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ABSTRACT

Cole Cruz: Development and Mechanistic Studies of Photoredox Systems
(Under the direction of David A. Nicewicz)

Herein is described the development of a novel methodology utilizing photoredox
catalysis along with a corresponding mechanistic analysis of this method. Additionally, the
results of a mechanistic study of a separate methodology are also reported, revealing important
details about the design and stability of photoredox dyes.

The development of a photoredox-mediated Newman-Kwart rearrangement is first
described. This work was conducted jointly with Dr. Andrew Perkowski. The Newman-Kwart
Rearrangement is a reliable methodology for the synthesis of aryl thiols. However, the extreme
thermal energy required for the reaction presents a challenge for heavily modified substrates. The
development of a mild set of reaction conditions represents an advancement in this field and
allows for the facile synthesis of previously difficult to access substrates.

Following the development of the methodology, an investigation into the factors affecting
reactivity was achieved. Through a combination of spectroscopic and kinetic analyses the
photoredox Newman-Kwart rearrangement was found to strongly couple reactivity with substrate
electronics. Furthermore, the reactive intermediate was characterized as a thione cation-radical
which is best described as a thiyl-radical. Using thermochemical data, a predictive model for
successful rearrangement was developed and displays excellent agreement with experimental

results.



Finally, the elucidation of key reaction dynamics for an arene C-H functionalization
reaction mediated by photoredox catalysis is described. Importantly, both the reaction
mechanism as well as important factors governing catalyst efficiency were discovered. The
understanding of this reaction manifold could allow for the development of other methodologies
that access additional important structural motifs. More broadly, the results concerning
acridinium stability and efficiency could be used to improve reactivity in a number of

photoredox systems, not just those related to oxidative arene functionalizations.
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CHAPTER 1: OVERVIEW OF PHOTOREDOX CATALYSIS AND RELEVANT
PHOTOPHYSICAL PROPERTIES

1.1 Photophysical and Electrochemical Terms Important in Photoredox Catalysis
1.1.1 Photoredox Catalysis

In recent years there has been renewed interest in studying the chemistry of highly reactive
odd-electron intermediates.’® A number of methodologies, taking advantage of highly active
radical species, have been utilized towards developing powerful C-H functionalization systems.
Concurrently, the field of photoredox catalysis has seen a surge in activity due to the ability to
access reactive odd-electron species.*”” While these intermediates are derived from high-energy
pathways their reactivity has shown a remarkable ability to be predicted and controlled to afford
novel transformations. As a result of this surge in discovery a plethora of new transformations
have been discovered that have already shown utility in industrial processes.®

Common catalysts used for photoredox catalysis include polypyridyl ruthenium and iridium-
based catalysts due to their high reactivity at low loadings (Figure 1.1) .> Low cost alternatives
have been developed due to the high cost of these metals.®*° Considerable efforts have been made
to synthesize and characterize organic analogues that display similar photophysical and
electrochemical properties. However, many of these substitutes, as well as the ruthenium and
iridium complexes they are based on, are unsuitable to use for a wide range of organic compounds.
This is due to an energetic mismatch between photoredox catalysts electrochemical potentials

(E"112) and organic compounds reduction potential (E1/).!*



2+

= tBU~ =
= =
= =
3 >
tBu
FsC
Ru(bpy); Ir[dF(CF3)ppyl,(dtbbpy)
Eq/2 (R"/ Ru'") = 0.86 V vs. SCE Eqj2 (I /1) = 1.21 V vs. SCE
E1j2 (Ru"/ RuM) = -1.33 V vs. SCE Eq/2 (I / 1) = -1.37 V vs. SCE
t=1100 ns t=2300 ns
NCQCN
AL
i i Me-Mes-Acridinium
2CzIPN (Fukuzumi's Catalyst)
Ei/2 (PC"/ PC) =1.36 V vs. SCE E1/2 (Acr’/ Acr) = 2.18 vs. SCE
Ey/2 (PC/PC') =-1.51 V vs. SCE Ei/2 (Acr/ Acr’) = -0.49 V vs. SCE

Figure 1.1. Examples of organometallic and organic photoredox dyes with relevant
electrochemical and photophysical data, when available. All potentials were obtained in
MeCN solutions.

1.1.2 Background of Electron Transfer and Photoinduced Electron Transfer

In the most general sense a photoredox catalyzed reaction is characterized by a redox reaction
that is driven, or facilitated by, the absorption of a photon. As a result, any discussion of
photoredox catalysis should include the relevant electrochemical values for reduction and
oxidation of the catalyst and substrate.* The free energy change for single electron transfer is given
by Equation 1.1., where F is the Faraday constant (23.06 kcal mol! V1) and E1/2(A/A.-)
corresponds to the reduction potential for single electron reduction (Ereq) of a generic acceptor
molecule A. E1/2(D++/D) corresponds to the reduction potential for single electron oxidation of
a generic donor molecule D. As this value corresponds to an oxidation event, it is commonly

referred to as an oxidation potential (Eox) however the two terms are often used interchangeably.



Equation 1.1

AGET= —F(AE)=—F(Ered—Eox) =—F(E1/2(A/A--)—E1/2(D-+/D))

Equation 1.1 outlines the thermodynamics for an electron transfer between two ground state
molecules. However, as the name implies, photoredox catalysis characteristically involves an
electron transfer event between two molecules, one of which in an electronically excited state in a
process known as photoinduced electron transfer (PET). As a result of the extra energy gained
from absorption of a photon, a compounds reduction potential is enhanced!?'® according to
Equation 1.2.

Equation 1.2

AGPET=—F (Eox(D-+/D)—Ered(A/A--))—w— Eo0,0

The excited state energy, Eoo, accounts for the energy gained by a species when it enters an
electronically excited state. The term ® is a term account for the electrostatic energy associated
with charge separation that is induced from Coulombic interactions during the PET event. This
term is often ignored as it has been shown to be highly variant but generally has a small impact on
the overall thermodynamic calculation. Consequently, Equation 1.2 can be simplified and is
routinely used to determine if PET is favorable for a given photoredox process.

For a generic photoredox catalyst, PC, the excited state reduction potential (E*12) for single
electron reduction of PC is given by Equation 1.3. These values can be easily determined for any
PC through cyclic voltammetry!}1# (E12(PC/PC+—)) and absorption / emission spectroscopy (Eo,o).
When characterizing PC via emission spectroscopy it is also necessary to consider from which
excited state (singlet, PC* or triplet, PC®) the emission is occurring. In general, triplet states will
have lower Eop, limiting their redox potentials however other considerations are needed when

evaluating singlet vs. triplet systems.®® Once the desired PC has been identified and characterized



in this way, its likelihood to undergo PET with a suitable donor molecule D can be assessed using
Equation 1.4.

Along the reaction coordinate for a photoredox-catalyzed mechanism, after PET a number of
pathways become operative. The desired transformation can take place, if energetically favorable,
however a number of deleterious pathways also become possible. Given the highly reactive nature
of many of the odd-electron species generated from PET, degradation pathways are important to
consider and try to limit. Most importantly, using Equation 1.1 it also becomes obvious that after
PET, the resulting PCe— and D-+ can undergo back-electron transfer (BET) to afford the starting
species. BET is found to be exergonic for any PET-initiated process and in many cases to a larger
degree.®

This process is ultimately a non-productive pathway and serves to “waste” an absorbed photon of
light, lowering the efficiency of a given photoredox transformation. It is important to consider that the
presence of a thermodynamically favored PET is not indicative of a successful photoredox
transformation. The various reaction dynamics of the generated odd-electron species, such as BET and
other degradative pathways, ultimately determine if a desired transformation will take place. As a
result, great care should be taken when analyzing photoredox mechanisms and efforts should be
directed towards characterizing these “down-stream” pathways, as opposed to focusing solely on the
feasibility of a proposed PET.

