ul, 1 equiv.), 1-octene (2.5 mmol, 390 pl, 5 equiv.), sodium
formate (2.5 mmol, 0.17 g, 5.0 equiv.), mesna (0.1 mmol, 0.016 g, 20 mol%) and 4CzIPN (0.005
mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16 hours, the crude
product was purified by silica gel chromatography (5% EtOAc/Hexanes as the eluent) to afford

the title compound as a colorless oil (0.040 g, 32% yield).
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IH NMR (500 MHz, Chloroform-d) & 7.84 (dd, J = 7.8, 1.5 Hz, 2H), 7.41 (td, J = 7.5, 1.3 Hz,
2H), 3.89 (s, 3H), 2.93 (t, J = 7.8 Hz, 2H), 1.62-1.54 (m, 2H), 1.36-1.21 (m, 10H), 0.87 (t, J =
7.04 Hz, 3H).

13C NMR (151 MHz, Chloroform-d) § 168.41, 144.87, 131.91, 131.03, 130.66, 129.66, 125.77,
52.00, 34.61, 32.04, 31.98, 29.91, 29.63, 29.43, 22.82, 14.25.

HRMS (APCI) m/z: [M+H] calcd. for C16H2502, 249.1849; found, 249.1851.

Rf: 0.59 (5% EtOAc/Hexanes).

N n-hex
Co—~
S

2-octylbenzo[d]thioazole (11): Prepared according to general procedure A at 100 °C using 2-
bromobenzothiazole (0.5 mmol, 0.107 g, 1.0 equiv),1-octene (2.5 mmol, 390 uL, 5.0 equiv),
sodium formate (2.5 mmol, 0.17 g, 5.0 equiv), mesna (0.1 mmol, 0.016 g, 20 mol%) and 4CzIPN
(0.005 mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16 hours the
reaction was purified by silica chromatography (5% EtOAc/Hexanes as the eluent) to afford the
title compound as a yellow oil (0.099 g, 80% yield). The physical and spectral properties were
consistent with the reported values.!’

"H NMR (500 MHz, Chloroform-d) & 7.97 (dd, J =8.2, 1.2 Hz, 1H), 7.83 (d, ] = 8.0, 1.3 Hz,
1H), 7.44 (dt,J = 8.3, 1.3 Hz 1H), 7.33 (dt,J=7.4,1.2 Hz 1H), 3.11 (t,J = 7.4 Hz, 2H), 1.46-

1.24 (m, 12H), 0.88 (¢, ] = 6.9 Hz, 3H).

FsC
3 X

Z
N n-hex
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2-octyl-5-(trifluoromethyl)pyridine (12): Prepared according to general procedure A using 2-
chloro-5-(trifluoromethyl)pyridine (0.5 mmol, 0.091 g, 1.0 equiv), 1-octene (2.5 mmol, 0.39 mL,
5.0 equiv), sodium formate (2.5 mmol, 0.17 g, 5.0 equiv), mesna (0.1 mmol, 0.016 g, 20 mol%)
and 4CzIPN (0.005 mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16
hours the reaction was purified by silica chromatography (0%- 50% EtOAc/hexanes as eluent) to
provide the title compound as a clear oil (0.09 g, 70% yield). The spectral properties were

consistent with the reported values.'®

IH NMR (400 MHz, Chloroform-d) & 8.81 (d, J = 2.4 Hz, 1H), 7.84 (dd, J = 8.2, 2.5 Hz, 1H),
7.29 (d, J = 8.2 Hz, 1H), 2.92 — 2.78 (m, 2H), 1.76 (p, J = 7.8 Hz, 2H), 1.41 — 1.18 (m, 10H),

0.96 — 0.84 (m, 3H).

\

N n-hex

2-octylpyridine (13): Prepared according to general procedure A using 2-chloro-pyridine (0.25
mmol, 24 pL, 1.0 equiv), 1-octene (1.25 mmol, 0.20 mL, 5.0 equiv), sodium formate (1.25
mmol, 0.085 g, 5.0 equiv), formic acid (1.25 mmol, 47 pL, 5.0 equiv), mesna (0.05 mmol,
0.0082 g, 20 mol%) and 4CzIPN (0.0025 mmol, 0.0020 g, 1 mol%) in 0.1 M 50% MeCN/
DMSO (2.5 mL). After 16 hours the reaction was purified quenched with NaHCO3 and extracted
with EtOAc (3x). It was purifed by silica chromatography (0%- 50% EtOAc/hexanes as eluent)
to provide the title compound as a pale yellow oil (0.020 g, 43% yield). The spectral properties

were consistent with the reported values.”

'H NMR (600 MHz, Chloroform-d) 5 8.70 — 8.26 (m, 1H), 7.58 (td, J= 7.6, 1.9 Hz, 1H), 7.14
(d, J=7.8 Hz, 1H), 7.09 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H), 2.81 — 2.75 (m, 2H), 1.76 — 1.68 (m,

2H), 1.41 — 1.19 (m, 10H), 0.87 (t, /= 7.0 Hz, 3H).
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’\©\/\
= n-hex

4-octylpyridine (14): Prepared according to general procedure A using 4-chloropyridin-1-ium
chloride (0.5 mmol, 0.075 g, 1.0 equiv), 1-octene (2.5 mmol, 0.39 mL, 5.0 equiv), sodium
formate (2.5 mmol, 0.17 g, 5.0 equiv), mesna (0.1 mmol, 0.016 g, 20 mol%) and 4CzIPN (0.005
mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16 hours the reaction was
purified quenched with NaHCOs3 and extracted with EtOAc (3x). It was purifed by silica
chromatography (10%- 50% EtOAc/hexanes as eluent) to provide the title compound as a yellow

0il (0.056 g, 70% yield). The spectral properties were consistent with the reported values.?

'TH NMR (500 MHz, Chloroform-d) 6 8.48 (d, J= 5.2 Hz, 2H), 7.10 (d, J = 4.4 Hz, 2H), 2.63 —

2.56 (m, 2H), 1.62 (p, J = 7.3 Hz, 2H), 1.48 — 1.12 (m, 10H), 0.88 (t, J = 6.9 Hz, 3H).

: ~ NHBoc

Tert-butyl phenethylcarbamate (15): Prepared according to general procedure A using
bromobenzene (0.5 mmol, 53 puL, 1.0 equiv), tert-butyl vinylcarbamate S2 (1.5 mmo, 0.214 g,
3.0 equiv), sodium formate (2.5 mmol, 0.17 g, 5.0 equiv), mesna (0.1 mmol, 0.016 g, 20 mol%)
and 4CzIPN (0.005 mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL). After 16
hours the reaction was purified by silica chromatography (10- 15% EtOAc/Hexanes as the
eluent) to afford the title compound as a white solid (0.082 g, 74% yield). The spectral properties
were consistent with the reported values.?!

'"H NMR (500 MHz, Chloroform-d) & 7.32-7.28 (m, 2H), 7.24-7.17 (m, 3H), 3.42-2.32 (m,

2H), 2.80 (t, J = 7.0 Hz, 2H), 1.43 (s, 9H).
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NC\©\/\
NHBoc

Tert-butyl (4-cyanophenethyl)carbamate (16): Prepared according to general procedure A
using 4-chlorobenzonitrile (0.5 mmol, 0.069 g, 1 equiv.) and fert-butyl vinylcarbamate S2 (1.5
mmol, 0.214 g, 3 equiv.). The crude product was purified on silica gel (20:80 EtOAc:Hexanes to
30:70 EtOAc:Hexanes) to afford the title compound as a white solid (0.100 g, 81% yield). The
physical and spectral properties were consistent with the reported values.??

'TH NMR (500 MHz, Chloroform-d): § 7.59 (d, ] = 7.8 Hz 2H), 7.65-7.57 (m, 2H), 4.53 (brs,

1H) 3.43-3.34 (m, 2H), 2.89- 2.83 (m, 2H), 1.42 (m, 9H).

N NHBoc
(>
S

Tert-butyl (2-(thiazol-2-yl)ethyl) carbamate (17): Prepared according to general procedure A
using 2-bromothiazole (0.5 mmol, 45 pl, 1 equiv.), tert-butyl vinylcarbamate S2 (1.5 mmol,
0.214 g, 1 equiv.), sodium formate (2.5 mmol, 0.17 g, 5.0 equiv.), mesna (0.1 mmol, 0.016 g, 20
mol%) and 4CzIPN (0.005 mmol, 0.0039 g, 1 mol%) in 0.1 M 50% MeCN/ DMSO (5 mL).
After 16 hours, the crude product was purified by silica gel chromatography (20%
EtOAc/Hexanes to 50% EtOAc:/Hexanes as the eluent) to afford the title compound as a yellow
solid (0.112 g, 98% yield).

'"H NMR (500 MHz, Chloroform-d) 6 7.70 (d, J = 3.4 Hz, 1H), 7.23 (d, /= 3.3 Hz, 1H), 5.12
(s, 1H), 3.62-3.53 (m, 2H), 3.22 (t, ] = 6.4 Hz, 2H), 1.44 (s, 9H).

13C NMR (100 MHz, Chloroform-d) & 168.11, 155.93, 142.56, 118.71, 79.43, 39.92, 33.41,

28.49.
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HRMS (APCI) m/z: [M+H] calcd. for C10H17N202, 229.1005; found, 229.1007.

Rf: 0.50 (40% EtOAc/Hexanes)
O

Benzonitrile (18): Prepared according to general procedure A 3-cyano-N,N,N-
trimethylbenzenaminium iodide S5 (0.25 mmol, 0.072 g, 1.0 equiv), sodium formate (1.25
mmol, 0.085 g, 5.0 equiv), mesna (0.05 mmol, 0.0082 g, 20 mol%) and 4CzIPN (0.0025 mmol,
0.0020 g, 1 mol%) in de-DMSO (2.5 mL). After 16 hours the reaction was stopped and
dibromomethane was added (0.25 mmol, 17.5 pL, 1.0 equiv) as internal standard. The sample
was analyzed by "TH NMR (d = 5 s), and the integral values were used to calculate the product

yield (86% yield by NMR).

o)
'I:!
| NOEt
OEt

diethyl phenylphosphonate (19): Prepared according to general procedure A 3-
(diethoxyphosphoryl)-N,N,N-trimethylbenzenaminium iodide S7 (0.25 mmol, 0.099 g, 1.0
equiv), sodium formate (1.25 mmol, 0.085 g, 5.0 equiv), mesna (0.05 mmol, 0.0082 g, 20 mol%)
and 4CzIPN (0.0025 mmol, 0.0020 g, 1 mol%) in 0.1 M 20% H>O/ DMSO (2.5 mL). After 16
hours the reaction was washed with water and extracted with EtOAc (3x) to provide the title
compound with no extra purification needed as a tan oil (0.050 g, 94% yield). The spectral

properties were consistent with the reported values.?’
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'"H NMR (600 MHz, Chloroform-d) & 7.81 (ddd, J = 13.3, 8.3, 1.4 Hz, 2H), 7.61 — 7.51 (m,

1H), 7.46 (td, ] = 7.5, 4.3 Hz, 2H), 4.19 — 4.02 (m, 4H), 1.32 (t, ] = 6.8 Hz, 6H).

©/COQMG

Methylbenzoate (20): Prepared according to general procedure A using 3-(methoxycarbonyl)-
N,N,N-trimethylbenzenaminium iodide S9 (0.5 mmol, 0.16 g, 1.0 equiv), sodium formate (2.5
mmol, 0.17 g, 5.0 equiv), mesna (0.1 mmol, 0.016 g, 20 mol%) and 4CzIPN (0.005 mmol,
0.0039 g, 1 mol%) in in 0.1 M DMSO (5 mL). After 16 hours the reaction was washed with
water and extracted with EtOAc (3x) to provide the title compound with no extra purification
needed as a yellow oil (0.047 g, 70% yield). The spectral properties were consistent with the

reported values.**

IH NMR (600 MHz, Chloroform-d) & 8.04 (d, J = 7.1 Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.47 —

7.42 (m, 2H), 3.92 (s, 3H).

o

diphenyl amine (21): Prepared according to general procedure A at 100 °C 4-methyl-N,N-

N
“Ph

diphenylbenzenesulfonamide S10 (0.5 mmol, 0.162 g, 1.0 equiv), sodium formate (5.0 mmol,
0.34 g, 5.0 equiv), mesna (0.1 mmol, 0.0164 g, 20 mol%) and 4CzIPN (0.0039 mmol, 0.0039 g,
1 mol%) in 0.1 M 20% H>O/ DMSO (5 mL). After 16 hours the reaction was purified by silica
chromatography (30%- 100% EtOAc/hexanes as eluent) to provide the title compound as an off
white solid (0.044 g, 52% yield). The spectral properties were consistent with the reported

values.?
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'H NMR (600 MHz, Chloroform-d) & 7.28 (d, J=7.3 Hz, 4H), 7.08 (d, J = 7.4 Hz, 4H), 6.93 (t,

J=17.4Hz, 2H),5.71 (brs, 1H)

3-aminopyridine (22): Prepared according to general procedure A at 100 °C 4-methyl-N-
(pyridine-3-yl)benzenesulfonamide S11 (0.25 mmol, 0.062 g, 1.0 equiv), sodium formate (2.5
mmol, 0.17 g, 10.0 equiv), mesna (0.05 mmol, 0.0082 g, 20 mol%) and 4CzIPN (0.0025 mmol,
0.0020 g, 1 mol%) in 0.1 ds-DMSO ( 2.5 mL). After 16 hours the reaction was stopped and
dibromomethane was added (0.25 mmol, 17.5 pL, 1.0 equiv) as internal standard. The sample
was analyzed by "TH NMR (d = 5 s), and the integral values were used to calculate the product

yield (84% yield by NMR).
O

N

H

1H-benzo[d]imidazole (23): Prepared according to general procedure A 1-tosyl-1H-
benzo[d]imidazole S12 (0.25 mmol, 0.068 g, 1.0 equiv), sodium formate (1.25 mmol, 0.085 g,
5.0 equiv), mesna (0.05 mmol, 0.0082 g, 20 mol%) and 4CzIPN (0.0025 mmol, 0.0020 g, 1
mol%) in 0.1 M 20% H>O/ DMSO (2.5 mL). After 16 hours the reaction was purified by silica
chromatography (30%- 100% EtOAc/hexanes as eluent) to provide the title compound as an off
white solid (0.024 g, 81% yield). The spectral properties were consistent with the reported

values.?®

IH NMR (600 MHz, Chloroform-d) & 8.14 (s, 1H), 7.69 (br s, 2H), 7.31 (dd, J = 6.1, 3.0 Hz,

2H).
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(3-(1,1-difluoro-5-hydroxypentyl)phenyl)(morpholino)methanone (24): Prepared according
to general procedure A using morpholino(3-(trifluoromethyl)phenyl)methanone S14 (0.5 mmol,
0.129 g, 1 equiv.) and 3-buten-1-o0l (1.5 mmol, 130 pl, 3 equiv.). The crude product was purified
on silica gel (20:80 EtOAc:Hexanes to 30:70 EtOAc:Hexanes) to afford the title compound as a
claer oil (0.078 g, 56% yield). The physical and spectral properties were consistent with the
reported values.!!