Equation 1.3
E*1/2(PC*/PCe—)=E1/2(PC/PCe—) + Eo,0
Equation 1.4
AGpreT=—F(E"1/2(PC*/PCe—)—E ox(D*+/D))
Along with E*1/2(PC*/PCe—) it is also important to consider the lifetime (1) of the excited state

catalyst. While this property does not have any effect on the energetic favorability of PET it is



important when qualifying the relative kinetics between PET and relaxation of PC”. For example,
singlet excited state species (PCY) typically have lifetimes on the order of 1 — 20 ns. As a result,
PET is effectively competing with other non-productive pathways like fluorescence (tf) and non-
radiative decay. Given the short lifetimes of singlet state PC™s PET generally needs to be
extremely rapid (keer ~ 10% — 10° s) in order to effectively compete with these pathways.
Following this trend it is generally considered desirable to have a PC* with a long singlet lifetime,
as well as a high ¢r in order to maximize the likelihood of PET.
In contrast, triplet excited state species (PC?) tend to have much longer lifetimes (20 ns —
1000 ns are typical for organic molecules) as a result of the spin-forbidden nature of relaxation
from these states. As a result, PC2 typically undergo more efficient PET despite their lower
thermodynamic drive forces. Similarly, BET from PC3-mediated PET is also typically slower

due to the same electron-spin constraints.

ot o ot O

Epp= +1.33 +1.49 +1.90 +1.98 +2.05 +2.85

V vs. SCE I I

0.5V 1.0 1.5 2.0 2.5 3.0

,J """"""

[ [Ru( bDY)sl *
*Ru(bpy)s]®*  +1.26

+0.81

2-CzIPN" Mes- Acr Me”
+1.74 + 2.12

Figure 1.2. Reduction potentials of various organic compounds and common photoredox
catalysts.



These factors can partially be attributed to the high reactivity and efficacy of ruthenium and
iridium-based photoredox catalysts as they operate almost exclusively from triplet states.
1.2 Background of Organic Photoredox Catalysis in the Nicewicz Lab
Among organic photoredox catalysts, acridinium-based catalysts represent an attractive
alternative to the metal-based compounds discussed above. Specifically, dyes derived from
Fukuzumi’s catalyst'>?? have been used in a number of systems to great effect in a number of
oxidative processes. These dyes generally feature high E*1/2 values (~ 2.20 V vs. SCE) which
renders them uniquely effective at oxidizing a wide range of organic molecules. Indeed, most
common olefins and arenes possess E1/2(D-+/D) values > 1.5 V vs. SCE1}, rendering them
incompatible with many photoredox catalysts.
Me Mes-Acr-Me* (5 mol %) y Me
Me)\/TPPhh 0.2 equiv. thiophenol Mewph
DCE, 450 nm LEDs O Ph

HO

Ep/2: +1.95V vs SCE

R Mes-Acr-Me* (5 mol %) R!

3
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Figure 1.3. Examples of anti-Markovnikov hydrofunctionalization reactions developed in
the Nicewicz lab.



The work of the Nicewicz lab'*?*2° has focused almost exclusively on developing new
transformations using these powerful dyes. The anti-Markovnikov functionalization of olefins
using a number of nucleophiles has been shown.?®-?® This reaction manifold features the use of
two different catalytic systems: a photoredox-pathway initiated via an acridinium dye and a
hydrogen atom transfer (HAT) process utilizing an aryl thiol. A general mechanism is given in
Figure 1.3 and is presumed to be shared amongst all anti-Markovnikov hydrofunctionalization
reactions using polar nucleophiles.®

As a result of the high oxidizing potential of acridiniums, the olefin substrates can undergo
exergonic PET with Acr” to afford the corresponding olefin cation-radical and acridine radical
Acr-. These intermediates are rendered highly electrophilic due to the open-shell © system and
undergo nucleophilic capture rapidly.®* This event furnishes, after deprotonation, a radical species.
The regioselectivity of this process is determined by the relative stabilities of the radicals derived
from the olefin. In the presence of a suitable HAT donor, such as thiophenol, this radical can be
captured to furnish the anti-Markovnikov adduct. Turnover of both the acrdinium catalyst as well

as the thiol co-catalyst is achieved via electron transfer from Acr- and the thiyl radical.
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Figure 1.4. Proposed catalytic cycle for the acridinium-mediated anti-Markovnikov
hydrofunctionalization of olefins. Steps 2, 4 and 5 have been observed spectroscopically.

A wide range of olefin substrates are compatible in this system from simple aliphatic tri-
substituted olefins to electron-rich styrene derivatives. A range of halide, oxygen and nitrogen-
containing nucleophiles have been shown to be competent coupling partners in these systems,
offering access to valuable derivatives in a single, efficient step. Additionally, this reaction
manifold can be modified to afford heterocycles via a polar-radical crossover cycloaddition
(PRCC).3%3* Under these processes, a nucleophile containing a pendant m-system, generally an
olefin, can undergo an intramolecular radical cyclization following nucleophilic capture (but prior
to the HAT step). This cyclization affords the heterocyclic skeleton and, following HAT, furnishes
the desired products. Using this methodology, a number of heterocycles, including lactones and
lactams, can be synthesized rapidly in a convergent fashion from easily obtained precursors.

These reactions are known as redox-neutral transformations as there is no net change in the
oxidation state of the molecule. We have also developed net-oxidation reactions using acridinium

dyes in the development of various arene C-H functionalization reactions.®>" These systems,



along with previous examples from Fukuzumi!®!® have shown that appropriately electron-rich
arenes can undergo coupling reactions with a number of nucleophiles. These transformations have
allowed for the rapid synthesis of useful aryl frameworks that are commonly featured in

pharmaceuticals.
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Ph > 20 mol% 4—MeO—'P.hSH Ph
| 4 20 mol% 2,6—Luhd|ne= o
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]/ . $= 15 mol % 2,6-lutidine 2 o
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R " CH,Cl, [0.08 M], rt, 24 h o
450 nm LEDs R

Figure 1.5. Examples of PRCC reactions developed in the Nicewicz lab.

In asimilar process to the anti-Markovnikov hydrofunctionalization, the reactions are proposed
to proceed via PET from the arene substrate to Acr”to furnish the arene cation-radical (Figure
1.5). This intermediate can then be captured by an appropriate nucleophile to furnish a
cyclohexadienyl radical intermediate. In the presence of a suitable oxidant, Oz in almost all cases
thus far, this species can undergo a formal oxidation to afford the rearomatized coupled product®®.
The acridinium catalyst can then be regenerated via electron transfer from Acr- to Oa.
Consequently, this transformation represents a net two electron oxidation of the arene substrate
and reduction of O to formally produce HOOH. The study of this mechanism will form the basis

of one chapter of the present work.
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Figure 1.6. Photoredox-catalyzed arene C-H amination developed in the Nicewicz lab.

In order to better design photoredox catalyzed systems it has become necessary to
undertake studies of the elementary steps of these processes. Importantly, throughout the
development of acridinium-mediated systems it has been observed that the structure of the
acridinium dye has a large impact on reaction efficiency. Specifically, for the transformation
displayed in Figure 1.5, the tert-butyl acridinium catalyst displays drastically higher yields than
the unsubstituted derivative Mes-Acr-Me. Obtaining a better understanding of the effect that
catalyst structure has on reaction efficiency could allow for the development of transformations
that would otherwise be unlikely. Our efforts towards this goal are reported in the following

chapters.
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CHAPTER 2: DEVELOPMENT OF A PHOTOREDOX-MEDIATED NEWMAN-
KWART REARRANGEMENT

Reproduced in part with permission from Perkowski, A. J.; Cruz, C. L.; Nicewicz, D. A. J. Am.
Chem. Soc. 2015, 137, 15684-15687. Copyright 2015 American Chemical Society

2.1 The Importance of Aryl Sulfides in Bioactive Molecules and Their Synthesis

The aryl sulfide moiety is a common motif in naturally occurring bioactive compounds as
well as pharmaceutical and agrochemical agents (Figure 2.1.). A variety of chemical tools have
been developed as a means of establishing this important functionality. These methodologies
include simple alkylation reactions of aryl thiolates, trapping of organometallic reagents with
electrophilic sulfur sources?, cross-coupling manifolds®, and rearrangement reactions like the
Smiles or Newman-Kwart rearrangements. The formation of aryl sulfides from thiophenol
derivatives and alkylating agents is perhaps the simplest method however suffers from a low

availability of chemically diverse thiophenol derivatives.
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Figure 2.1. Examples of bioactive molecules containing an aryl-thiol linkage.

Instead, organometallic cross-coupling reactions between an aryl halide and thiol nucleophile
represent an attractive alternative to rapidly construction aryl sulfides with diverse structures.
Despite the similarity to other cross-coupling methodologies, e.g. the Buchwald-Hartwig
amination, thiol cross-couplings have not been explored as extensively. One possible reason for
this lack of chemical investigation is due to a lack of suitable catalytic systems. Common cross-
coupling systems include late-transition metal catalysts featuring phosphine-ligated Pd, Cu or Ni
complexes. These metal-ligand combinations have shown to be extremely effective for cross-
coupling reactions, however, thiols are known to form unfavorable complexes with these metals.

Thiols, or thiolates, can displace dative phosphine ligands, critical for cross-coupling activity,
to form metal-thiolate complexes that show drastically reduced activity or are simply inactive.
Thus, suitable catalytic systems for aryl-thiol cross-couplings require suitably strong ligands that
cannot be displaced by the thiol substrates. An early example demonstrating the success of this
strategy employed small loadings of Pd with a bulky, electron rich phosphine ligand (JosiPhos)3.

Using this catalytic system, it was shown that a variety of alkyl and aryl thiols could be cleanly
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coupled to aryl halides, or pseudohalides, in good to excellent yields. Importantly, a hydrogen
sulfide equivalent, TIPS-SH, was shown to be a competent nucleophile under these reaction
conditions. Use of this reagent would allow for the straightforward synthesis of aryl sulfides for
which either the appropriate electrophilic or nucleophilic coupling partner could not be easily
obtained.

2.2 The Newman-Kwart Rearrangement: A Brief History

An attractive alternative to cross-coupling methodologies for the synthesis of aryl thiols is the
Newman-Kwart rearrangement (NKR).*® This transformation can formally be described as the
synthesis of a thiophenol derivative from the corresponding phenol (Figure 2.2). Phenols are
common chemical feedstocks and as a result more derivatives exist for purchase. Consequently,
syntheses of aryl alcohols, for which there exist more methods for construction, constitute formal

syntheses of aryl thiophenols through the NKR.

Figure 2.2. Representative synthetic sequence for thiophenols utilizing Newman-Kwart
Rearrangement.

S
Me NaOMe / MeOH

R©/OTNM62 Cl)LNMeg R©/O\ITNM62 A, R©/S\n,N 2 o R@SH
S Base S o) LiAIH4

A typical reaction sequence for the overall transformation begins with thiocarbamoylation of
the phenol with N,N-thiocarbamoyl chloride, a commercially available solid, in the presence of a
base and heating in aprotic media. This generally high-yielding step affords the O-aryl
carbamothioate, generally crystalline solids, which can then be subjected to NKR to form the
desired S-aryl carbamothioate. The thiophenol can then be liberated via methanolysis or
reductive conditions in generally good-to-excellent yields. Alternatively, the disulfide can be

obtained via methanolysis under an O, atmosphere. The NKR overall represents a three-step
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synthetic sequence, however, the thiocarbamoylation and cleavage steps are generally high and
thus synthetically useful .®

First reported in 1966 by Kwart®, the vapor phase rearrangement of O-aryl carbamothioates
was achieved via flash vacuum pyrolysis (FVP). While this represented the first report of the
transformation it was not immediately useful to the synthetic chemist. The apparatus needed for
FVP required specialized glassware and throughput of material in this method was slow. A more
synthetically useful protocol was published the same year by Newman* wherein the rearrangement
could be achieved via batch heating on the benchtop (Figure 2.3). Excellent yields of the S-aryl
carbamothioates could be achieved by heating the O-aryl carbamothioate either as the bulk solid
or in a high boiling solvent like diphenyl ether. Due to the extreme temperatures, reaction mixtures
must be rigorously degassed in order to avoid undesired oxidation products. However, the utility
of the products and the ease of execution makes the NKR an attractive protocol for the synthesis

of thiophenol derivatives.

O NMe, S NMe
IS8 QUERENENS S &
O
/©/S\ITNM62 /©/S\IJNM62 F3C\©/S\ITNMG2
O,N © MeO,C ©

180 °C 220 °C 250 °C
95% 95% 95%
S_NMe, S<_NMe,
2IY oy
Me H MeO
280 °C 290 °C
90% 83%

Figure 2.3. Selected substrate scope of Newman's initial report.

The original report from Newman showed an excellent substrate scope, tolerating both

electron-rich and electron-poor arene substrates (Figure 2.3). One important feature of the
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substrate scope that Kwart reported was a distinct temperature dependence for the rearrangement.
For example, 4-nitro O-aryl carbamothioate X underwent smooth NKR at 180 °C while the 4-
methoxy derivative required prolonged heating at 290 °C. This trend was reliably observed across
electronically-differentiated substrates, with more electron-deficient substrates requiring
substantially lower temperatures for rearrangement. Moreover, substrates with Lewis basic
functional groups could be activated for rearrangement at drastically lower temperatures. For
example, 2 and 4-pyridyl substrates could be acetylated, affording the acyl-pyridinium species in-
situ, and undergo NKR at room temperature. Simple hydrolytic workup afforded the cleaved
pyridine products. Similarly, carbonyl-containing arenes could be activated using boron trifluoride
as a lewis acid and undergo NKR at much lower temperatures.

These observations, also qualitatively comparable to those made by Kwart, supported the
mechanism shown below (Figure 2.4A). Partially inspired by the structurally-related Schonberg’
and Chapman® rearrangements, the O-aryl carbamothioate was proposed to undergo an
intramolecular nucleophilic capture through the carbamothioate moiety. The resulting
Meisenheimer complex, a spirocyclic thiotane, can undergo C-O cleavage to afford the rearranged
S-aryl carbamothioate. The overall transformation has been shown to be favorable due to the
formation of the more thermodynamically stable carbonyl complex from the thione. The extreme
temperatures required for rearrangement can be rationalized due to the enthalpic penalty of
breaking aromaticity as well as the ring-strain induced during formation of the spirocyclic
transition state.

Shortly after the initial publication of the transformation two groups undertook more detailed
mechanistic studies of the NKR. Pizzolato® et al. confirmed initial reports from Newman that the

reaction proceeded via a unimolecular mechanism; kinetic monitoring of the reaction showed
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excellent fitting to a first-order exponential decay. Moreover, Pizzolato undertook Hammett and
Arrhenius analyses of the rearrangement to confirm other features of the reaction. The Arrhenius
analysis suggested that the NKR proceeds through a very high energy transition state (AH* = 39.5
+ 1.5 kcal / mol for the parent substrate) as well as a moderately ordered transition state. It was
also noted that including substitution at the 2 and 6 positions of the arene tended to decrease AS*
(Figure 2.4B), suggesting that the molecular geometry for these substrates was preorganized in
the conformation required for the proposed ipso-nucleophilic capture. These data, combined with
the Hammett analysis affording p = 1.62 vs. o”, offer excellent support for the spirocyclic transition
state proposed by Newman. These results were also supported by a corresponding study published
by Miyazaki®, who also reported a negative crossover experiment which supports the

unimolecularity of the rearrangement.

A) Mechanism for NKR
NM62

o +
R©/O\fSrNM62_> [R‘Sf@ . R©/s\g,NMe2

Mechanism Supported By:
- First-Order Kinetics

- Hammet Studies

- Negative AS*

B) Arrhenius Parameters for NKR
O NMGQ 232.3 OC S NMGQ
R \n/ - r R \fr
S Diphenyl Ether O

AH* AS*
R kcal/mol e.u.

4-CH, 373%15 -60%25
2-CH,  388+%15 -1.7+25
2,6-(CHy), 397+15 -02%2.5

Figure 2.4. A) Experimentally supported mechanism for NKR and B) Relevant
thermochemical data for NKR.

20



Given the utility of the NKR in generating novel aryl thiols a variety of modifications to the
original procedure have been developed in the literature'®'2, Most efforts have, as their main goal,
attempted to either make the extreme temperatures required for NKR more practically amenable
via microwave heating or reducing the temperature altogether via catalytic methods. Microwave
heating has emerged as an attractive method to achieve high reaction temperatures under very
controlled conditions. Heating via microwave allows for a more even thermal distribution
throughout a reaction solution ensuring that there is not a large temperature gradient throughout a
reaction.

A major decomposition pathway observed during NKR is charring of reaction material due to
insufficient heat transfer from the outer edges of a reaction container to the inner volume of
material. As a result, a number of microwave heated NKR systems have been reported in the
literature. These systems'%!! feature excellent tolerance of a variety of functional groups for
NKR and have demonstrated better impurity profiles over traditional batch-heating (Figure 2.5).
One system has also been reported using water as a solvent which is a large improvement over

the traditional solvents used (e.g. NMP and dichlorobenzene) in terms of waste generation.
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Figure 2.5. Selected examples of NKR achieved through microwave heating.