'TH NMR (600 MHz, Chloroform-d): § 7.55-7.43 (m, 4H), 3.78 (bs, 4H), 3.66-3.54 (m, 4H),

3.42 (bs, 2H), 2.23-2.04 (m, 2H), 1.73 (bs, 1H), 1.61-1.47 (m, 4H).

R F
F3;C
3\©>WOH

5,5-difluoro-5-(3-(trifluoromethyl)phenyl)pentan-1-ol (25): Prepared according to general
procedure A using 1,3-bis(trifluoromethyl)benzene (0.5 mmol, 78 pl, 1 equiv.) and 3-buten-1-ol
(1.5 mmol, 130 pl, 3 equiv.). The crude product was purified on silica gel (20:80
EtOAc:Hexanes to 40:60 EtOAc:Hexanes) to afford the title compound as a light yello oil (0.073
g, 56% yield). The physical and spectral properties were consistent with the reported values.'!
'"H NMR (600 MHz, Chloroform-d):  7.78 (d, J = 7.9 Hz 2H), 7.30 (d, J = 7.9 Hz, 2H), 4.54

(br's, 1H), 3.42-3.33 (m, 2H), 2.89-2.82 (m, 2H), 1.42 (s, 9H).

/

OH
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4,4-difluoro-4-(pyridine-2-yl)butan-1-ol (26): Prepared according to general procedure A at
100°C using 2-(trifluoromethyl)pyridine (0.5 mmol, 58 pl, 1 equiv.) and 3-buten-1-ol (1.5 mmol,
130 pl, 3 equiv.). The crude product was purified on silica gel (20:80 EtOAc:Hexanes to 30:70
EtOAc:Hexanes) to afford the title compound as a clear oil (0.031 g, 30% yield). The physical
and spectral properties were consistent with the reported values.!!

'"H NMR (600 MHz, Chloroform-d): § 8.66 (d, J 4.8 Hz, 1H), 7.81 (t, ] = 7.8 Hz, 1H), 7.64 (d,
J=7.9Hz, 1H), 7.36 (t, ] = 7.6 Hz, 1H), 3.66 (t, ] = 6.3 Hz, 2H), 2.37 (dp, J =16.5 Hz, ] = 8.0

Hz, 2H), 1.66-1.50 (m, 4H).
n-hex\/\OH

Octanol (27): Prepared according to general procedure A using octanal (0.5 mmol, 78 pL, 1.0
equiv), sodium formate (2.5 mmol, 0.17 g, 5.0 equiv), mesna (0.1 mmol, 0.016 g, 20 mol%) and
4CzIPN (0.005 mmol, 0.0039 g, 1 mol%) in 0.1 M 20% H>O/ DMSO (5 mL). After 16 hours the
reaction was purified by silica chromatography (5%- 30% EtOAc/hexanes as eluent) to provide
the title compound as a yellow oil (0.057 g, 87% yield). The spectral properties were consistent

with the reported values.?’

H NMR (500 MHz, Chloroform-d) 5 3.64 (t, J = 6.5 Hz, 2H), 1.56 (p, J = 6.7 Hz, 2H), 1.39 —

1.22 (m, 10H), 0.88 (t, J = 6.6 Hz, 3H).

/@/\/\OH
Cl

3-(4-chlorophenyl)propanol (28): Prepared according to general procedure A using 3-(4-
chlorophenyl)propanal S13 (0.25 mmol, 0.042 g, 1.0 equiv), sodium formate (1.25 mmol, 0.085
g, 5.0 equiv), mesna (0.05 mmol, 0.0082 g, 20 mol%) and 4CzIPN (0.0025 mmol, 0.0020 g, 1

mol%) in 0.1 M 20% H>O/ DMSO (2.5 mL). After 16 hours the reaction was purified by silica
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chromatography (0%- 30% EtOAc/hexanes as eluent) to provide the title compound as a pale
yellow oil (0.033 g, 80% yield). The spectral properties were consistent with the reported

values.?®

1H NMR (600 MHz, Chloroform-d) § 7.25 (d, J = 8.3 Hz, 2H), 7.13 (d, J = 8.4 Hz, 2H), 3.66 (t,

J=6.4Hz, 2H), 2.74 — 2.65 (m, 2H), 1.92 — 1.82 (m, 2H).

OAOH

Cyclohexylmethanol (29): Prepared according to general procedure A using
cyclohexanecarbaldehyde (0.5 mmol, 60 pL, 1.0 equiv), sodium formate (2.5 mmol, 0.17 g, 5.0
equiv), mesna (0.1 mmol, 0.016 g, 20 mol%) and 4CzIPN (0.005 mmol, 0.0039 g, 1 mol%) in
0.1 M 20% H>O/ DMSO (5 mL). After 16 hours the reaction was purified by silica
chromatography (0%- 20% EtOAc/hexanes as eluent) to provide the title compound as a pale
yellow oil (0.033 g, 80% yield). The spectral properties were consistent with the reported

values.”’

'"H NMR (600 MHz, Chloroform-d) 8 3.44 (d, J= 6.4 Hz, 2H), 1.86 — 1.60 (m, 5H), 1.52 — 1.42
(m, 1H), 1.31 - 1.12 (m, 4H), 0.99 — 0.88 (m, 2H).

S2.4.7: Fluorescence Quenching Experiments

Fluorescence spectra is measured on a Horiba Fluoromax_Plus C. The sample is placed ina 1 cm
pathlength cell. Quenching studies were conducted in DMSO with a photocatalyst (4CzIPN)
concentration of 70 uM with varying concentrations of quenchers (refer to Table S5). All samples
were prepared and stored under a nitrogen atmosphere. The sample is placed ina 1 cm

pathlength cell. The sample is excited at 435 nm and the PL spectra is detected with 1 nm



resolution at a 90 degree angle. Data is analyzed by Igor Pro and the points were fitted with a

linear trend.
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Figure S1. (a) Stern- Volmer plot with Mesna (b) Stern-Volmer plot with Mesna and sodium

formate

2.4.8: Transient Absorption Spectroscopy

Methods
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Transient spectroscopy is performed on Ultrafast Systems Helios and EOS system. The laser
system is based on a Coherent Legend regenerative amplifier system, with 150 fs pulse width, 1
kHz repetition rate, and 2 mJ pulse energy. For the measurement within 1 ns, the fundamental
800 nm light is split to generate the 400 nm excitation light via a BBO crystal (pump) and a
broadband white light extended into UV region by focusing on a rotating CaF> window (probe).
The pump and probe are focused on the sample cell (1 mm) and the probe light is collected via a
fiber. For longer delay time the white light is generated by a supercontinuum laser. The detection

scheme is similar. The data is analyzed by Surface Xplorer and Igor Pro.

Analysis

Transient spectroscopy is employed to investigate the single electron transfer (SET) from the
photosensitizer to the thiol at the initialization of the reaction. First, we studied the
photosensitizer by exciting at 400 nm, at the ground state absorption. The transient absorption
spectrum shows an intersystem crossing process of PS from singlet to triplet excited state at
delay time ranging from 10 ns to 10 ms as shown in Figure la, 1b, and 1c. The singlet and triplet
excited state shows similar ground state bleach (GSB, ~390-400 nm) and broad excited state
absorption (ESA, ~450-900 nm) position, but different amplitude. The SET is observed by
comparing the kinetics at one of the ESA signal at 473 nm, where the triplet state of PS decays
faster with more thiol added as shown in Figure 1c. The SET occurs on a relatively slow time
scale where the singlet state decay away as both systems show no difference within 1 ns as
shown in Figure S1. Since the excited PS concentration is significant lower (more than 1000
times) than the thiol concentration, the bimolecular reaction rate can be simplified to a pseudo-

first order reaction.

Fitting functions and quantum yield calculation
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The singlet and triplet lifetime of photosensitizer can be fitted with a bi-exponential function to

the kinetics shown in Figure 1c:
AA = AAy(a,e*tt + ayekzt)

where k; and k> are the decay rate of the singlet and triplet state. From the fitting shown in Figure

lc, ki=13.8+0.1 ns™!, k>=1.80+0.06 ms™".

With the thiol in the system, since the SET occurs in the triplet state, the additional decay rate &

leads to faster reaction, which is:
AA = AAy(a e*tt + a,e*2it)

Fitting result at different concentrations in Figure 1c gives the k value at different concentration

and the pseudo-first order reaction rate ky can be obtained by:
ko = k[thiol] = 0.402 us™*M~!

Although the absolute quantum yield of triplet state of the photosensitizer cannot be determined
by the transient study, we can estimate the upper limit of the quantum yield of the SET from

triplet state by assuming a unity intersystem crossing efficiency.

The upper limit of SET quantum yield in real experimental condition (0.01M thiol) can be
calculated by:

kerl[thiol] + keyiprer  0.402 % 0.01 + 1/1.80

QYSET = = 072%
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Figure S2. TAS of photosensitizer and with 0.1M thiol within 1 ns time window. (a)-(b) TA

spectra of PS and PS+0.1M thiol. (c)-(f) Kinetics comparison at various indicated wavelength.

The spectra and kinetics show no difference at this time range.
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Figure S3. (a) Quenching kinetics of thiolate with photosensitizer at 0.05M and 0.1M

concentration. (b) Pseudo-first order rate constant of thiolate.



(a) 44 (b) 4 —
3 3 -
2 - 2
(=] =]
o )
<
<l 0 0—
PS PS+0.1 M thiol
i — 10-100 ns (singlet) -1 = — 10-100 ns (singlet)
— 100-1000 ns (triplet) —— 100-1000 ns (triplet)
27 T T | T T 27 1 | | | T
400 500 600 700 800 900 400 500 600 700 800 900
wavelength/nm wavelength/nm

rate constant=402+44 ms ' M~ D

10 4 Ny 473 nm
o PS
O PS+0.1M thiol

[m] O  PS+0.15M thiol
o
E
< 54
<
0 ~ &
T T T 1T LR T T T T T T T T T
0.001 0.01 0.1 1 10 0.00 0.05 0.10 0.15 0.20

Time/microsecond Thiol concentration/M
Figure S4. Transient absorption spectroscopy (TAS) of the photosensitizer with thiol. (a) TA
spectra of photosensitizer and (b) photosensitizer with 0.1M thiol after 400 nm excitation with
delay time at 10-100 ns and 100-1000 ns, which corresponds to the singlet and triplet excited
state, respectively. (c¢) Kinetics probed at 473 ns of photosensitizer, photosensitizer with 0.1M
and 0.15M thiol. The higher concentration of thiol leads to faster decay of triplet state. (d) The
thiol induced quenching rate of the triplet state is plotted against the thiol concentration, the

fitting gives the pseudo-first order rate constant of thiol quenching to be 402 ms'M.

122



123

2.4.9: Quantum Yield Experiments

Determination of the light intensity at 436 nm:

The photon flux of the spectrophotometer was determined by standard ferrioxalate
actinometry.'® A 0.15 M solution of ferrioxalate was prepared by dissolving 2.21 g of potassium
ferrioxalate hydrate in 30 mL of 0.05 M H2SO4. A buftered solution of phenanthroline was
prepared by dissolving 50 mg of phenanthroline and 11.25 g of sodium acetate in 50 mL of 0.5
M H>SO4. Both solutions were covered in foil and stored in the dark. To determine the photon
flux of our lamp source, 2.0 mL of the ferrioxalate solution was placed in an 8 mL screw-top test
tube and irradiated for 10.0s with a blue LED lamp (A= 435 nm, LED wholesalers PAR38 Indoor
Outdoor 16-Watt LED Flood Light Bulb, Blue) at a distance of exactly 7.0 cm. After irradiation,
0.35 mL of the phenanthroline solution was added to the test tube. The solution was then allowed
to rest for 1 h in the dark to allow the ferrous ions to completely coordinate to the
phenanthroline. The absorbance of the solution was measured at 510 nm. Conversion was

calculated using eq. 1.