Alternatively, methods towards lowering the reaction temperatures for NKR have been
investigated. Newman initially reported Lewis and Bronsted acid catalyzed systems in his initial
report, vide supra, however these methods are specific to substrates bearing Lewis or Bronsted
basic functional groups in conjugation with the aryl w system. A more general catalytic method
was reported recently by Lloyd-Jones'? utilizing a Pd-based catalytic system (Figure 2.6).

Using a simple phosphine ligand and low loadings of Pd the NKR could be affected at lower
temperatures. For example, an arene bearing a single nitro group undergoes thermal NKR at 180
°C while in the Pd-catalyzed system quantitative NKR was observed at 100 °C. These conditions
represent a dramatic decrease in reaction temperature especially for electron-rich substrates,
which undergoes NKR at 295 °C through batch heating. However, this example also required a
much larger Pd loading (8 mol% vs 2 mol%). Mechanistic experiments supported a catalytic
cycle initiated via oxidative addition into the aryl-O bond followed by reductive elimination to

form the aryl-S bonded product.

22



A) Lloyd-Jones et al. B) Proposed Mechanism
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jon e & S Ps:
o) o) pd" S _NMe
O,N NC — Y +[Pd]
2 mol% [Pd], 2.5 hours 2 mol% [Pd], 4 hours O

NMe,
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S _NM NM .
g e \n’ 2 Mechanism Supported By:
Me O MeO - First-Order Kinetics
4mol% [Pd], 10 hours 8 mol% [Pd], 14 hours - Positive Cross-Over Experiment
90% 92%

Figure 2.6. A) Palladium-catalyzed NKR reported by Lloyd-Jones B) Proposed mechanism

2.3 A Proposed Photoredox-Mediated Pathway

We became interested in developing an alternative catalytic method for NKR as a result of
our groups desire to synthesize thiophenol derivatives. During our analysis of the NKR literature
we concluded that while there were numerous methods to effect the NKR, there was no general
method that favored arenes bearing electron-donating groups. The system developed by Lloyd-
Jones was compatible with this substrate class however featured much higher Pd loading which
makes this process unattractive due to the cost of Pd. We became curious if a catalytic method
could be developed that was more amenable to electron-rich arene substrates.

We postulated that a photoredox-mediated NKR might be possible via single electron
oxidation of an O-aryl carbamothioate using a suitable organic photocatalyst (Figure 2.7). This
would furnish the corresponding cation-radical, a priori designated as an arene-centered cation-
radical, which we believed might lower the barrier for the required intramolecular nucleophilic

capture. This would furnish the S-aryl carbamothioate cation radical at reduced temperatures,
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relative to the traditional conditions, which could undergo single electron reduction by the
reduced form of the photocatalyst, furnishing the product.

O. NMe O. NM S NM S NMe
©/\[Sr 2'_67> \[Sr 62_>\[Or 62+_€>R‘©/\[Or 2

Enhanced
Arene
Electrophilicity?

Figure 2.7. Proposed sequence for cation-radical accelerated NKR.

The proposed mechanism for a cation-radical mediated NKR was initially supported by a
report from Prabhakar®® detailing a study of O-aryl carbamothioates via GC-MS. It was found
that both isocyanate and isothiocyanate fragmentation patterns, respectively generated from S-
aryl and O-aryl carbamothiotes, could be observed in the mass spectra for O-aryl species. A
thermal rearrangement process was ruled out by varying the injection and column temperatures
of the GC, strongly suggesting that the S-aryl carbamothioate fragmentation species were being
generated during ionization in the MS. It was proposed that this ionization produced the O-aryl
carbamothioate cation radical and that rearrangement occurred to generate the S-aryl
carbamothioate cation radical, both of which could then undergo the required fragmentation
processes. Importantly, they noted that when synthesized samples of S-aryl carbamothioates
were analyzed in this method no isothiocyanate fragmentation species were observed, suggesting
that the rearrangement was irreversible. Given these results we became confident that a solution-
phase, synthetically useful photoredox NKR could be developed.

2.4 Initial Studies of a Photoredox Newman-Kwart Rearrangement

In order to begin investigating a photo-redox NKR we identified a model substrate and
photoredox catalyst that we believed would be most suitable for reactivity under our proposed
mechanism. We began our studies by irradiating solutions of O-(4-methoxyphenyl)

dimethylcarbamothioate (2a) with 1.0 mol % 1 using blue light emitting diodes (LEDs). It was
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decided that the methoxy group present in 2a should render the substrate sufficiently oxidizable
by the catalyst 1 based on the high redox potential of 1* (E*12 = 2.30 V vs. SCE) and the ease of

oxidation of methoxy-substituted arenes (as a reference, E12(anisole) = 1.90 V vs. SCE).

After 24 hours, formation of S-(4-methoxypheny) dimethylcarbamothioate 3a was evident via
'H NMR analysis, though appreciable amounts of 2a remained (Table 2.1, entry 1). The more
polar solvents dichloromethane and acetonitrile were tested (entries 2 and 3, respectively), and
complete conversion of 2a was observed after 24 hours. Ease of work-up and purification lead us
to choose acetonitrile as the optimal solvent. No appreciable side products were observed by 'H
NMR analysis of the crude reaction mixture, and a silica plug eluted with 19:1 hexanes/ethyl
acetate was sufficient to provide pure 3a. The reaction was initially found to be relatively tolerant
of ambient oxygen, though further studies were done under anaerobic conditions due to the

propensity of oxygen to react with radical-cation intermediates.

After discovering this initial result additional substrates were synthesized and tested in this
new system. The less-electron rich 4-methyl substituted 2b failed to give detectable levels of
conversion in the system as first tested. It was initially hypothesized that this lack of reactivity was
due to a more difficult oxidation step, as a methoxy-bearing arene is generally more readily
oxidizable than a methyl-bearing arene (e.g. the E;2 of oxidation for anisole and toluene are ~ 1.9
V and 2.3 V, respectively, vs. SCE). Consequently, initial optimization attempts focused on
screening different photooxidants that might improve the efficiency of substrate oxidation. In all
cases no increase in reactivity was observed, suggesting that the lack of reactivity was not due to

inefficient electron transfer.
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Table 2.1. Initial optimization of photoredox NKR.

p-tol
R\©\ s 100molw R\©\ 9 N &
OJLNMQQ B?SLVLeEr;s SJLNMeQ SIE:S\Z\e p-tol IC%/ P!
2 Na(g). 24 hrs 3 c.R=H 1
Entry  Substrate  Solvent Conc. [M] 3:2
1 2a CHCl3 [0.5] 1:2
2 2a DCM [0.5] >19:1
3 2a MeCN [0.5] >19:1
4 2b MeCN [0.5] 1:9
5 2b MeCN [0.12] 1:3
6 2b MeCN [0.06] >19:1
/ 2c MeCN [0.03] 1:1

It was eventually found through additional optimization for 2b that more dilute conditions
resulted in dramatic rate increases. Dilution of the reaction solution from [0.5 M] to [0.06 M]
afforded the rearranged product now in acceptable yields. It was observed that the level of dilution
could be increased to give faster reactivity for 2a, suggesting that substrate concentration might
play an important role for rearrangement of all substrates. The parent O-phenyl
dimethylcarbamothioate 2¢, which features no electron-releasing substituents, reacted poorly even

at more drastically dilute conditions ([0.03 M]) (entry 7).

2.5 Substrate Scope of Photoredox Newman-Kwart Rearrangement
Next, the scope of the reaction was investigated (Table 2.2). Given the observed concentration
dependence, an optimum concentration was identified that would afford 100% conversion within

24 h. In general, more dilute conditions were observed to accelerate rearrangement of all the
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substrates under examination. The O-(2-methoxyphenyl) dimethylcarbamothioate reacted
competently to afford 3d in excellent yield. Additional 2-methoxy substituted substrates underwent
smooth rearrangement providing the propenyl-substituted 3e, allyl substituted 3f, bromo-
substituted 3g, meta and para formyl substituted 3h and 3i, respectively, and the 4-methylester
substituted 3j, all in nearly quantitative yields. The O-(2-formyl-4-methoxyphenyl)
dimethylcarbamothioate also rearranges smoothly to give 3k in good isolated yield as does the O-
(2-formyl-6-methoxyphenyl) dimethylcarbamothioate 31. Benzyl protecting groups are also

tolerated (3m) in good yield as well as thermally-sensitive Boc groups (3n).

The corresponding dimethylcarbamothioate of acetaminophen readily undergoes the O-S
rearrangement, giving the corresponding S-aryl dimethylcarbamothioate 30 in excellent yield. Less
electron-rich groups can also be present, as evidenced by 4-propenyl substituted 3p,
dihydrocinnamyl methyl ester derivative 3q, and biphenyl 3r which all underwent rearrangement
in good to excellent yields (88-98%). It is worthy of note that 3p is produced as >19:1 ratio of £
to Z isomers, despite beginning with a 1:9 E:Z ratio of the propenyl carbamothioate. Given this, it

is notable that the allyl group of 3f does not undergo any detectable isomerization to the propenyl

product 3e. We were also pleased to find that a potassium trifluoroborate salt substrate is also
capable of undergoing the photoredox mediated NKR (3s), providing a handle for further
elaboration using cross coupling techniques. Finally, sterically-hindered substrates derived from

mesitol and (£)-alpha tocopherol also reacted efficiently, giving 3t and 3u, respectively.
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Table 2.2. Substrate scope of cation-radical accelerated NKR.2

S 1 (1.0 mol %) e}
LA g & Wt
0” “NMe, MeCN, Blue LEDs, 57 “NMe,
Ng(g)'24 hrs
MeO M
LA, U j
SJLNMGQ SJLNMGQ SJLNMGQ
3a 3b OMe 44
95%P 79%4 93%P
M X B
M~ 0 o) r o
SJLNMGQ SJLNMGQ SJLNMSQ
OMe OMe OMe
3e 3f 3g
99%P 97%C 96%C
) MeO,C
Nos ke cU Hiun ¥
o)
X S)LNMeQ S)LNMeQ S)LNMeQ
OMe OMe
3h 3i 3
94%P 95%C 95%¢
5 |
MeO BnO
Ui L., O
S)LNMGQ S)LNMSQ S)LNMSQ
OMe
3k 3l 3m
56%C 98%C 93%C
BocHN AcHN M
O, O, T
S)LNMGQ S)LNMQQ SJLNMGQ
3n 30 3p
97%f 88%° 98%C
MeO. Ph KF4B
° m o \©\ o 3 \©\ o
)
SJLNMSQ SJLNMGQ SJLNMGQ
3q 3r 3s
91% 96%C 80%°f
Me Me
Me Iv\eo Me O Meo
S NMe, Me Me Me SJLNMez
Me
3t 3u Me
79%C 99%

i[solated yields, the average of two reactions at 100 mg scale of substrate. ?[0.5 M] substrate
concentration, °[0.12 M] substrate concentration, ?[0.06 M] substrate concentration, °[0.03 M]
substrate concentration with 48 h irradiation, /5 mol% 1
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Unfortunately, O-(2-naphthyl) dimethylcarbamothioate failed to give appreciable
rearrangement, while the regioisomeric O-(1-naphthyl) dimethylcarbamothioate (2v) was a
competent candidate providing 3v in excellent yield (Figure 2.8A). Intriguingly, the propensity
towards rearrangement under thermal NKR conditions is reversed, with O-(2-naphthyl)
dimethylcarbamothioate undergoing O to S aryl migration at 285 °C, while 2v does not undergo
rearrangement under thermal conditions.'*
A) Reversal of reactivity

S 1 (1.0 mol %) O
)iy > N
07 “NMe, MeCN [0.5 M], S7 “NMe,
Blue LEDs,
3v

2v NQ(QJ, 24 hrs

Does not proceed 94%C
thermally

B) Scale-up via flow chemistry

Me Meg TPT (1.0 mol %) Me M&
N MeCN [0.12 M J
07 “NMe, eCN [0.12 M], 7 “NMe,
Blue LEDs,

Me N Me
2 Air, 82 hrs 3t

19.7 g, 91% yield

Figure 2.8. A) Evidence for complementary reactivity of napthyl substrates between
thermal and cation-radical NKR. B) Example of multi-gram scale cation-radical NKR.

The broad substrate scope and practical execution of the photoredox NKR prompted us to
explore simple methods for scale-up. A common obstacle in scaling photochemical reactions is the
development of experimental setups that provide sufficient photon flux to allow for reactivity. On
small scales (typically ~100 mg or 0.5 mmol scale in 2 dram vials as reaction vessels), irradiation
by high-powered LED flood lamps provides sufficient photon flux to achieve high reactivity. At
larger scales (> 1g in round bottom flasks), photon flux becomes severely limiting for reactivity.
In our hands we found that the photoredox NKR afforded inconsistent results on gram-scale

reactions run in round-bottom flasks when irradiated with flood lamps. We attribute this to poor
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light penetration due to the curvature of the glassware and the increased photon flux requirement

due to the increase in reaction volume.

Consequently, we became interested in developing a flow apparatus to overcome this practical
barrier to large scale reactivity. Adopting photochemical reactions to flow processes is inherently
beneficial, due to the increased surface area afforded by flow setups, which would allow for better
light penetration without the need for developing more powerful LEDs. We chose O-(2,4,6-
trimethylphenyl) dimethylcarbamothioate (2t) as a representative substrate to assess the suitability
of this protocol using a flow apparatus (Figure 2.8B). No precautions were taken to exclude
moisture or oxygen and we employed commercially-available triphenylpyrylium tetrafluoroborate
(TPT) as catalyst. Using the optimized conditions, 21.5 grams of 2t underwent smooth
rearrangement to 3t after 82 hours. After chromatography, the desired product was isolated in a

91% yield providing 19.7 grams of 3t.

Despite the success of this system, there are substitution patterns for which rearrangement was
not observed (Figure 2.9). Weakly deactivating groups like a boronate ester (4a) showed
diminished reactivity as well as meta-substituted methoxy substrate (4b), a drastic difference in
comparison to the ortho and para-isomers (vide supra). Monosubstituted haloarenes gave little to
no rearrangement, regardless of halide identity or position. Substrates bearing alkenyl or aryl
substitution ortho to the O-carbamothioate moiety also proved recalcitrant. Additionally, substrates
containing only a single meta substituent showed reduced or no reactivity. As a rough
generalization it appeared that in order to achieve appreciable conversion in the photoredox NKR

a substrate must possess an activating group in either the ortho or para positions.

Having demonstrated the utility and scope of the photoredox NKR we became interested in

further elucidating the mechanism of the transformation. Our working mechanism throughout the
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initial development of the cation-radical NKR is in Figure 2.10. Excitation of 1 by visible light
results in the formation of the highly oxidizing 1" which can feasibly undergo SET upon
encountering the substrate 2, furnishing an arene cation-radical species 5. Rearrangement from this
intermediate affords the S-aryl carbamothioate cation-radical 6 which can undergo reduction to
afford 3. This can occur via SET from either the reduced form of 1 to regenerate the catalyst or

from another equivalent of 2 in a chain-transfer process.
A few key features prompted us to reconsider our initial mechanistic proposal. First, a

S 1 (1.0 mol %) (@]
oL ~ LA
0O NMe, MeCN, Blue LEDs, S NMe,

NQ(g) 24 hrs

Poor Substrates (<20% conversion)9

@ L:L
NMe2 MeO NMe2

1 57 5%

Unsuccessful Substrates?

CH2
PhS
JL OJLNMGQ

4f

@ O@L i, JL
X©\ NMeQTBDPS/©\ NMe2 /©\ NMe2

4j X = 4-Cl
4k X = 4-Br
41 X = 4
4m X = 2-Br

Figure 2.9. Limitations of cation-radical NKR.

definitive explanation for why certain substrates display excellent reactivity in the present system
while others show none. The drastic concentration dependence on reactivity could not be explained
by a simple oxidation — rearrangement — reduction sequence of events. In order to account for

concentration dependence, we believed that there may exist off-cycle reactivity of one or more
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intermediates. Moreover, this concentration dependence was apparently closely coupled to the
electronic nature of the arene substrate. Under our initial mechanistic proposal, we believed that
more electrophilic arene cation-radicals would undergo rearrangement more easily. Consequently,
substrates bearing less-activating substituents were expected to react more favorably. The observed
reactivity trends suggested that these substrates were in fact the most recalcitrant. These questions

prompted us to re-evaluate our mechanistic proposal through a more thorough mechanistic study.