VeAA
leeg

(1) mol Fe** =

Where V is the total volume (0.00235 L) of the solution after addition of phenanthroline,
AA is the difference in absorbance at 510 nm between the irradiated and non-irradiated solutions,
1 is the path length (1.000 cm), and ¢ is the molar absorptivity at 510 nm (11,100 L mol™' cm™).!8

The photon flux can be calculated using eq 2.
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mol Fe2+
Dotef

(2) Photon flux=

Where @ is the quantum yield for the ferrioxalate actinometer (1.01 for a 0.15 M solution
at A =436 nm),'® t is the time (10.0 s), and fis the fraction of light absorbed at A = 436 nm
(0.99833, vide infra)'®. The photon flux was calculated (average of three experiments) to be 4.02

x 1078 einstein s

Sample Calculation:

0.0235L «1.91328

Mol Fe?'= -
1.00 ¢cm + 11,100 L mol~1cm

—4.05x 107 mol

4.05x 1077 mol Q . . B}
Photon flux= =4.02 x 10 einsteins s
1.01 +10s »0.99833

Determination of quantum yield

1 mol% 4CzIPN
5.0 equiv NaHCO,

CO,Me CO,Me
©i 2 20 mol% mesna ©: 2
Cl H

20% H,O/DMSO, blue LEDs
N5, 15 min,

\

An 8 mL screw-top test tube was charged with 4CzIPN (0.002, 29 uL, 1 mol%), sodium formate
(1.0 mmol, 0.068 g, 5.0 equiv) and mesna (0.04, 20 mol%, 0.02 mol). The tube was equipped
with a stir bar and sealed with a PTFE/silicon septum. Under nitrogen atmosphere, separately
degassed DMSO (2 mL) was added via syringe, followed by 2-chloromethylbenzoate (0.2 mmol,
29 pL, 1.0 equiv). The resulting mixture was stirred at 1400 RPM for 15 min. under irradiation
by blue LEDs at a distance of exactly 7.0 cm, unless noted otherwise. The reaction was then
extracted with ethyl acetate (3 x). The organic layer was passed through a small silica plug with

100% EtOAc and concentrated. Deutro-chloroform with an internal standard of dibromomethane
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(14 pL, 0.2 mmol) was added. The sample was analyzed by 'H NMR (d = 5 s), and the integral
values were used to calculate the data. Essentially all incident light (f> 0.999, vide infra) is
absorbed by the 4CzIPN at the reaction conditions described above. The quantum yield was

calculated using eq. 3 the average yield of three experiments to be 2.63.

__mol product
(3)(DA7 fluxetef

Average yield of 3 experiments: 47% yield (avg. mmol= 0.095)
Sample quantum yield calculation:

9.5 x 107> mol

b =
4.02x 1078 «900s+ 1.00

= 2.63

2.4.10: Chain Length Approximation

Chain length

Chain length values calculated in this paper are a lower limit approximation of the actual chain
lengths and were calculated using eq. 4, where QY (initial SET) was calculated through transient

absorption spectroscopy experimentation (refer to pg. 30 for calculation).

@ (overall reation)

(1) Chain length= — e

Sample Calculation:

2.63
0.0072

Chain length = =365

The lower limit of the chain length was determined to be 365.

2.4.11: Computational Details
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General.

All DFT calculations were carried out using the Gaussian 9 software package’” at the
(U)B3LYP* or R(B3LYP)* level of theory with the 6-311+G(d,p)** basis set. The CPCM
formalism for the Self Consistent Reaction Field (SCRF) model of solvation was employed in
calculations to account for solvation in DMSO, and the default parameters as implemented in

Gaussian were used.
Calculated Bond Dissociation Energies
Calculations were carried out at the (U)B3LYP3? level of theory with the 6-311+G(d,p)** basis

set Bond dissociation energies (BDEs) were calculated according to the following equation:

A—B —» A- + B-

BDE = (EA'+ EB‘) - EA-B

o}
/\/S\
NaO3S H H)l\ONa
BDE = 87.8 89.6

(kcal/mol)
Steric effects of the arene substituents on cyclization were observed from the minimized
geometries of the relevant compounds. The structural minima were visualized using GaussView
5% allowing the interatomic distances between the two carbons which form the spirocyclic center

to be obtained.

Molecular Coordinates of Optimized Structures:



Q Bn Charge: 0

/

N Multiplicity: 2

Number of imaginary frequencies: 0

Solvation: MeCN
G298 =-749.250858 Hartree

C-0.67021525 1.67383904 -3.52647222
C 1.62256455 1.29631778 -3.73626915
C 0.07672390 2.37458623 -2.38022356
H-1.57793076 2.15145972 -3.83115408
H -0.90383945 0.67001427 -3.23897339
H 1.48810123 0.31261662 -3.33733101
H 2.55355683 1.31829279 -4.26321362
0-0.45691413 2.90442774 -1.37122951
N 1.53966646 2.32415369 -2.66562245
C 1.99332151 3.62922748 -3.16749843
H 1.41849308 3.89967664 -4.02850339
H 3.02787126 3.56890337 -3.43389629
C 1.80692420 4.69402465 -2.07065614
C 2.83996131 4.94875764 -1.15858849
C 0.60426554 5.40825710 -1.98459730
C 2.67034073 5.91772490 -0.16046362
H 3.75821850 4.40342648 -1.22429734
C 0.43464415 6.37722284 -0.98647109
H -0.18448079 5.21376361 -2.68098190
C 1.46768203 6.63195728 -0.07440472
H 3.45908884 6.11222174 0.53591803
H -0.48361187 6.92255620 -0.92076418
H 1.33817319 7.37178573 0.68768538
C0.41715892 1.68130187 -4.58869847
C 0.60945176 3.15768691 -5.12274815
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C 0.13949927 0.65242991 -5.75754249
C 0.94414182 3.32317391 -6.39869152
H 0.51126987 3.99542129 -4.46437028
C-0.31675236 1.12588223 -6.91301264
H 0.27797525 -0.39785205 -5.60710243
C 0.27516439 2.42711245 -7.42686688
H 1.69198010 4.03440692 -6.68115480
H -1.10493686 0.62654268 -7.43677329
H 0.22350066 2.69870937 -8.46053316

9 Charge: -1
h Multiplicity: 1
Number of imaginary frequencies: 0
Solvation: MeCN
Goog =-749.361362 Hartree

Bn

Z

©

C-0.67021525 1.67383904 -3.52647222
C 1.62256455 1.29631778 -3.73626915
C 0.07672390 2.37458623 -2.38022356
H -1.57793076 2.15145972 -3.83115408
H -0.90383945 0.67001427 -3.23897339
H 1.48810123 0.31261662 -3.33733101
H 2.55355683 1.31829279 -4.26321362
0-0.45691413 2.90442774 -1.37122951
N 1.53966646 2.32415369 -2.66562245
C 1.99332151 3.62922748 -3.16749843
H 1.41849308 3.89967664 -4.02850339
H 3.02787126 3.56890337 -3.43389629
C 1.80692420 4.69402465 -2.07065614
C 2.83996131 4.94875764 -1.15858849
C 0.60426554 5.40825710 -1.98459730
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C 2.67034073 5.91772490 -0.16046362
H 3.75821850 4.40342648 -1.22429734
C 0.43464415 6.37722284 -0.98647109
H -0.18448079 5.21376361 -2.68098190
C 146768203 6.63195728 -0.07440472
H 3.45908884 6.11222174 0.53591803
H -0.48361187 6.92255620 -0.92076418
H 1.33817319 7.37178573 0.68768538
C0.41715892 1.68130187 -4.58869847
C 0.60945176 3.15768691 -5.12274815
C 0.13949927 0.65242991 -5.75754249
C 0.94414182 3.32317391 -6.39869152
H 0.51126987 3.99542129 -4.46437028
C-0.31675236 1.12588223 -6.91301264
H 0.27797525 -0.39785205 -5.60710243
C 0.27516439 2.42711245 -7.42686688
H 1.69198010 4.03440692 -6.68115480
H -1.10493686 0.62654268 -7.43677329
H 0.22350066 2.69870937 -8.46053316
Charge: 0

(0]
o I e Muriplicity: 1

Solvation: MeCN
Number of imaginary frequencies: 0
Interatomic Distance: 3.49 A

C-1.42928837 1.11221039 0.41076646
O -1.33747937 1.09112177 1.66563575
N -0.21375667 1.09002359 -0.41560538
C -2.81505622 1.16126145 -0.25918986
H -3.16450854 0.16432840 -0.42921214
H -2.74146226 1.67760837 -1.19346486



Cl-3.94504256 2.00781660 0.79155999
C 0.84595957 0.35633052 0.29121565
C 0.38046073 -1.08711028 0.55840376
H 1.15181881 -1.62115898 1.07289253
H 0.17044641 -1.57212133 -0.37195008
H -0.50431405 -1.07096071 1.15991251
C 1.14822317 1.05438379 1.63022959
H 1.91958125 0.52033510 2.14471837
H 0.26344839 1.07053337 2.23173835
H 1.47165419 2.05729396 1.44458591
C 2.11937374 0.33308720 -0.57450723
H 2.89073182 -0.20096150 -0.06001846
H 2.44280476 1.33599736 -0.76015092
H 1.90935943 -0.15192384 -1.50486107
C-0.50228101 0.42370000 -1.69375505
H 0.38249377 0.40755043 -2.29526381
H -0.82571202 -0.57921016 -1.50811136
C-1.61245993 1.19233084 -2.43423422
C-2.48811378 0.50857202 -3.28841580
C -1.74706889 2.57554372 -2.25388869
C -3.49837493 1.20802651 -3.96225391
H -2.38533832 -0.54754210 -3.42611180
C -2.75733089 3.27499799 -2.92772574
H -1.07848790 3.09760871 -1.60170192
C -3.63298329 2.59123954 -3.78190911
H -4.16695566 0.68596158 -4.61444100
H -2.86010661 4.33111204 -2.79002943
H -4.40433884 3.12528890 -4.29640101
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Charge: 0

o
CI\)LN _tBu Multiplicity: 1

Number of imaginary frequencies: 0
Solvation: MeCN
Interatomic Distance: 3.42 A

Me

C-0.43282831 -0.79332914 0.01121010
O -1.15350877 -1.79569780 -0.23260806
N 1.03169377 -0.91818165 -0.01085634
C-1.08513793 0.56414367 0.33270619
H -1.23097314 1.11340606 -0.57390449
H -0.44744177 1.12003940 0.98785774
Cl-2.63967693 0.29771101 1.11374532
C 142013417 -1.96127084 -0.97105371
C 2.95439540 -2.09206871 -0.99417094
H 3.23713774 -2.85132411 -1.69309011
H 3.30449213 -2.35723106 -0.01845520
H 3.38756900 -1.15853001 -1.28702948
C 0.91625664 -1.57963532 -2.37535488
H 1.19899898 -2.33889072 -3.07427405
H 1.34943024 -0.64609662 -2.66821341
H -0.14975603 -1.48875628 -2.35929291
C 0.79668805 -3.30486860 -0.54955638
H 1.07943039 -4.06412400 -1.24847556
H -0.26932462 -3.21398956 -0.53349441
H 1.14678478 -3.57003094 0.42615936
C 1.62680143 0.36434348 -0.41319471
H 1.27670470 0.62950582 -1.38891045
H 2.69281410 0.27346444 -0.42925668
C 1.21986386 1.45710358 0.59272635

C 1.09241111 2.78690766 0.16928938



C 0.97700342 1.12171120 1.93155147
C 0.72209430 3.78131876 1.08467673
C 0.60668597 2.11612218 2.84693868
H 1.07431902 0.10637671 2.25485557
C 0.47923215 3.44592608 2.42350147
H 0.62478130 4.79665368 0.76137321
H 0.42125398 1.86004221 3.86916078
H 0.19648575 4.20518080 3.12241974
C 1.35929469 3.15547139 -1.30194613
H 1.72782650 4.15848454 -1.35716320
H 0.44934096 3.07862445 -1.85960082
H2.08614872 2.48538517 -1.71129646

0 Charge: 0
CI\)]\N ~Bu Multiplicity: 1

Number of imaginary frequencies: 0
Solvation: MeCN
y Interatomic Distance: 2.91 A
e

C -0.46509528 0.55862783 0.17643923
0O -1.11792889 -0.50351715 0.00548049
N 0.99291720 0.56343212 -0.01084802
C-1.19361469 1.85342254 0.58186015
H-1.48812414 2.38725389 -0.29745111
H -0.53748551 2.46370861 1.16662114
Cl-2.62102207 1.45127518 1.52969224
C 1.36083931 -0.44177984 -1.01836092
C 0.67065848 -0.10673774 -2.35365012
H 0.93846576 -0.83842258 -3.08700986
H 0.98458438 0.86123309 -2.68438097
H -0.39061595 -0.11023476 -2.21732540
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C 0.90902068 -1.83493418 -0.54235572
H 1.17682788 -2.56661908 -1.27571541
H -0.15225374 -1.83843116 -0.40603096
H 1.38856193 -2.06772318 0.38541010
C 2.88828097 -0.43674675 -1.21456659
H 3.15608824 -1.16843160 -1.94792629
H 3.36782219 -0.66953570 -0.28680076
H 3.20220688 0.53122407 -1.54529744
C 142419860 1.89326126 -0.46521659
H 0.94465737 2.12605024 -1.39298246
H 2.48547299 1.89675826 -0.60154133
C 1.03875641 2.94634046 0.59027312
C 0.74834651 4.25951975 0.19638959
C 0.97841390 2.59146326 1.94465228
C 0.39759530 5.21782213 1.15688535
C 0.62766535 3.54976632 2.90514834
C 0.33725629 4.86294581 2.51126490
H 0.17586062 6.22046358 0.85614650
H 0.58159357 3.27880998 3.93924700
H 0.06944982 5.59463092 3.24462471
C 0.81465566 4.64949437 -1.29193930
H 1.08524402 5.68107847 -1.37863557
H -0.14199254 4.49242142 -1.74476641
H 1.54678741 4.04593963 -1.78651457
C 1.29754143 1.14840803 2.37749085
H 1.70949193 1.15507812 3.36498888
H 2.00541810 0.72069865 1.69861295
H 0.39944568 0.56680505 2.3696092



Charge: 0

—

NH  Solvation: MeCN

0
Multiplicity: 1
CI\)j\N/ 4 Number of imaginary frequencies: 0

Interatomic Distance: 3.41 A

C -0.50779625 1.50532687 0.33496392
O -1.15791776 0.45474692 0.09581049
N 0.95129954 1.44454317 0.50302599
C -1.24076953 2.85467982 0.45156918
H-1.29019019 3.31812571 -0.51158995
H -0.70944740 3.49197138 1.12718464
Cl-2.87111364 2.58623869 1.05780137
C 149214433 0.34225853 -0.30527808
C 1.15581445 0.58071586 -1.78906391
H 1.54949055 -0.22162741 -2.37742131
H 1.59051752 1.50449655 -2.10931771
H 0.09375155 0.62495983 -1.91139483
C 0.86649699 -0.98729501 0.15564797
H 1.26017309 -1.78963827 -0.43270941
H -0.19556591 -0.94305104 0.03331709
H 1.10018077 -1.15297640 1.18659006
C 3.02072084 0.27858039 -0.12921309
H 3.41439695 -0.52376286 -0.71757049
H 3.25440467 0.11289902 0.90172898
H 3.45542381 1.20236111 -0.44946690
C 1.54850833 2.71366245 0.06305114
H 1.31482454 2.87934380 -0.96789094
H2.61057125 2.66941854 0.18538202
C 0.98190907 3.86843687 0.90984587
C 0.85691106 5.15148359 0.38937984
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C 0.57797504 3.66702136 2.24537631
C 0.28995697 6.17897067 1.08982434
C 0.07149149 4.75199263 3.00918067
H 0.65659470 2.69506976 2.68586357
C-0.07451198 6.02921740 2.42534016
H -0.20387837 4.59989838 4.03189215
H -0.45919004 6.85348853 2.98881146
C 1.30281089 5.70566587 -0.95218599
H 1.77466013 5.16100102 -1.74313384
C 1.00986056 7.03255115 -0.94292059
H 1.35306981 7.73623853 -1.67225692
N 0.14972544 77.37497755 0.22779087
H -0.80086996 7.48509673 -0.06245413

o Charge: 0
CI\)I\N/tBu " Multiplicity: 1

Number of imaginary frequencies: 0

X, Solvation: MeCN
| | Interatomic Distance: 2.95 A
Z
Me

C 2.18821795 1.15575564 -1.92603099
0 2.78368334 0.66024971 -2.91772923
N 2.95555049 1.83421108 -0.87161220
C 0.65562940 1.05138115 -1.81704346
H 0.20600082 1.90176989 -2.28562977
H 0.37263454 1.02133901 -0.78558266
C10.10916246 -0.41725914 -2.61833592
C 2.12875659 2.88700819 -0.26421602
H 2.68729115 3.38084986 0.50328614
H 1.84790004 3.59695636 -1.01387807
C 4.16382720 2.43521874 -1.45449914
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C 5.02999225 1.33228845 -2.09081892
H 5.90948618 1.76975660 -2.51509717
H 4.47145770 0.83844672 -2.85832104
H 5.31084886 0.62234032 -1.34115685
C 3.75960369 3.45701324 -2.53345204
H 4.63909764 3.89448139 -2.95773029
H 3.15778772 4.22333495 -2.09133377
H 3.20106914 2.96317151 -3.30095416
C 4.96769935 3.14598163 -0.34986994
H 5.84719328 3.58344980 -0.77414818
H 5.24855595 2.43603351 0.39979215
H 4.36588336 3.91230333 0.09224833
C 0.86294285 2.25738114 0.34642737
C-0.32966103 2.99049776 0.41391645
C 0.89268568 0.95148609 0.83775696
C-0.27219432 0.41145146 1.38462852
C-1.43705684 1.18968051 1.42674257
H -0.27597075 -0.58743090 1.76819045
H -2.33361790 0.78175801 1.84468694
N -1.43592273 2.44433269 0.94602106
C-0.37241114 4.43225234 -0.12563537
H -1.09216047 4.99884195 0.42739004
H -0.64768225 4.41814592 -1.15952455
H 0.59290631 4.88150770 -0.01965502
C 2.18814983 0.12097726 0.77752642
H 2.20814867 -0.56851182 1.59551472
H 3.03358497 0.77379063 0.84056721
H 2.22281108 -0.41938888 -0.14535116
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Charge: 0

0
Cl\)I\N/tBU Multiplicity: 1

Number of imaginary frequencies: 0
Solvation: MeCN
o Interatomic Distance: 3.42 A

C -0.99633452 0.18519537 -0.16020934
0 -1.62020267 -0.87186988 -0.43764791
N 0.46878452 0.16454722 -0.04231174
C-1.76774614 1.50043808 0.05580161
H-1.86432111 2.01469876 -0.87753071
H -1.23465676 2.11684354 0.74917022
Cl-3.36736441 1.14378531 0.69737794
C 1.01711452 -0.87224924 -0.92847612
C 0.62362710 -0.56330213 -2.38495109
H 1.02275166 -1.31797710 -3.02998230
H 1.01755263 0.39100131 -2.66606963
H -0.44282009 -0.54827252 -2.47076771
C 0.45015628 -2.24573269 -0.52387561
H 0.84928084 -3.00040766 -1.16890682
H -0.61629092 -2.23070308 -0.60969223
H 0.72355338 -2.46039075 0.48809077
C 2.55200114 -0.89388064 -0.80496435
H 2.95112570 -1.64855561 -1.44999557
H 2.82539824 -1.10853870 0.20700202
H 2.94592667 0.06042280 -1.08608289
C 1.00997194 1.47559960 -0.42852132
H 0.73657483 1.69025766 -1.44048770
H 2.07641913 1.46056999 -0.34270470
C 0.43553098 2.56176732 0.49984136

C 0.25787743 3.86791526 0.02409065

C 0.09044326 2.24403201 1.82040211
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C -0.26486135 4.85632852 0.86890149
C -0.43229680 3.23244494 2.66521254
H 0.22608547 1.24675902 2.18364826

C -0.60994818 4.53859343 2.18946253
H -0.40050316 5.85360161 0.50565546
H -0.69577712 2.98984744 3.67349056
H -1.00906898 5.29326936 2.83449495
C10.69126501 4.26695399 -1.63438555

Q Charge: 0
C'\)]\N/tBU Multiplicity: 1

Number of imaginary frequencies: 0
Solvation: MeCN
. Interatomic Distance: 3.43 A

C-0.61568894 0.26849260 0.52217769
0 -1.18280256 -0.82303094 0.78775079
N 0.85162121 0.35651459 0.53454962
C 1.42378791 -0.94638530 0.16579882
C 0.94481915 -1.33665208 -1.24483252
H 1.36129423 -2.28502138 -1.51324297
H 1.26359618 -0.59537172 -1.94753064
H -0.12322293 -1.40072250 -1.25383794
C 0.96498733 -2.01327478 1.17715873
H 1.38146241 -2.96164409 0.90874829
H -0.10305474 -2.07734521 1.16815331
H 1.29777731 -1.74211540 2.15727271
C 2.96096997 -0.85417179 0.17875989
H 3.37744504 -1.80254109 -0.08965056
H 3.29375994 -0.58301240 1.15887387
H 3.27974699 -0.11289143 -0.52393824
C 1.28956721 1.37490909 -0.43083939



H 0.95677723 1.10374971 -1.41095337
H 2.35760929 1.43897952 -0.42183398
C -1.45885082 1.51205963 0.18421457
H -1.63090453 1.55026933 -0.87117045
H -0.93494532 2.39269024 0.49229369
Cl-3.00121129 1.42191558 1.02718446
C 0.69015448 2.73985183 -0.04452903
C 0.40768852 3.68743915 -1.03761171
C 0.42715486 3.03436241 1.30009608
C-0.13777457 4.92953807 -0.68606902
C-0.11830950 4.27646080 1.65163863
H 0.64282365 2.31085836 2.05833672
C -0.40077329 5.22404901 0.65855618
H -0.35344298 5.65304227 -1.44430962
H-0.31911375 4.50132690 2.67828993
H -0.81724459 6.17241986 0.92696703
F 0.66103916 3.40372938 -2.33291948

Charge: 0

0
Multiplicity: 1
CI\)I\N/ By Number of imaginary frequencies: 0

omMe Solvation: MeCN
Interatomic Distance: 3.43 A
F

C -0.53706787 0.37443739 0.68435628
O -1.11307434 -0.69793748 1.00341623
N 0.92925254 0.42180201 0.59183032
C 1.43849310 -0.90045013 0.20039280
C 0.85021447 -1.29270053 -1.16769633
H 1.22088617 -2.25515616 -1.45262024
H 1.13812537 -0.56830622 -1.90067668
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H-0.21710719 -1.32717681 -1.10034750
C 1.02411667 -1.94303633 1.25533649
H 1.39478838 -2.90549196 0.97041258
H -0.04320499 -1.97751261 1.32268532
H 1.43285572 -1.67049871 2.20589192
C 2.97463829 -0.85083005 0.10346084
H 3.34531000 -1.81328569 -0.18146307
H 3.38337735 -0.57829243 1.05401628
H 3.26254919 -0.12643574 -0.62951951
C 1.32479368 1.41699793 -0.41516138
H 0.91605462 1.14446031 -1.36571682
H 2.39211534 1.45147421 -0.48251022
C-1.36831004 1.63716418 0.39083027
H-1.61379233 1.66856837 -0.65015591
H -0.80032440 2.50622755 0.64971473
Cl1-2.84877388 1.59913760 1.34181965
C 0.79130357 2.80221445 -0.00508398
C 0.46464029 3.74634028 -0.98785532
C 0.63249084 3.11863567 1.35085779
C -0.02083759 5.00688661 -0.61468493
C 0.14701590 4.37918311 1.72402826
C-0.17964861 5.32330846 0.74125689
H -0.27025496 5.72774660 -1.36505274
H -0.55031993 6.28576425 1.02618081
F 0.61762651 3.44152402 -2.29406443
H 0.88190600 2.39777484 2.10122553
0 -0.01503554 4.70206279 3.10764239
C 0.17093435 6.10760855 3.29407287
H 0.04967908 6.34920383 4.32936456
H -0.55284110 6.64295259 2.71575130
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H 1.15511737 6.38237129 2.97659970

2.4.12: Electrochemical Measurements

Electrochemical potentials were obtained with a standard set of conditions according to
literature procedure.®> Cyclic voltammograms (CVs) were collected with a VersaSTAT
4Potentiostat. Samples were prepared with 0.1 mmol of substrate in 10 mL of 0.1 M tetra-n-
butylammonium hexafluorophosphate in dry, degassed DMSO. Measurements employed a
glassy carbon working electrode, platinum wire counter electrode, 3M NacCl silver-silver
chloride reference electrode, and a scan rate of 100 mV/s. Reductions were measured by
scanning potentials in the negative direction and oxidations in the positive direction; the
glassy carbon electrode was polished between each scan. Data was analyzed using
Microsoft Excel by subtracting a background current prior to identifying the maximum current
(Cp) and determining the potential (Ep/2) at half this value (Cp/2). The obtained value was

referenced to Ag|AgCl and converted to SCE by subtracting 0.035 V.
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Figure S4. CV of Mesna
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Figure S5. CV of 3-cyano-N,N,N-trimethylbenzenaminium iodide (S5)
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Figure S6. CV of 3-(diethoxyphosphoryl)-N,N,N-trimethylbenzenaminium iodide (S7)
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4-methyl-N,N-diphenylbenzenesulfonamide
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S3.3: Supporting Information

S3.3.1 General Information

A. General Reagent Information

Reagents were purchased from Sigma-Aldrich, Alfa Aesar, Acros Organics, Combi-Blocks,
Oakwood Chemicals, Astatech, and TCI America and used as received, unless stated otherwise.
All reactions were set up on the bench top and conducted under nitrogen atmosphere while

subject to irradiation from blue LEDs (LEDwholesalers PAR38 Indoor Outdoor 16-Watt LED
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Flood Light Bulb, Blue; or Hydrofarm® PPB1002 PowerPAR LED Bulb-Blue 15W/E27
(available from Amazon). Flash chromatography was carried out using Siliaflash® P60 silica gel
obtained from Silicycle. Thin-layer chromatography (TLC) was performed on 250 um SiliCycle
silica gel F-254 plates. Visualization of the developed chromatogram was performed by
fluorescence quenching or staining using KMnQOs, p-anisaldehyde, or ninhydrin stains. DMSO
was purchased from Fisher Scientific and was distilled over CaH2 and degassed by sonication
under vacuum and stored under nitrogen. Photoredox catalyst 4CzIPN was prepared according to

literature procedures.!
B. General Analytical Information

Unless otherwise noted, all yields refer to chromatographically and spectroscopically (1 H NMR)
homogenous materials. New compounds were characterized by NMR and HRMS. 1 H and 13C
NMR spectra were obtained from the Emory University NMR facility and recorded on a Bruker
Avance III HD 600 equipped with cryo-probe (600 MHz), Bruker 400 (400 MHz), INOVA 600
(600 MHz), INOVA 500 (500 MHz), INOVA 400 (400 MHz), or VNMR 400 (400 MHz), and
are internally referenced to residual protio solvent signals. Data for I H NMR are reported as
follows: 43 chemical shift (ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m
= multiplet, dd = doublet of doublets, dt = doublet of triplets, ddd= doublet of doublet of
doublets, dtd= doublet of triplet of doublets, b = broad, etc.), coupling constant (Hz), integration,
and assignment, when applicable. Data for decoupled 13C NMR are reported in terms of
chemical shift and multiplicity when applicable. High Resolution mass spectra were obtained
from the Emory University Mass Spectral facility.