S ¢*~~ S
L ~
OJLNMe2 ~ \ < OJLNMeQ
1*
5

2

et {{ ; l

1

R R
S)LNMGQ path B S)LNMeQ
[
2

Figure 2.10. Initial proposed mechanism for cation-radical NKR.

2.6 Cyclic Voltammetry of S-aryl Carbamothioates

Initial efforts towards studying the mechanism of the photoredox NKR focused on
electrochemical studies of the O-aryl and the corresponding S-aryl carbamothioate substrates via
Cyclic Voltammtetry (CV). Analysis of 2a and 3a gave several irreversible oxidation waves
(Figure 2.11). Qualitatively, the traces for 2a and 3a appear similar except for an irreversible
oxidation wave with Ep2 = +1.1 V vs SCE present in the CV trace for 2a but absent for 3a. This
irreversible oxidation wave proved to be diagnostic of an O-aryl carbamothioate. A number of

substrates were analyzed by CV and in all cases, even for O-aryl carbamothioates that
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Figure 2.11. CV Traces of relevant carbamothioates. All potentials are recorded vs.
Ag/AgCl in a MeCN solution containing 0.1 M NBusPFe.

do not undergo photoredox NKR, an irreversible oxidation wave was observed at potentials
around +1.1 V vs SCE. Moreover, substrate 4 which cannot undergo rearrangement and lacks
any other w-containing moiety, exhibits an oxidation wave at +1.1 V vs. SCE nearly identical to
the O-aryl substrates tested. This data suggests that oxidation of the thiocarbonyl moiety, rather
than the arene, is likely involved in the rearrangement. This is in agreement with previous work®®
carried out in our laboratory into the cyclization of thioamides onto pendant alkenes. It was
found that thioamides, bearing unoxidizable pendant olefins, still afforded the cyclized products.

To account for this reactivity, it was proposed that reactivity for these substrates was the result of
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thioamide oxidation as opposed to olefin oxidation. It seemed reasonable that a similar
conclusion, given our CV data, could be drawn in the photoredox NKR.
2.7 Stern-Volmer Quenching Analysis of O-aryl Carbamothioates

Having shown that oxidation of all O-aryl carbamoathioate substrates should be feasible by
the photooxidant 1 based on electrochemical considerations, we became curious if reactivity in
this system was dominated by quenching interactions with the photocatalyst. While the
electrochemical data would suggest facile PET, observing dynamic quenching of the excited state
catalyst, 1", would provide strong evidence for the intermediacy of a cation-radical intermediate.®
Moreover, we were curious if there existed a difference between the quenching characteristics of
successful and unsuccessful substrates. If unsuccessful substrates were found to quench 1" less
efficiently then this would suggest that efforts to expand the substrate scope should be directed
towards maximizing catalyst — substrate interactions.

A series of O-aryl carbamothioates were tested as potential quenchers of the pyrylium
photocatalyst (Table 2.3). All substrates tested were found to be effective quenchers of pyrylium
fluorescence. The quenching constants, kg, for all O-aryl carbamothioate substrates tested were
found to be within the same order of magnitude, near the diffusion limit in acetonitrile, though did
vary by 15% depending on the identity of the R-group in the 4-position. This variation, however,

was not found to fit well with any linear free energy relationship.
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Table 2.3. Results of pyrylium fluorescence quenching by various O-aryl carbamothioates.

Ksy (M) kg (MTs7) Eps2 (V vs. SCE)
/©/O\[rNM62 77.8 1.68x 100 1.20
S 2a
MeO
/@oWNMeQ 70.6 1.59 x 10'° 1.18
2b
Me >
/[j/o\n/m,\e2 63.4 1.50 x 100 1.21
2c
H S
/©/O\[rNMe2 58.0 1.30 x 100 1.15
20
ACHN >
/©/O\H/NM62 74.9 1.68 x 100 1.09
2r
Ph >
76.7 1.72 x 100 1.21

A poor correlation between the electronic nature of R group and ksy could be observed through
a Hammet-type analysis against ¢ values, and no correlation could be observed when plotted
against o* (Figure 2.12).!7!8 These findings suggest that the electronic identity of the aryl
component of the carbamothioate does not have a significant impact in the quenching event
between substrate and photocatalyst. Moreover, given that all quenching rates were found to be
within the diffusion limited region, quenching of the photocatalyst is unlikely to be the limiting

factor in predicting successful reactivity.
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Figure 2.12. Hammet plot vs. for the series of carbamothioates tested from table 1. The
dotted line represents an attempted linear fit (R? = 0.0034)

Two mechanistic possibilities, among others, that account for dynamic quenching of the
photocatalyst fluorescence are electron transfer or energy transfer events and both pathways might
be responsible, a priori, for the photochemical rearrangement.'® In order to confirm that oxidation
of aryl carbamothioates in solution phase'? leads to productive rearrangement we turned to potent,
ground state oxidants. An attractive oxidant for this is the stable aminium cation-radical salt, which
possesses a reduction potential similar to that of the aryl carbamothioates.? Thus, treatment of
carbamothioates 2d or 2f with a catalytic amount of aminium results in productive formation of
the S-aryl carbamothioate, albeit in low conversions (Figure 2.13). As aminium is a ground state

oxidant, rearrangement through an excited state can be excluded.

Given this data we believe that quenching of the chromophore by the carbamothioate substrate
occurs through an SET process and generates a cation-radical intermediate that undergoes
rearrangement. The SET event occurs mainly from the thione moiety, with minimal involvement

of the arene system, resulting in a cation-radical species with charge and spin density localized in
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the thione moiety. We then became curious about how best to characterize this cation-radical

species and if its characterization could help explain some of the features of the cation-radical

NKR.
OMe OMe : Aminium Salt
O _NMe, Aminium Salt (50 mol%) S NMe, ' Eip =117V (vséCE)
hig DCM. 1. 20ms A g : .
S O . Ar\N,Ar
: 1
2d 31% : @ Ar SbFg
- P Ar=
O _NMe, Aminium Salt (50 mol%) - S NMe, ;
/©/ \lsf DCM, r.t., 20 hrs /©/ \g/ .
Ph Ph : Br
2 10% :

Figure 2.13. Cation-radical NKR initiated by a ground-state oxidant.

2.8 Carbamothioate-Mediated Olefin Isomerization Promoted by Photoredox Catalysis

In our initial communication we reported that an aryl carbamothioate 2p underwent NKR under
photoredox conditions.?! We also noted that the olefin in 2p underwent isomerization during the
course of the reaction. Substrate 2p was synthesized as a 9 : 1 Z : E mixture of isomers, however
the NKR product was obtained as a 1 : 19 Z : E mixture. We were curious to discern the pathway
through which this isomerization takes place during the reaction and if this pathway could offer

evidence concerning the reactivity of the thione cation-radical intermediate.

Control experiments confirmed that no isomerization occurred during irradiation without the
pyrylium chromophore, ruling out a direct sensitization mechanism of isomerization. Monitoring
the olefin isomer ratio during the course of the reaction (Figure 2.14A) revealed that isomerization
had occured prior to significant product formation and the geometric isomers reached equilibrium
(i.e. 1 : 19 Z : E) after only ~10% conversion. Thus, the isomerization process occurs after
quenching the excited chromophore but prior to the O-S aryl migration event and is evidently much

faster than the re-arrangement process.
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Figure 2.14. Experiments investigating olefin isomerizations during cation-radical NKR.
All reactions run with 1.0 mol% pyrylium (1) loading. A) Time-course profile of olefin
isomerization during cation-radical NKR. B) Isomerization of a carbamate under cation-
radical NKR conditions. C) Inhibition of NKR by added olefin.