C. General Photoredox Reaction Setup
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To run multiple reactions, an appropriately sized 3D printed carousel was used, which exposed the
reactions to the blue light evenly (photo 1). A 15 W LED array lamp was used as a blue light source
(photo 2,3). These lamps were routinely used for up to 12 reactions at a time (photo 2,3). The blue
LEDs were positioned approximately 6 inches above the reaction vials to get good light coverage

without overheating the reactions (photo 2,3). Reactions run at elevated temperatures were

irradiated in a shallow oil bath (photo 4,5).

Photo 1 Photo 2 Photo 3

Photo 4 Photo 5
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3.3.2: Optimization of Carboxylation of Michael Acceptors

Procedure: An 8 mL screw-top test tube was charged with benzyl (E)-but-2-enoate S1 (1.0 equiv,
0.1 mmol), 4CzIPN (1 mol%, 0.001 mol), sodium formate (5.0 equiv, 0.5 mmol), formic acid
(5.0 equiv, 0.5 mmol) and mesna (20 mol%, 0.02 mol). The tube was equipped with a stir bar and
sealed with a PTFE/silicon septum. Under nitrogen atmosphere, separately degassed solvent (1
mL) was added via syringe. The resulting mixture was stirred at 1400 RPM for 16 h under
irradiation by a kessil 390s lamp. Saturated aqueous potassium carbonate was added and reaction
was then extracted with ethyl acetate (3 x). The organic layer was passed through a small silica
plug with 100% EtOAc and concentrated. Deutro-chloroform with an internal standard of
dibromomethane (7 pL, 0.1 mmol) was added. The sample was analyzed by 1 H NMR (d =5 s),

and the integral values were used to calculate the data given in Table 2.1.
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Table S-1. Optimization and Controls of Michael Acceptor Carboxylation

3.3.3: Preparation of Substrates

o 4CzIPN (1 mol%)
. . CO,H O
/\)j\ NaHCO, (5 equiv.), HCO,H (5.0 equiv.) /|\)j\
Me OBn >~ Me OBn
1 Mesna (20 mol%) 2
Solvent, Kessil 390s, N, 1hr, 23°C

- omision MER '8

1 DMSO - 31%
2 10% H,O/DMSO - 47%
3 20% H,O/DMSO - 95%
4 50% H,O/DMSO - 73%
5 20% H,O/DMSO no mesna 15%
6 20% H,0O/DMSO no HCO,H 77%
7 20% H,O/DMSO no light 0%

8Conditions: 1 (1.0 equiv.), 4CzIPN (1 mol%), sodium formate (5.0 equiv.), formic acid (5.0 equiv.),
mesna (20 mol%), Solvent [0.1M], 390 nm light, N5, 1hr, 0.1 mmol scale. ®Yield determined via 'H
NMR with dibromomethane as an interntald standard. “Reaction ran for 16 hrs.

(E)-N-phenethylbut-2-enamide (S15): To a flame dried round bottom flask was added crotonic
acid (5 mmol, 0.43 g, 1 equiv) after which the atmosphere was exchanged three times with
nitrogen. CH>Cl» (20 mL) was then added followed by oxalyl chloride (5.5 mmol, 0.46 mL, 1.5

0 /\Q equiv) and DMF (2 drops)—the reaction mixture was then allowed to

| N stir for 1 hour. Phenethylamine (6 mmol, 0.76 mL, 1.2 equiv) was
Me
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then added in one portion followed by triethylamine (5.5 mmol, 0.77 mL, 1.1 equiv). The
reaction mixture was allowed to stir overnight, diluted with CH>Cl, (20 mL) and 1M HCI (10
mL). The organic phase was separated from the aqueous phase and washed with 1M HCI (10
ml), brine (2x), dried over Na>SOs, and concentrated in vacuo. The crude product was pushed
through a silica plug with (50% EtOAc/Hexanes as the eluent) to afford the title compound as
white solid (0.96 g, 99% yield).

'"H NMR (600 MHz, Chloroform-d) 6 7.31 (t, J = 7.6 Hz, 1H), 7.24 (t,J = 7.9 Hz, 2H), 7.20 (d,
J=7.3Hz, 2H), 6.83 (dq, J =15.2, 6.9 Hz, 1H), 5.72 (dd, J = 15.2 Hz, 1.6 Hz, 1H), 5.39 (bs,
1H), 3.59 (td, J = 6.9 Hz, 5.9 Hz, 2H), 2.84 (t, ] = 6.9 Hz, 2H), 1.83 (dd, ] = 6.9, 1.6 Hz, 3H).
13C NMR (600 MHz, Chloroform-d) 5165.9, 140.5, 138.5, 128.8, 128.7, 125.9, 124.9, 40.53,
35.7,17.2.

HRMS (APCI) m/z: [M+H] calcd. for C12H16NO, 190.1226; found, 190.1229.

Rf: 0.34 (50% EtOAc/Hexanes)

Ethyl (E)-3-cyclopropylacrylate (S16): To a flame dried round bottom flask was added sodium
hydride (3.6 mmol, 0.14 g, 1.2 equiv) after which the atmosphere was exchanged three times
with No. THF was added (5 mL) and the flask was then cooled to 0 °C followed by the dropwise
addition of triethyl phosphonoacetate (3.3 mmol, 0.65 mL, 1.2 equiv). The reaction mixture was
then stirred at 0 °C for thirty minutes after which cyclopropane carboxaldehyde (3 mmol, 0.22
mL, 1 equiv) was added dropwise as a solution in THF (5 mL). The reaction mixture was then

allowed to warm to room temperature, stirred overnight, and then quenched with saturated
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aqueous ammonium chloride (10 mL) at 0 °C. The aqueous phase was extracted with EtOAc (3x)
dried over Na;SOs4, and concentrated in vacuo. The crude product was then pushed through a
silica plug using (10% EtOAc/Hexanes as the eluent) to afford the title compound as yellow oil
(0.42 g, 99% yield). The physical and spectral properties were consistent with the reported
values.'?

'"H NMR (600 MHz, Chloroform-d) 6 6.41 (dd, J = 15.4 Hz, 10.1 Hz, 1H), 5.89 (d, J = 15.4 Hz,
1H), 4.17 (q, J = 10.7 Hz, 2H), 1.58-1.53 (m, 1H), 1.26 (t, J = 7.1 Hz, 3H), 0.95-0.91 (m, 2H),

0.65-0.61 (m, 2H).

N NN _CHjs

Methyl (E)-3-(pyridine-2-yl)acrylate (S18): A round bottom flask was equipped with 2-
pyridinecarboxaldehyde (5 mmol, 0.48 mL, 1 equiv), methyl
(triphenylphosphoranylidene)acetate (7.5 mmol, 2.50 g, 1.5 equiv) and benzene (10 mL) under
nitrogen. The reaction was then heated to 80 OC for three hours, cooled to room temperature, and
concentrated in vacuo. The crude product was purified by silica chromatography (30- 40%
EtOAc/Hexanes as the eluent) to give the title compound as a light brown solid (0.59 g, 73%
yield). The physical properties and spectral data were consistent with the reported values.

'"H NMR (600 MHz, CDCls) § 8.64 (d, J = 4.8 Hz, 1H), 7.73-7.64 (m, 2H), 7.42 (d, ] = 7.8 Hz,

1H), 7.29-7.24 (m, 1H), 6.93 (d, J = 15.7 Hz, 1H), 3.81 (s, 3H).

3.3.4: Preparation of Products from Figure 3.5
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H
Me CO,H

i~
e
2-methyl-4-oxo-4-(phenethylamino)butanoic acid (30): Prepared according to general
procedure A using (E)-N-phenethylbut-2-enamide S15 (1 mmol, 0.189 g, 1 equiv), sodium
formate (5 mmol, 0.34 g, 5.0 equiv), formic acid (5 mmol, 0.19 mL, 5 equiv), mesna (0.2 mmol,
0.032 g, 20 mol%) and 4CzIPN (0.01 mmol, 0.0078 g, 1 mol%) in 0.1 M 20% H,O/ DMSO (10
mL). After 16 hours under irradiation by Kessil 390 nm light, the crude product was purified by
silica chromatography (10- 100% EtOAc/Hexanes + 1% AcOH as eluent) to afford the title
compound as a white solid (0.162 g, 69% yield).
IH NMR (400 MHz, Chloroform-d) & 7.31 (m, 2H), 7.23 (m, 3H), 5.72 (br s, 1H), 3.64 — 3.47
(m, 2H), 3.01 — 2.87 (m, 1H), 2.83 (t, J = 6.9 Hz, 2H), 2.54 (dd, J = 15.6, 8.8 Hz, 1H), 2.30 (dd,
J=155, 4.3 Hz, 1H), 1.23 (d, J = 7.2 Hz, 3H).
13C NMR (151 MHz, DMSO-de) 8 176.72, 170.30, 139.48, 128.61, 128.27, 126.02, 40.15,

38.66, 35.45,35.17, 16.65.
HRMS (APCI) m/z: [M+H] calcd. for C13H1sNOs, 236.1281; found, 236.1285.

Rf: 0.14 (85% EtOAc/Hexanes)

CO,H
CN

Me'
3-cyano-2-methylpropanoic acid (31): Prepared according to general procedure A using
crotonitrile (1 mmol, 0.076 g, 1 equiv), sodium formate (5 mmol, 0.34 g, 5.0 equiv), formic acid

(5 mmol, 0.19 mL, 5 equiv), mesna (0.2 mmol, 1.032 g, 20 mol%) and 4CzIPN (0.01 mmol,

0.0078 g, 1 mol%) in 0.1 M 20% H>O/ DMSO (10 mL). After 16 hours under irradiation by
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Kessil 390 nm light, the crude reaction mixture was diluted with EtOAc (10 mL) and washed
with saturated aqueous potassium carbonate. The organic phase was collected in a flask and the
aqueous phase was acidified with concentrated HCI to pH 1-2. The aqueous phase was then
extracted with EtOAc (3 x) and the combined organic extracts were pushed through a silica plug
(100% EtOAC as eluent) and concentrated in vacuo to afford the title compound as a yellow oil
(0.071 g, 63% vyield).

IH NMR (600 MHz, Chloroform-d): § 2.94-2.84 (m, 1H), 2.70 (dd, J = 16.7, 5.91 H, 1H), 2.57
(dd, J = 16.8, 7.4 Hz, 1H), 1.43 (d, J = 7.2 Hz, 3H).

13C NMR (151 MHz, Chloroform-d) 6 178.31, 117.59, 77.37, 77.16, 76.95, 36.09, 20.93,
16.60.

HRMS (APCI) m/z: [M+H] calcd. for CsHgsNO, 114.0550; found, 114.0553.

Rf: 0.35 (50% EtOAc/Hexanes)

0™ Me

CO,H
2-cyclopropyl-4-ethoxy-4-oxobutanoic acid (32): Prepared according to general procedure A
using ethyl (E)-3-cyclopropylacrylate S16 (1 mmol, 0.140 g, 1 equiv), sodium formate (5 mmol,
0.34 g, 5.0 equiv), formic acid (5 mmol, 0.19 mL, 5 equiv), mesna (0.2 mmol, 0.032 g, 20 mol%)
and 4CzIPN (0.01 mmol, 0.0078 g, 1 mol%) in 0.1 M 20% H>O/ DMSO (10 mL). After 16 hours
under irradiation by Kessil 390 nm light, the crude product was purified by silica
chromatography (10-70% EtOAc/Hexanes + 1% AcOH as eluent) to afford the title compound
as a yellow oil (0.122 g, 66% yield).

'H NMR (600 MHz, Chloroform-d) & 4.24 — 3.95 (m, 2H), 2.82 (dd, J = 16.1, 10.2 Hz, 1H),
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2.59 (dd, J = 16.1, 5.5 Hz, 1H), 2.06 (td, J = 9.7, 4.9 Hz, 1H), 1.24 (t, J = 7.1 Hz, 3H), 0.97 —
0.80 (m, 1H), 0.63 — 0.52 (m, 2H), 0.52 — 0.43 (M, 1H), 0.25 — 0.16 (m, 1H).

13C NMR (151 MHz, Chloroform-d) & 180.30, 171.96, 60.88, 46.27, 36.53, 14.23, 13.59, 4.44.
HRMS (APCI) m/z: [M+H] calcd. for CoHi5O4, 187.0965; found, 187.0968.

Rf: 0.52 (50% EtOAc/Hexanes)

/'1\/\/3\/\/@
Me F

(E)-1-phenylnon-6-en-4-one (33): Prepared according to general procedure A using (E)-1-
cyclopropyl-6-phenylhex-1-en-3-one S17 (1 mmol, 0.214 g, 1 equiv), sodium formate (5 mmol,
0.34 g, 5.0 equiv), formic acid (5 mmol, 0.19 mL, 5 equiv), mesna (0.2 mmol, 0.032 g, 20 mol%)
and 4CzIPN (0.01 mmol, 0.0078 g, 1 mol%) in 0.1 M 20% H>O/ DMSO (10 mL). After 16 hours
under irradiation by Kessil 390 nm light, the crude product was purified by silica
chromatography (5- 20% EtOAc/Hexanes) to afford the title compound as a mixture of E/Z
isomers as a clear oil (0.168 g, 77% yield).

IH NMR (600 MHz, Chloroform-d): & 7.28 (t, ] = 7.4 Hz, 2H), 7.21-7.15 (m, 3H), 5.61—5.53
(m, 1H), 5.51-5.46 (m, 1H), 3.14-3.12 (d, J = 7.1 Hz, 0.37 H, Z isomer), 3.07 (d, J = 6.7 Hz, 1.70
H, E isomer), 2.61 (t, J = 7.6 Hz, 2H), 2.44 (t, J = 7.1 Hz, 2H), 2.08-1.99 (m, 2H), 1.94-1.87 (m,
2H), 0.98 (t, J = 7.3 Hz, 3H).

13C NMR (151 MHz, Chloroform-d) § 209.50, 208.89, 141.78, 136.84, 135.46, 128.61, 128.51,
126.07, 121.01, 120.38, 46.97, 41.78, 41.53, 41.38, 35.20, 25.75, 25.33, 25.26, 20.95, 14.06,
13.66.

HRMS (APCI) m/z: [M+H] calcd. for C15H210, 217.1587; found, 217.1590.
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Rf: 0.60 (10% EtOAc/Hexanes)

/

OMe
I

Methyl 3-(pyridin-2-yl)propanoate (34): Prepared according to general procedure A using
methyl (E)-3-(pyridine-2-yl)acrylate S18 (1 mmol, 0.163 g, 1 equiv), sodium formate (5 mmol,
0.34 g, 5.0 equiv), formic acid (5 mmol, 0.19 mL, 5 equiv), mesna (0.2 mmol, 0.032 g, 20 mol%)
and 4CzIPN (0.01 mmol, 0.0078 g, 1 mol%) in 0.1 M 20% H>O/ DMSO (10 mL). After 16 hours
under irradiation by Kessil 390 nm light, the crude product was by silica chromatogrpahy (30-
50% EtOAc/as the eluent) to afford the title compound as a colorless oil (0.157 g, 95% yield).
The physical and spectral properties are consistent with the reported values.*°

'TH NMR (600 MHz, CDCl3): 6 8.51 (d, J = 3.2 Hz, 1H), 7.59 (td, J = 7.7, 2.0 Hz, 1H), 7.18 (d, J

=7.8 Hz, 1H), 7.14-7.07 (m, 1H), 3.66 (s, 3H), 3.11 (t, J = 7.5 Hz, 2H), 2.81 (t, ] = 7.5 Hz, 2H).
3.3.5: Computational Details
General.

All DFT calculations were carried out using the Gaussian 9 software package at the (U)B3LYP or
R(B3LYP)* level of theory with the 6-311+G(d,p)** basis set. The CPCM formalism for the Self
Consistent Reaction Field (SCRF) model of solvation was employed in calculations to account

for solvation in DMSO, and the default parameters as implemented in Gaussian were used.
Calculated Bond Dissociation Energies

Calculations were carried out at the (U)B3LYP3? level of theory with the 6-311+G(d,p)** basis

set Bond dissociation energies (BDEs) were calculated according to the following equation:
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A—B e A+ B -

BDE = (EA'+ EB’) -EaB

Calculated BDEs (kcal/mol):
Sodium Formate: 90 kcal/mol
Formic acid: 101 kcal/mol
Ethyl Formate: 100 kcal/mol
DMEF: 99 kcal/mol

Octanal: 86 kcal/mol

Calculated Reduction Potentials

Reduction potentials were calculated using a modified procedure as described by Nicewicz and
coworkers.*> Geometry optimizations were carried out for the reduced and neutral forms of each
molecule, and frequency calculations were performed on the minimized structures to ensure no
imaginary frequencies existed. Geometry optimizations that did not converge to an energy
minimum upon the initial calculation were sequentially optimized using a tight convergence
criteria. Gibbs free energies (Ga9s) were obtained from the calculation and employed in the

following equation:

(Gaoglreduced] — Gyogloxidized]) 0,SHE

0,calc __ 0,SCE
E1/2 - nF - E1/2 + E1/2
e
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Where n, is the number of electrons transferred (n,= 1 for all calculations here), F is the Faraday
constant (value 23.061 kcal mol! V'), Ef’/SZHE is the absolute value for the standard hydrogen
electrode (SHE, value = 4.281 V) and Ef ’/SZCE is the potential of the saturated calomel electrode

(SCE) relative to the SHE in DMSO (value = —0.279)%, and Gaos[oxidized] and Gaos[reduced] are

the Gibbs free energies in DMSO obtained from DFT calculations.

Eq2"% vs SCE =

-2.67V -2.44 'V -2.35V
0
0 A Q
/\)]\ X OMe P Y
Me Me | _ H n-hept
N
211V -1.59V -2.15V
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S4.6 Supporting Information

1. General Information

I-A. General Reagent Information

Reagents were purchased from Sigma-Aldrich, Alfa Aesar, Acros Organics, Combi-Blocks,

Oakwood Chemicals, Astatech, and TCI America and used as received, unless stated otherwise.

All reactions were set up on the bench top and conducted under nitrogen atmosphere while
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subject to irradiation from blue LEDs (LEDwholesalers PAR38 Indoor Outdoor 16-Watt LED
Flood Light Bulb, Blue; or Hydrofarm® PPB1002 PowerPAR LED Bulb-Blue 15W/E27

(available from Amazon). Flash chromatography was carried out using Siliaflash® P60 silica gel
obtained from Silicycle. Thin-layer chromatography (TLC) was performed on 250 um SiliCycle
silica gel F-254 plates. Visualization of the developed chromatogram was performed by
fluorescence quenching or staining using KMnQs, p-anisaldehyde, or ninhydrin stains. DMSO
was purchased from Fisher Scientific and was distilled over CaH2 and degassed by sonication
under vacuum and stored under nitrogen. Photoredox catalyst 4CzIPN was prepared according to

literature procedures.!
I-B. General Analytical Information.

Unless otherwise noted, all yields refer to chromatographically and spectroscopically (‘"H NMR)
homogenous materials. New compounds were characterized by NMR and HRMS. 'H and '*C
NMR spectra were obtained from the Emory University NMR facility and recorded on a Bruker
Avance II1 HD 600 equipped with cryo-probe (600 MHz), Bruker 400 (400 MHz), INOVA 600
(600 MHz), INOVA 500 (500 MHz), INOVA 400 (400 MHz), or VNMR 400 (400 MHz), and are
internally referenced to residual protio solvent signals. Data for 'H NMR are reported as follows:
chemical shift (ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
dd = doublet of doublets, dt = doublet of triplets, ddd= doublet of doublet of doublets, dtd=
doublet of triplet of doublets, b = broad, etc.), coupling constant (Hz), integration, and
assignment, when applicable. Data for decoupled '*C NMR are reported in terms of chemical

shift and multiplicity when applicable. High Resolution mass spectra were obtained from the
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Emory University Mass Spectral facility using a Thermo Scientific Extractive Plus with an

orbitrap mass analyzer.

I-C. General Photoredox Reaction Setup

To run multiple reactions, an appropriately sized 3D printed carousel was used, which exposed the
reactions to the blue light evenly (photo 1). While our 3D printed carousel was helpful for
screening reactions, it is not necessary in this system—any rack will suffice and our scaled
reactions are simply held by a clampl. A 15 W LED array lamp was used as a blue light source
(photo 2,3). These lamps were routinely used for up to 12 reactions at a time (photo 2,3). The blue
LEDs were positioned approximately 6 inches above the reaction vials to get good light coverage

without overheating the reactions (photo 2,3).

Photo 1 Photo 2 Photo 3

S4.6.1 General Procedures

General Procedure A

A 20 mL screw-top test tube was charged with 4CzIPN (1 mol%), sodium formate (1.5 equiv),

mesna (20 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (15 mol%) and [4,4’-Bis(1,1-
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dimethyl)-2,2’-bipyridine] nickel (II) bromide (10 mol%)) and substrate (1 equiv., if solid). The
tube was equipped with a stir bar and was sealed with a PTFE/silicon septum. The atmosphere
was exchanged by applying vacuum and backfilling with argon (this process was conducted a
total of three times). Under argon atmosphere, separately the indicated degassed solvent (0.1 M)
was added via syringe followed by the substrate (if liquid, 1.0 equiv). The resulting mixture was
stirred at 1400 RPM for 16 h under irradiation by blue LEDs. 1M HCI was added and then the
reaction mixture was extracted with ethyl acetate (3 x). The organic layer was dried over MgSO4
and concentrated. The residue was purified on silica using the indicated solvent mixture as eluent

to afford the title compound.
S$4.6.2 Electrochemical Measurements

Electrochemical potentials were obtained with a standard set of conditions according to
literature procedure.! Cyclic voltammograms (CVs) were collected with a VersaSTAT
4Potentiostat. Samples were prepared with 0.1 mmol of substrate in 10 mL of 0.1 M tetra-n-
butylammonium hexafluorophosphate in dry, degassed acetonitrile. Measurements employed
a glassy carbon working electrode, platinum wire counter electrode, 3M NaCl silver-silver
chloride reference electrode, and a scan rate of 100 mV/s. Reductions were measured by
scanning potentials in the negative direction and oxidations in the positive direction; the
glassy carbon electrode was polished between each scan. Data was analyzed using
Microsoft Excel by subtracting a background current prior to identifying the maximum current
(Cp) and determining the potential (Ep/2) at half this value (Cp/2). The obtained value was

referenced to Ag|AgCl and converted to SCE by subtracting 0.035 V.
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Current (A)

1.00E-05

-1.6 -1.4 -1.2 0.2

-0.2 0
-1.00E-05

= -2.00E-05

© SO2CFs -3.00E-05
c

cu ~S0,CFg -4.00E-05
+—
o)

a -5.00E-05

Ep/2 =-0.87 Vvs Ag/AgCI -6.00E-05

(-0.90 V vs SCE)

-7.00E-05

-8.00E-05

-9.00E-05

S4.6.3. Optimization Details
Optimization Procedure

A 20 mL screw-top test tube was charged with 4CzIPN (1 mol%), sodium formate (1.5 equiv),
mesna (20 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (15 mol%) and [4,4’-Bis(1,1-
dimethyl)-2,2’-bipyridine] nickel (II) bromide (10 mol%)) and substrate (1 equiv., if solid). The
tube was equipped with a stir bar and was sealed with a PTFE/silicon septum. The atmosphere
was exchanged by applying vacuum and backfilling with argon (this process was conducted a
total of three times). Under argon atmosphere, separately the indicated degassed solvent (0.1 M)
was added via syringe followed by the substrate (if liquid, 1.0 equiv). The resulting mixture was
stirred at 1400 RPM for 16 h under irradiation by blue LEDs. 1M HCI was added and then the
reaction mixture was extracted with ethyl acetate (3 x). The organic layer was dried over MgSO4
and concentrated. Deutro-chloroform with an internal standard of dibromomethane (7 uL, 0.1
mmol) was added. The sample was analyzed by '"H NMR (d = 5 s), and the integral values were

used to calculate the data given in Table S1- S3.



HAT Catalysts:

O. Br
H3C/ )OJ\
+
H ONa

HAT Catalyst Deviation

Entry

© 0 N o 0 b~ O DN

4CzIPN, NiBr,'DTBBPY
HAT catalyst (15 mol%) HyC”

Cyclohexanethiol
Triphenylmethanethiol
Triisopropylsilanethiol

DABCO
HOBt
PhN(SO,CF3),
Methanesulfonyl Chloride

p-toluenesulfonyl chloride

Sodium p-toluenesulfinate

1:1 Dioxane/DMSO, Ar
Blue LEDs, 23°C, 16 hr

(0N : ,COoH

Yield?
0%
0%
0%
0%
0%

98%
90%
76%

0%

Photocatalyst Screen:
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PC (X mol%), PhN(Tf), (15 mol%)

/0\©/Br NiBry« glyme (10 mol%), DTBBPY (10 mol%)
NaHCO, (1.5 eq), 1:1 DMSO/Dioxane

Ar, Blue LEDs, o/n

/O\©/002H

/O\©/ H

Entry Conditions Starting Material Product HDH Phenyl Formate
1 Cl-4CzIPN 0% 95% -- -
2 3DPAFIPN 70% 32% - -
3 3DPA2FBN 91% 8% - -
4 Ir(ppy)3 70% 30% - -
5  Ir[(dF(CF3)ppy);(dtbbpy),PFs 0% 100% - -
6 Ir[(ppy).dtbbpy]PFg 30% 69% - -
7 Benzophenone 100% 0% -- -

Solvent Screen

O Br
H3C/ ji\
+
H ONa

Entry

—_

A wWN

4CzIPN, NiBro'DTBBPY
PhN(Tf),

Solvent, Ar
Blue LEDs, 23°C, 16 hr

Y

Solvent

1:1 Dioxane/DMSO

Dioxane
DMSO
DMF

O CO,H
H3C/ \@ 2

Yield

98%
0%

85%
34%

Control Experiments:
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4CzIPN, NiBro'DTBBPY

O B 0 CO,H
HyC” r . i PhN(Tf), > HC” 2
H” Nona 1:1 Dioxane/DMSO, Ar

Blue LEDs, 23°C, 16 hr

Entry Deviation Yield
1 No 4CzIPN 0%
2 No PhN(Tf), 0%
3 No NaHCO, 0%
4 No light 0%
5 No air-free precautions 60%

HAT Catalyst Screen with Electron-Deficient Arene:

4CzIPN, NiBro'DTBBPY

/©/Br i HAT catalyst /@/COQH
+ _—
1:1 Dioxane/DMSO, Ar
NC H ONa NG

Blue LEDs, 23°C, 16 hr

1 2 3
Entry HAT Catalyst Deviation Yield?
1 Cyclohexanethiol - 75%
2 Mesna - 30%
3 Thiophenol - 73%
4 Tert-butylthiol - 51%
5 Thioacetic Acid - 57%




Reaction Controls for Sulfinyl Radical HAT processes:

4CzIPN, NiBr,'DTBBPY

G Bf+ )oj\ Additive (15 mol%) _ o0 CO,H
H ona 1:1 Dioxane/DMSO, Ar

Blue LEDs, 23°C, 16 hr

1 2 3
Entry HAT Catalyst Deviation Yield?
1 Trifluoro-N-phenylmethanesulfonamide - 0%
2 Sodium trifluoromethanesulfonate 0%
3 Sodium p-toluenesulfinate - 0%

S4.6.4: Investigations into the Role of Phenyl Triflimide
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Samples were prepared using 0.015 mmol of phenyl triflimide (A) alongside a combination of

0.015 mmol phenyl triflimide and 0.15 mmol sodium formate (B) using 1-bromo-3-

fluorobenzene as an internal standard in DMSO-ds.
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trifluoro-N-phenylmethanesulfonamide at -75.56 ppm alongside sodium

Spectra B shows
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trifluoromethanesulfonate at -77.76 ppm, these chemical shifts are consistent with the literature

spectra.’! The presence of trifluoro-N-phenylmethanesulfonamide and sodium

trifluoromethanesulfonate when sodium formate and phenyl triflimide are in solution together

suggests the following reaction pathway.