Pyryliums have been shown to affect the isomerization of olefins via both electron transfer and
energy transfer pathways.”>>> However, given our CV and quenching data we believed that
buildup of charge and spin density in, and weakening of, the olefin moiety to be unlikely. Also,
energy transfer from either singlet or triplet excited states of 1* should be unfavorable, as the singlet
and triplet energies of styrenes are much greater than that of 1. Moreover, irradiation of carbamate

derivative 8 in the presence of pyrylium showed a small degree of isomerization, though never
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reached the ratio observed for the carbamothioate analog (Figure 2.14B). However, the carbamate
substrate was observed to undergo complete isomerization when a stoichiometric amount of
thiocarbamate 4j, which does not undergo rearrangement under the reaction conditions, was added
to the solution. We reason that while SET or sensitization of a styrene may result, in some cases,
in olefin isomerization, it is not the operative mechanism for isomerization observed for 8 or 2p.
Furthermore, isomerization must be an intermolecular process and is dependent on the presence of

an O-bound carbamothioate, suggesting a bimolecular reaction with the thione cation-radical.

We were curious if this O-aryl carbamothioate mediated olefin isomerization process could be
a general process. This could represent a catalytic isomerization of olefins when such substrates
are synthesized in an unselective fashion. We subjected styrene derivative 9 to irradiation in the
presence of the pyrylium and found the isomer ratio essentially unchanged. When the
carbamothioate substrate 2a was added, isomerization of the styrene was again observed with no
other styrene-derived species having been formed (Figure 2.14C).?® The carbamothioate was also
found to have rearranged to the S-aryl product in 28% conversion. These equilibrations did not

occur when the pyrylium or blue light were omitted from these mixtures.

The lack of olefin isomerization in both 8 and 9 when irradiated in the presence of pyrylium
suggests that oxidation does not result in stereomutation for p-alkyl styrenes.?” The equilibration
observed only in the presence of carbamothioates suggests the formation of a reactive intermediate
by SET between the pyrylium and 1. We believe this species to be the thione-centered cation-
radical 1%, which in light of these results can best be described through the resonance shown?®,

with significant spin density on the sulfur-atom (Figure 2.15A).

Thiyl radicals are known to induce isomerization in lipids and have been shown to give

thermodynamic ratios of olefins.?*3! We observe the same stereomutation when 9 is irradiated in
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Figure 2.15. Reactivity of aryl carbamothioate radical. A) Classification of O-aryl
carbamothioates as thione-centered cation radicals with thiyl radical character. B)
Proposed mechanism for O-aryl carbamothioate cation-radical mediated olefin
isomerization.

the presence of phenyl disulfide (see supporting information). We have shown previously?’ that
irradiation of phenyl disulfide with blue LEDs results in homolytic cleavage of the disulfide bond,
forming thiyl radicals. Consequently, the stereomutations observed in reactions with
thiocarbamates can best be explained by the significant thiyl-radical character of 1*. Similar
intermediates have been proposed in oxidations of thioamides.*>*> Moreover, we believe
characterizing thione radical cation adducts in this fashion may lead to its use in other
transformations and have implications in other systems such as RAFT-type photopolymerizations

developed by Fors. 3¢

A mechanism to rationalize the isomerization is shown in Figure 2.15B.3! Upon formation of
17, radical addition from the sulfur center onto the styrene results in the formation of a benzylic

radical species. This species now allows for rotation around the alpha and beta positions, forming
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conformers s-trans and s-cis. Collapse from either of these benzylic radicals reforms the styrene
and 1*. The trans-styrene is formed from collapse of s-trans and the cis-styrene is formed from
collapse of s-cis. The isomer distribution reflects the relative stabilities of each species as a result

of the differing steric environments.

During the isomerization of 9 in the presence of 2a, the carbamothioate was found to rearrange
in 28% conversion. In the absence of the styrene, under similar conditions, 2a proceeds cleanly to
the NKR product 3a in quantitative yield. From this we conclude that the olefin inhibits the cation-
radical NKR from proceeding, however this may simply be due to competitive quenching of the

photocatalyst.

2.9 Kinetic Studies of Photoredox Newman-Kwart Rearrangement

In our initial report we found that lower concentrations favored higher conversions for a number
of substrates. We found that this concentration dependence was especially pronounced for arenes
that lacked strong electron-donating groups. Moreover, we found that in all cases faster

conversions could be achieved at lower concentrations for a given substrate.

For example, methoxy-substituted carbamothioate 2a underwent rearrangement at >95%
conversion in 16 hrs when irradiated at a concentration of 0.5 M but only 10 minutes when diluted
to 0.06 M (Figure 2.16). Conversely, methyl-substituted 2b afforded trace conversion at 0.5 M but
could undergo 76% rearrangement in 24 hours at 0.06 M. In order to probe this concentration

dependence, we performed a series of in-situ IR experiments.

Monitoring the conversion of 2a at a range of concentrations revealed a dramatic rate
enhancement. Indeed, at [0.06 M] the reaction is complete in under 20 minutes, while at [0.25 M]

the reaction took over two hours to complete. To rule-out product-inhibition, the reaction was
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Figure 2.16. Kinetic traces of cation-radical NKR of 2a obtained using in-situ FTIR.
monitored at [0.06 M] with varying amounts of the product added at the beginning of the reaction.

Overlap was good up to a full equivalent of product added (Figure 2.17).

In accordance with the observed rate enhancement, the quantum yield of the rearrangement was
also found to increase at higher dilutions. The increase in quantum yield was found to be nonlinear,
suggesting that the reaction efficiency is impacted by multiple chain-terminating pathways
initiated by substrate (Figure 2.18). This is an important distinction to make in photoredox-
catalyzed processes. While the elementary step for PET is not reversible itself, due to extremely
high barrier of molecular excitation, the overall electron transfer process is reversible. The reduced
catalyst and the cation-radical intermediate can react and undergo BET. This is a chain-terminating
process, effectively wasting a photon used to initiate the reaction and lengthening the time required

to achieve full conversion. Efforts to increase photoredox-catalyzed processes can thus increase
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Figure 2.17. Kinetic traces showing lack of product-inhibition in cation-radical NKR.
Traces obtained via in-situ FTIR.

efficiency by either limiting unproductive BET or determining what factors govern the rate of the

productive elementary steps.

Rate enhancement upon dilution would suggest, mechanistically, either substrate or product
inhibition. Reactions with added product show good overlap under these conditions, suggesting

that product inhibition can be ruled out. Catalyst deactivation may play a role at late stages of the
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reaction, as time-adjusted overlays of the [0.12 M] and [0.25 M] data sets show poor overlap (see
SI). However, at all time points a large divergence in rate is observed suggesting that substrate

inhibition plays a role in this mechanism.

One possible mode of substrate inhibition would involve static quenching of the chromophore
by the substrate. This quenching interaction would lead to inactivation of the catalyst. Steady-state
fluorescence quenching experiments showed a linear quenching profile, suggesting that dynamic
quenching is the only operative mechanism of chromophore quenching (vide infra).'® Thus, the
concentration dependence is instead the result of post-quenching interactions which could be

explained in two ways.

First, lower concentrations of 1 would disfavor back electron transfer from the reduced
photocatalyst to 1* by increasing the likelihood of cage-escape of the reduced pyrylium species
and 1*. This would increase the lifetime of the reactive intermediate and allow it to undergo

rearrangement (Figure 2.19A). Additionally, the formation of an off-cycle intermediate with

44



neutral 1 and cation-radical 1%, would account for substrate inhibition if this adduct can also
undergo back-
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Figure 2.19. Possible modes of substrate inhibition. Counterions omitted for clarity.

electron transfer to furnish (Figure 1.19B). Given the thiyl-radical nature of the cation-radical
intermediate, it is possible that this intermediate takes the form of a disulfide-type adduct. The
formation of sulfur-sulfur adducts between thiyl radicals and thiones has been shown in Barton-
type deoxygenation systems.>’ Lower substrate concentrations would disfavor formation of this

off-cycle intermediate and allow the rearrangement to proceed. It is also possible that this
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intermediate can undergo reduction by the reduced catalyst, which would presumably cause it to

fragment to give two equivalents of the neutral O-aryl carbamothioate.

Since it has now been shown that substrate concentration plays a role in preventing the
formation of chain-terminating intermediates, we also became curious about factors influence the
rate of rearrangement. An interesting corollary to the observed concentration dependence is that
this trend was also seemingly coupled to the electronic nature of the arene. In our initial report,
substrates bearing less activated arenes required more dilute conditions to achieve high
conversions. For example, substrate 2b bearing only a methyl substrate proceeded in only <5%
conversion at [0.5 M], however upon dilution to [0.06 M] 71% conversion could be achieved. This
is in contrast to the more electron-rich 2a bearing 4-OMe which successfully undergoes

rearrangement at both concentrations, albeit at different reaction rates.