_

O\\S/CFs
2B\
H (6) \O
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In this reaction pathway, trifluoro-N-phenylmethanesulfonamide and sodium
trifluoromethanesulfonate are generated—when tested independently as additives (Table S-4) no

product formation is observed indicating that in situ generated formic anhydride may be playing

tBu | X a
N
S * ji\ ji\ e J(i\ ji\ ¥ g ,l""'Ni”"\Ar role
R H” N0 H 0~ H s e
I by
tBu Z
tBu XN
| N (0] O

tBu 7 O)\H

regenerated
masking formate as the anhydride. A potential role for formic anhydride is shown below.

In this mechanistic scenario, DMSO may serve as a source of electrophilic HAT catalysts
in the form of thiol. Our previous work has demonstrated that DMSO decomposes to various
thiol/sulfur based impurities that catalyze radical formation?. HAT from formic anhydride
would generate the acyl radical that may bind the metal center. Upon reductive elimination the
mixed anhydride is formed which may be hydrolyzed by formate to release the carboxylate while
reforming formic anhydride. Given phenyl triflimide is catalytic in this reaction (15 mol%),
formic anhydride must be regenerated. Masking formate as the anhydride may prevent undesired
reduction chemistry from the carbon dioxide radical anion to substrates or metal centers making

this reaction more efficacious. Given the complexities of this system and how phenyl triflimide
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and its degradation products fit into the catalytic cycles, further mechanistic studies are required

to elucidate the details of this mechanism.

S4.6.5: Preparation of Starting Materials

NC CN

Cz
2,4,5,6-Tetrakis(carbazole-9-yl)-4,6-dicyanobenzene (4CzIPN) (S1): To a flame dried round

bottom flask was added carbazole (1.67 g, 10.0 mmol) in anhydrous THF (40 mL). Sodium
hydride (60% in oil, 0.60 g, 15.0 mmol) was carefully added portion wise to the solution. After
30 minutes, tetrafluoroisopthalonitrile (0.40 g, 2.00 mmol) was added and allow to stir at room
temperature for 16 h. Water (2 mL) was then added carefully and the reaction mixture was then
concentrated in vacuo. The resulting solid was then washed with water and ethanol then
recrystallized from hexanes/CH2Cl: to yield the product was a vibrant yellow solid (1.4 g, 89%

yield). The physical and spectral properties were consistent with reported values.’

'H NMR (400 MHz, CDCls) § 8.21 (d, ] = 7.8 Hz, 2H), 7.75-7.65 (m, 8H), 7.52-7.45 (m, 2H),

7.33(d, J = 7.5 Hz, 2H), 7.24-7.19 (m, 4H), 7.12-7.03 (m, 8H), 6.86-6.79 (m, 4H) 6.69-6.61 (m,

2H).
tBu | N
/N/,, Br
NI
| \N/ \Br
4

tBu
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[4,4°-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (S2): Following a previously
reported synthesis, a flame-dried round bottom flask was charged with NiBr2(glyme) (0.616 g,
2.0 mmol, 1 equiv.) and 4,4’-di-tert-butyl-2,2’-bipyridyl (0.536 g, 2.0 mmol, 1 equiv.) before
being placed under argon. Anhydrous THF (60 mL) was added and the reaction mixture was
stirred for 20 h. The resulting green solid was filtered off and washed with diethyl ether and
dried under vacuum to afford the title compound as a green powder that was used without further

purification (0.89g, 91% yield).?°

1H NMR (400 MHz, DMSO-ds) 6 6.04 (1.53, 9H). The paramagnetic product shows only a

broad peak at 1.53 ppm.?°

~

1-bromocylcohex-1-ene (S3): To a flame-dried round bottom flask was added triphenyl
phosphite (6.8 g, 22.0 mmol, 1.1 equiv.). The atmosphere was exchanged three times with argon
and equipped with an argon balloon. Anhydrous CH2Cl» was added (60 mL) and the reaction
was cooled to -78°C. Bromine (1.2 mL, 24.0 mmol, 1.2 equiv.) was added slowly and allowed to
stir for five minutes before the slow addition of triethylamine (3.6 mL, 26.0 mmol, 1.3 equiv.).
The reaction mixture was stirred for another five minutes before the addition of cyclohexanone
(2.1 mL, 20.0 mmol, 1 equiv.). The reaction mixture was warmed to room temperature overnight
then refluxed in an oil bath for two hours. The crude reaction mixture was then concentrated and
purified by silica chromatography (100% Hexanes as the eluent) to afford the title compound as a
pale yellow oil (1.83 g, 56% yield). The physical and spectral properties match the reported

values.*
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H NMR (400 MHz, CDCL3) 5 6.04 (m, 1H), 2.42 (m, 2H), 2.08-2.07 (m, 2H)), 1.77-1.71 (m,

2H), 1.64-1.58 (m, 2H).

O
Br N\

Bn

1-benzyl-6-bromo-1H-indole (S4): To a flame-dried round bottom flask was added 6-
bromoindole (0.98 g, 5.0 mmol, 1 equiv.) followed by anhydrous DMF (5 mL). The reaction
mixture was cooled to 0°C and sodium hydride (0.24 g, 6.0 mmol, 1.2 equiv.) portion wise. Stir
for thirty minutes at 0oC then add benzyl bromide (0.9 mL, 7.5 mmol, 1.5 equiv., dissolved in
2.5 mL DMF) slowly. The reaction mixture was warmed to room temperature and stirred
overnight. After cooling back down to 0°C, the reaction was quenched with water (5 mL),
extracted three times with ethyl acetate, dried over MgSO4 and concentrated in vacuo. The
crude reaction mixture was then purified by silica chromatography (2.5 % EtOAc/Hexanes as the
eluent) to afford the title compound as an off white solid (1.08 g, 76% yield). The physical and

spectral properties match the reported values.’

'H NMR (400 MHz, CDCl3) 5 7.50 (d, J = 8.4 Hz, 1H), 7.45-7.41 (m, 1H), 7.36-7.27 (m, 3H),

7.21 (dd, J = 8.4 Hz, 1.7 Hz, 1H), 7.12-7.03 (m, 3H), 6.52 (dd, J = 3.1, 1.0 Hz, 1H), 5.28 (s, 2H).

N
Br \
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6-bromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-indazole (SS): To a round bottom flask was
added 6-bromoindazole (0.493 g, 2.5 mmol, 1 equiv.) and CH>Cl, (10 mL). The reaction mixture
was cooled to 0°C and potassium hydroxide (0.168 g, 3.0 mmol, 3 equiv., dissolved in 0.6 mL
H>0) was added followed by tetrabutylammonium bromide (0.080 g, 0.25 mmol, 0.1 equiv.).
SEM-chloride (0.49 mL, 2.75 mmol, 1.1 equiv.) was then added dropwise and stirred at 0°C for 1
hour. The reaction mixture was allowed to warm to room temperature, stirred overnight,
quenched with H>0 (10 mL) and extracted three times with CH>Cl,. The crude reaction mixture
was dried over MgSO4, concentrated in vacuo, and purified via silica chromatography (5-10%
EtOAc/Hexanes as the eluent) to afford the title compound as a light brown oil (0.412 g, 50%

yield).

H NMR (400 MHz, CDCl3) 5 7.97 (d, J = 1.0 Hz, 1H), 7.79-7.77 (m, 1H), 7.60 (dd, ] = 8.6 Hz,
0.7 Hz, 1H), 7.30 (dd, J = 8.5 Hz, 1.6 Hz, 1H), 5.70 (s, 2H), 3.56-3.50 (m, 2H), 0.91-0.85 (m,
2H), -0.06 (s, 9H).

13C{'H} NMR (100 MHz, CDCls) § 140.6, 134.2, 125.1 123.7, 122.3, 121.3, 112.9, 77.9, 66.6
17.8,-1.1,-1.3, -1.6.

HRMS (APCI) m/z: [M+] caled. for C12H200NS1, 327.0523, found 327.0520.
Rt: 0.47 (5% EtOAc/Hexanes)

4.6.6: Preparation of Products from Substrate Table

©/002H
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Benzoic acid (4): Prepared according to the general procedure using bromobenzene (0.5 mmol,
53 ul, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 4CzIPN (.005 mmol, 0.0039 g,
1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15 mol%), and
[4,4°-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10 mol%), in
1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was quenched with 1M HCI (10 mL),
extracted three times with ethyl acetate, dried over MgSOs4 and concentrated in vacuo. The crude
reaction mixture was purified by silica chromatography (10% EtOAc/hexanes + 1% AcOH as the
eluent) to afford the title compound as a pale yellow solid (0.065 g, 86% yield). The physical
and spectral properties were consistent with the reported values.®

'"H NMR (400 MHz, DMSO-ds) 6 12.94 (s, 1H), 7.95 (d, J = 7.3 Hz, 2H), 7.62 (t, J = 7.3 Hz ,

2H), 7.50 (t, ] = 7.7 Hz, 1H).

H3C\©/C02H

3-methylbenzoic acid (5): Prepared according to the general procedure using 3-bromotoluene
(0.5 mmol, 61 pl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 4CzIPN (.005
mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15
mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10
mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was quenched with 1M HCI
(10 mL), extracted three times with ethyl acetate, dried over MgSO4 and concentrated in vacuo.
The crude reaction mixture was purified by silica chromatography purified by silica
chromatography (20% EtOAc/hexanes + 1% AcOH as the eluent) to afford the title compound as
a whitea solid (0.060 g, 88% yield). The physical and spectral properties were consistent with

the reported values.’
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'"H NMR (600 MHz, CDCl3) 8 7.95-7.90 (m, 2H), 7.43 (d, J = 7.6z Hz, 2H), 7.38 (t, ] = 7.4 Hz,

1{H), 2.43 (s, 3H).

/©/COZH
H3C

3

4-methylbenzoic acid (6): Prepared according to the general procedure using 4-bromotoluene
(0.5 mmol, 61 pul, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 4CzIPN (.005
mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15
mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10
mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was quenched with 1M HCI
(10 mL), extracted three times with ethyl acetate, dried over MgSO4 and concentrated in vacuo.
The crude reaction mixture was purified by silica chromatography purified by silica
chromatography (20% EtOAc/hexanes + 1% AcOH as the eluent) to afford the title compound as
a white solid (0.062 g, 91% yield). The physical and spectral properties were consistent with the
reported values.®

'TH NMR (600 MHz, CDCl3) § 7.95-7.90 (m, 2H), 7.43 (d, J = 7.6 Hz, 2H), 7.38 (t, = 7.4 Hz,

1fH), 2.43 (s, 3H).

O
H3C/ \©)J\OH

3-methoxybenzoic acid (7): Prepared according to the general procedure using 3-bromoanisole
(0.5 mmol, 63 pl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 4CzIPN (.005
mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15

mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10
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mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was quenched with 1M HCI
(10 mL), extracted three times with ethyl acetate, dried over MgSO4 and concentrated in vacuo.
The crude reaction mixture was purified by silica chromatography purified by silica
chromatography (20-30% EtOAc/hexanes + 1% AcOH as the eluent) to afford the title
compound as a pale yellow solid (0.065 g, 86% yield). The physical and spectral properties were
consistent with the reported values.’

'"H NMR (400 MHz, DMSO-ds) 5 13.00 (s, 1H), 7.53 (dt, J = 7.6, 1.3 Hz, 1H), 7.44-7.38 (m,

2H), 7.18 (ddd, J = 8.20, 2.7, 1.0 Hz, 1H), 3.80 (s, 3H).

CO,H
Hsc\o/©/

4-methoxybenzoic acid (8): Prepared according to the general procedure using 4-bromoanisole
(0.5 mmol, 63 pl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 4CzIPN (.005
mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15
mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10
mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was quenched with 1M HCI
(10 mL), extracted three times with ethyl acetate, dried over MgSO4 and concentrated in vacuo.
The crude reaction mixture was purified by silica chromatography purified by silica
chromatography (20-30% EtOAc/hexanes + 1% AcOH as the eluent) to afford the title
compound as a pale yellow solid (0.039 g, 52% yield). The physical and spectral properties were

consistent with the reported values.’
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H NMR (400 MHz, DMSO-ds) & 13.00 (s, 1H), 7.89 (d, J = 8.9, 2H), 7.02 (d, ] = 8.8 Hz, 2H),

3.82 (s, 3H).

NC\©/COQH

3-cyanobenzoic acid (9): Prepared according to the general procedure using 3-
bromobenzonitrile (0.5 mmol, 0.091g, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5
equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide)
(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II)
bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the
reaction was quenched with 1M HCI (10 mL), extracted three times with ethyl acetate, dried over
MgSO4 and concentrated in vacuo. The crude reaction mixture was purified by silica
chromatography purified by silica chromatography (20-30% EtOAc/hexanes + 1% AcOH as the
eluent) to afford the title compound as a white solid (0.062 g, 89% yield). The physical and
spectral properties were consistent with the reported values. '

'"H NMR (400 MHz, DMSO-ds) 5 13.00 (s, 1H), 8.30-8.26 (m 1H), 8.25-8.20 (dt, J = 7.9, 1.4

Hz, 1H), 8.13-8.07 (dt, = 7.7, 1.3, 1H), 7.73 (t, ] = 7.8 Hz, 1H).

/©/COZH
NC
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4-cyanobenzoic acid (10): Prepared according to the general procedure using 4-
bromobenzonitrile (0.5 mmol, 0.091g, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5
equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide)
(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II)
bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the
reaction was quenched with 1M HCI (10 mL), extracted three times with ethyl acetate, dried over
MgSO4 and concentrated in vacuo. The crude reaction mixture was purified by silica
chromatography purified by silica chromatography (20-30% EtOAc/hexanes + 1% AcOH as the
eluent) to afford the title compound as a pale yellow solid (0.073 g, 98% yield). The physical
and spectral properties were consistent with the reported values.!!

'H NMR (400 MHz, CDCl3) 5 8.22 (d, J = 8.2 Hz, 2H), 7.80 (d, J = 8.2 Hz, 2H).)

CO,H

3-(hydroxymethyl)benzoic acid (11): Prepared according to the general procedure using 3-
bromobenzyl alcohol (0.5 mmol, 60 pl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5
equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide)
(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II)
bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the
reaction was quenched with 1M HCI (10 mL), extracted three times with ethyl acetate, dried over
MgSO4 and concentrated in vacuo. The crude reaction mixture was purified by silica
chromatography purified by silica chromatography (20-50% EtOAc/hexanes + 1% AcOH as the

eluent) to afford the title compound as a white solid (0.039 g, 51% yield).
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'H NMR (400 MHz, DMSO-ds) & 7.92 (s, 1H), 7.81 (d, J = 7.7 Hz, 1H), 7.54 (d, ] = 7.7 Hz,
1H) 7.44 (t,J = 7.6 Hz, 1H) 5.32 (bs, 1H), 4.55 (s, 2H).

13C {TH} NMR (100 MHz, CDCl:3) 5 167.4, 143.1 130.8, 130.7, 128.3, 127.6, 127.2, 62.4.
HRMS (APCI) m/z: [M+H] calcd. for CsHoO3, 153.0546, found 153.0546.

Rt: 0.36 (40% EtOAc/Hexanes + 1% AcOH).

3-acetylbenzoic acid (12): Prepared according to the general procedure using 3-
bromoacetophenone (0.5 mmol, 66 ul, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5
equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide)
(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II)
bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the
reaction was quenched with 1M HCI (10 mL), extracted three times with ethyl acetate, dried over
MgSO4 and concentrated in vacuo. The crude reaction mixture was purified by silica
chromatography purified by silica chromatography (20-30% EtOAc/hexanes + 1% AcOH as the
eluent) to afford the title compound as a white solid (0.065 g, 79% yield). The physical and
spectral properties were consistent with the reported values.!?

'"H NMR (400 MHz, CDCls) 6 8.68 (s, 1H), 8.32 (d, J = 7.7 Hz, 1H), 8.23 (d, ] = 7.9 Hz, 1H),

7.62 (t,J =7.8 Hz, 1H), 2.68 (s, 3H)

o}

CO,H
HJI\@r 2
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3-formylbenzoic acid (13): Prepared according to the general procedure using 3-
bromobenzaldehyde (0.5 mmol, 0.093 g, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5
equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide)
(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II)
bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the
reaction was quenched with 1M HCI (10 mL), extracted three times with ethyl acetate, dried over
MgSO4 and concentrated in vacuo. The crude reaction mixture was purified by silica
chromatography purified by silica chromatography (20% EtOAc/hexanes + 1% AcOH as the
eluent) to afford the title compound as a pale yellow solid (0.068 g, 91% yield). The physical
and spectral properties were consistent with the reported values.'?

'"H NMR (400 MHz, DMSO-ds) 6 13.37 (s, 1H), 10.09 (s, 1H), 8.44 (s, 1H), 8.24 (d, J = 7.6 Hz,

1H), 8.14 (d, J = 7.7 Hz, 1H), 7.74 (t, ] = 7.6 Hz, 1H).

Os/,
\\/s/ CO,H

3-sulfamoylbenzoic acid (14): Prepared according to the general procedure using 3-
bromobenzenesulfonamide (0.5 mmol, 0.118 g, 1 equiv.), sodium formate (0.75 mmol, 0.051 g,
1.5 equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide)
(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II)
bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the
reaction was quenched with 1M HCI (10 mL), extracted three times with ethyl acetate, dried over
MgSO4 and concentrated in vacuo. The crude reaction mixture was purified by silica
chromatography purified by silica chromatography (0-50% EtOAc/hexanes + 1% AcOH

followed by 0-10% MeOH/CH2Cl; as the eluent) to afford the title compound as a pale yellow
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solid (0.077 g, 76% yield). The physical and spectral properties were consistent with the
reported values.'*
'"H NMR (400 MHz, DMSO-ds) 6 13.42 (bs, 1H), 8.39 (s, 1H), 8.14 (d, J = 7.8 Hz, 1H), 8.05 (d,

J=8.1Hz, 1H), 7.71 (t, ] = 7.7 Hz, 1H), 7.50 (s, 2H).

F\©/COZH

3-fluorobenzoic acid (15): Prepared according to the general procedure using 1-bromo-3-
fluorobenzene (0.5 mmol, 56 ul, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.),
4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075
mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05
mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was
quenched with 1M HCI (10 mL), extracted three times with ethyl acetate, dried over MgSO4 and
concentrated in vacuo. The crude reaction mixture was purified by silica chromatography
purified by silica chromatography (0-50% EtOAc/hexanes + 1% AcOH followed by 0-10%
MeOH/CH2Cl: as the eluent) to afford the title compound as a white solid (0.058 g, 84% yield).
The physical and spectral properties were consistent with the reported values. !

'"H NMR (400 MHz, DMSO-ds) 8 13.30 (bs, 1H), 7.80 (dt, J = 7.6, 1.3 Hz, 1H), 7.69-7.63 (m,

1H), 7.61-7.54 (m, 1H), 7.53-7.46 (m, 1H).

C|\©002H
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3-chlorobenzoic acid (16): Prepared according to the general procedure using 1-bromo-3-
chlorobenzene (0.5 mmol, 59 pl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.),
4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075
mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05
mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was
quenched with 1M HCI (10 mL), extracted three times with ethyl acetate, dried over MgSO4 and
concentrated in vacuo. The crude reaction mixture was purified by silica chromatography
purified by silica chromatography (0-50% EtOAc/hexanes + 1% AcOH followed by 0-10%
MeOH/CH2CI: as the eluent) to afford the title compound as a white solid (0.065 g, 83% yield).
The physical and spectral properties were consistent with the reported values.'®

'"H NMR (400 MHz, DMSO-ds) 5 13.34 (bs, 1H), 7.93-7.89 (m, 2H), 7.74-7.69 (m, 1H), 7.55

(t, J=8.1 Hz, 1H).

BF\QCOZH

3-bromobenzoic acid (17): Prepared according to the general procedure using 1-bromo-3-
iodobenzene (0.5 mmol, 64 ul, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.),
4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075
mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (IT) bromide (0.05
mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was
quenched with 1M HCI (10 mL), extracted three times with ethyl acetate, dried over MgSO4 and
concentrated in vacuo. The crude reaction mixture was purified by silica chromatography
purified by silica chromatography (10-20% EtOAc/hexanes + 1% AcOH as the eluent) to afford

the title compound as a light yellow solid (0.082 g, 82% yield). The physical and spectral
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properties were consistent with the reported values.!”
'"H NMR (400 MHz, DMSO-ds) 6 13.32 (bs, 1H), 8.04 (t, J = 1.8 Hz, 1H), 7.93 (dt,J=7.8, 1.3

Hz, 1H), 7.86-7.82 (m, 1H), 7.47 (t, ] = 7.9 Hz).

@COzH

Cyclohex-1-ene-1-carboxylic acid (18): Prepared according to the general procedure S3 (0.1
mmol, 12 pl, 1 equiv.), sodium formate (0.15 mmol, 0.010 g, 1.5 equiv.), 4CzIPN (.0001 mmol,
0.0008 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.015 mmol, 0.0053 g, 15
mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.01 mmol, 0.0048 g,
10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was quenched with 1M
HCI (10 mL), extracted three times with ethyl acetate, dried over MgSO4 and concentrated in
vacuo. Dibromomethane (0.1 mmol, 7.0 pl, 1.0 equiv.) was added to the crude reaction mixture
as an internal standard and the sample was analyzed via 'H NMR (d = 5 s), and the integral

values were used to calculate product yield (80% yield by NMR).!8

Note: Vinyl bromides suffered from issues with scalability/purification in this transformation, as
such this reaction was performed on a 0.1 mmol scale and yield was determined via '"H NMR

using CH2Br; as an internal standard..

'H NMR (400 MHz, DMSO-de) § 12.06 (s, 1H), 6.86 (m, 1H), 2.17-2.09 (m, 4H), 1.61-1.47 (m,

4H).
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Benzo|[d][1,3]dioxole-5-carboxylic acid (19): Prepared according to the general procedure using
5-bromo-1,3-benzodioxole (0.5 mmol, 60 ul, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5
equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide)
(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II)
bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the
reaction was quenched with 1M HCI (10 mL), extracted three times with ethyl acetate, dried over
MgSO4 and concentrated in vacuo. The crude reaction mixture was purified by silica
chromatography purified by silica chromatography (20-30% EtOAc/hexanes + 1% AcOH as the
eluent) to afford the title compound as a white solid (0.055 g, 66% yield). The physical and
spectral properties were consistent with the reported values. '

'"H NMR (400 MHz, DMSO-ds) 6 12.76 (s, 1H), 7.54 (dd, J = 8.3, 1.7 Hz, 1H), 7.36 (d, J = 1.7

Hz, 1H), 7.00 (d, J = 8.1 Hz, 1H), 6.12 (s, 2H).

D
HO,C N

Bn

1-benzyl-1H-indole-6-carboxylic acid (20): Prepared according to the general procedure using
1-benzyl-6-bromo-1H-indole (0.5 mmol, 0.143 g, 1 equiv.), sodium formate (0.75 mmol, 0.051
g, 1.5 equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-
bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-
2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5
mL). After 16 hours the reaction was quenched with 1M HCI (10 mL), extracted three times with
ethyl acetate, dried over MgSO4 and concentrated in vacuo. The crude reaction mixture was
purified by silica chromatography purified by silica chromatography (10-30% EtOAc/hexanes +

1% AcOH as the eluent) to afford the title compound as a light yellow solid (0.063 g, 50% yield).
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The physical and spectral properties were consistent with the reported values.
'"H NMR (400 MHz, DMSO-d¢) 6 12.57 (bs, 1H), 8.05-8.04 (m, 1H), 7.77 (d, J = 3.0 Hz, 1H),
7.63-7.61 (m, 2H), 7.31 (t,J = 7.1 Hz, 2H), 7.25 (t,J = 7.4 Hz, 1H), 7.16 (d, ] = 7.4 Hz, 2H),

6.59 (dd, J=3.1, 0.9 Hz, 1H), 5.53 (s, 2H).

13C {IH} NMR (100 MHz, DMSO-ds) 5 168.2, 138.1, 135.1, 132.8, 131.8, 128.6, 127.4, 126.7,

123.5,120.2, 120.1, 112.2, 101.4, 49.2.
HRMS (APCI) m/z: [M+H] calcd. for C16H1402N, 252.1019, found 252.1015.

Rt: 0.49 (30% EtOAc/Hexanes + 1% AcOH)

HO,C N\

1-((2-(trimethylsilyl)ethoxy)methyl)-1H-indazole-6-carboxylic acid (21): Prepared according
to the general procedure using S5 (0.5 mmol, 0.143 g, 1 equiv.), sodium formate (0.75 mmol,
0.051 g, 1.5 equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-
bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-
2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5
mL). After 16 hours the reaction was quenched with 1M HCI (10 mL), extracted three times with
ethyl acetate, dried over MgSO4 and concentrated in vacuo. The crude reaction mixture was
purified by silica chromatography purified by silica chromatography (10-30% EtOAc/hexanes +
1% AcOH as the eluent) to afford the title compound as a light yellow solid (0.066 g, 66% yield).
The physical and spectral properties were consistent with the reported values.!

'H NMR (400 MHz, DMSO-de) & 13.13 (bs, 1H), 8.35 (d,J = 1.1 Hz, 1H), 8.25 (d, J = 1.0 Hz,
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1H), 7.89 (dd, ] = 8.5, 0.8Hz, 1H), 7.75 (dd, ] = 8.4, 1.3 Hz, 1H), 5.85 (s, 2H), 3.51 (t, ] = 8.1

Hz, 2H), 0.79 (t, ] = 7.9 Hz, 2H), -0.13 (s, 9H).

13C {'H} NMR (100 MHz, DMSO-ds) 5 167.5, 139.2, 134.1, 128.9, 126.7, 121.5, 121.0, 112.0,

76.9,65.6,17.1,-1.2,-1.4,-1.7.

HRMS (APCI) m/z: [M+H] caled. for C14H210sN,Si, 293.1316, found 293.1313.

R: 0.52 (30% EtOAc/Hexanes + 1% AcOH)
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Methyl-2-octylbenzoate (10)
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(E)-N-phenethylbut-2-enamide (S15):
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Ethyl (E)-3-cyclopropylacrylate (S16)
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2-methyl-4-oxo-4-(phenethylamino)butanoic acid (30)
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3-cyano-2-methylpropanoic acid (31):
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[4,4°-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (S2):
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3-methylbenzoic acid (5)
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3-methoxybenzoic acid (7)
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3-cyanobenzoic acid (9)
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3-(hydroxymethyl)benzoic acid (11)
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3-acetylbenzoic acid (12):
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3-sulfamoylbenzoic acid (14):

DMSO — 400.15
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3-chlorobenzoic acid (16)

DMSO — 400.15
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Cyclohex-1-ene-1-carboxylic acid (18)
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ic acid (20)

1-benzyl-1H-indole-6-carboxyl
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1-((2-(trimethylsilyl)ethoxy)methyl)-1H-indazole-6-carboxylic acid (21)
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