Having established a mechanistic explanation for substrate concentration dependence, we
wondered if the dependence of the reaction on arene electron-density could be explained. We
decided to observe the rates of rearrangement for different aryl carbamothioates (Figure 2.20).
These reactions were run at the same concentration of the different carbamothioates so as to allow
for a qualitative comparison of their rates. The acetamido and methoxy substituted arenes proceed
in roughly the same rates, however drastically longer reaction times are observed for the less

activated phenyl and methyl substituted arenes.

Under a Hammett*® analysis using ¢* as a reference system, it would be expected that the
methyl-substituted arene would react faster (6" = -0.311) than the phenyl-substituted arene (¢* = -
0.179).>° Instead, the opposite trend is observed in the kinetic traces. A suitable explanation for
this reactivity trend can be found instead in the ionization potentials of the arenes. The relevant

parent systems to compare for these two substrates would be toluene and biphenyl. As measured
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Figure 2.20. Hammet-type analysis of cation-radical NKR. Kinetic traces obtained via in-
situ FTIR.

previously by our lab, Ey (in V vs. SCE) is 1.90 V for biphenyl*’ and 2.30 V for toluene.*! Thus,
biphenyl is more readily ionizable than is toluene. This ionizability may be critical in the transition
state for the O-to-S aryl migration event, suggesting that significant charge density is building up
in the arene system. This charge buildup is better described as cation-radical formation rather than

carbocation formation, as the 6" values do not accurately reflect the relative reaction rates.

Under our first mechanistic proposal we believed this electronic dependence to be the result of
a more feasible oxidation for more electron-rich arenes. However, as a result of the quenching
studies, we believe this to be an insufficient explanation for the observed reactivity. Instead, we
believe that the electronic-dependence is partially the result of a rate-determining intramolecular

cyclization of the phenyl ring onto the thiyl-radical moiety of the cation-radical intermediate. In
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order to observe such a high dependence of rate on the electronics of the arene, this transition state
must feature a highly polarized arene system. This suggests that the intermediate after cyclization
features charge-density centered in the arene and that during the transition state there is significant
charge transfer*? from the arene to the thione moiety, ultimately resulting in heterolytic cleavage
of the aryl-O bond. This step becomes slow for less activated arenes due to their lowered
ionizability, allowing for competitive back-electron transfer to become more domninant and

decreasing reaction efficiency.

2.10 An Adjusted Mechanism for Photoredox Newman-Kwart Rearrangement

In the previous sections we provided evidence supporting the formation of a thione-centered
cation radical upon SET from the O-aryl carbamothioate substrates to the pyrylium chromophore.
These results showed that formation of this species is both required for rearrangement and for oft-
cycle interactions. Quenching studies and olefin isomerization suggested that the species can be
characterized in part as a thiyl radical. Consequently, we favored amending our mechanistic

representation of the reaction to that shown in Figure 2.21.

Excitation of the pyrylium results in a potent excited-state oxidant and quenching of the
chromophore by 2 results in formation of intermediate 5 and the pyranyl radical. The
rearrangement proceeds from intermediate 5 involving an O-S migration event. This activated
complex shares characteristics of the classical NKR transition state, namely, the disruption of
aromaticity and the formation of a spirocyclic thiotane ring. However, given the electron deficient
nature of the thiyl radical intermediate and the results of the Hammet experiments it seems more
likely that this migration would be analogous to an SgAr event, in contrast to the SNAr character
of the thermal NKR. Heterolytic scission of the O-aryl bond in the activated complex gives rise

to intermediate X which has cation-radical character localized in the arene. Subsequent reduction
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furnishes the desired S-aryl product. Reduction can be achieved via SET from the pyranyl radical
or another equivalent of substrate.*’ In light of the lack of a significant product inhibition, despite
its capability of quenching the photocatalyst, we believe that chain propagation must be a possible

propagation pathway.



The formation of off-cycle intermediates is supported by the concentration dependence studies.
These intermediates serve to decrease the concentration of active chains at any given point during
the reaction. Moreover, these intermediates must also be capable of oxidizing the pyranyl radical.
This terminates the chain, returning the system to the beginning of the catalytic cycle and results
in a wasted photon, thus lowering reaction quantum yield. This effect becomes more pronounced
as the rate of rearrangement becomes increasingly slow for substrates bearing less activated arenes.
Thus, in these cases, there is a larger proportion of chains that end in termination prior to

rearrangement.

2.11 A Thermodynamic Cycle to Predict Photoredox Newman-Kwart Rearrangement
Under our first proposed mechanism we believed this system to be limited to electron-rich
substrates due to the ease of oxidation of the arene. Consequently, we initially believed that
exergonic electron transfer was the most important criterion for a successful reaction. Having
shown that electron transfer is capable for substrates that do not undergo rearrangement, a new

method to predict if a given substrate will undergo rearrangement became desirable.

Given the distinct electronic effect on the rate of rearrangement, we believe that an arene needs
to be sufficiently electron rich to undergo rearrangement. This can be most generally predicted
with mono-substituted arenes as electron-donating groups enhance reactivity while electron-
withdrawing do not. However, the position of the electron-donating group can have a major effect
on the success of the reaction. A 3-methoxy arene does not undergo cation-radical NKR to an

appreciable degree, while the 4-methoxy analogue proceeds in excellent conversion.

In general, it appears that successful rearrangement can be predicted for mono-substituted
arenes using similar guidelines as for standard SgAr reactions: electron-donating groups, situated

at para and ortho positions, accelerate the rearrangement while electron-withdrawing groups
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deaccelerate. Substituents that activate arenes toward SgAr via electron-releasing resonance forms,
such as an alkoxy moiety, react smoothly when in the ortho or para position, but act as inductively
electron-withdrawing groups when placed in the meta position. However, when both donating and
withdrawing groups are present it can be difficult to determine if the reaction will proceed. We
were curious if a thermochemical parameter could be used to predict if a given arene was

sufficiently activated for cation-radical NKR.
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Figure 2.22. Thermodynamic cycle for the cation-radical NKR. Yields for substrates are
for reactions performed at 0.5 M substrate concentration. Yields in parantheses refer to
yields at lower concentrations (0.12 M or less).

In order to predict when rearrangement would be favorable we considered a thermodynamic
cycle as in figure 2.22.4* As the overall transformation is thermodynamically favorable for all
substitution patterns, we postulated that the success of the rearrangement might be kinetically
dependent on the relative energies of the O- and S-aryl cation-radicals. As these intermediates are

fleeting and thermochemical measurements of the rearrangement would be difficult, we sought to
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utilize the more easily obtained parameters of the rest of the elementary steps. We reasoned that
the energetics of the rearrangement step could be estimated by the more easily obtained thermo-

and electrochemical values for the given elementary steps.

The conversion of the neutral O- and S-aryl carbamothioates to the corresponding cation-
radicals can be easily estimated via CV. The E,» values obtained from these experiments offer a
reasonable estimation of the AG for electron transfer. In almost all cases reported thus far, the S-
aryl carbamothioate possess a more positive Ep for oxidation (Figure 2.22) than does the O-aryl
carbamothioate (Table 2.3). Moreover, the O-aryl carbamothioates all possess Ep» around 1.15 V
vs. SCE, while the S-aryl carbamothioates vary more predictably with the identity of the
substituent. In order to complete the thermodynamic picture for conversion from O-aryl to S-aryl
carbamothioate cation-radical, we must also take into account the energetics for the bonds being
broken and formed. Previous reports on the thermal NKR have shown that AG for the overall

transformation from O- to S-aryl carbamothioate is exergonic by ~13 kcal/mol.*

Combining the thermochemical data for the “electronic” portion of rearrangement (represented
by the E,2 values) with that of the “bonding” component (the exchange of a thione for a carbonyl,
mainly) offers an approximation when rearrangement of the cation-radical species is
thermodynamically favorable. Given that the overall exergonicity is relatively constant (~-13
kcal/mol for the conversion of a thione to a carbonyl) as well as the initial oxidation (Ep2~1.15V
vs. SCE, 26.3 kcal/mol), the exergonicity of the rearrangement of cation-radicals can be
determined by combining these two terms and subtracting them from the E,> for oxidation of the

S-aryl carbamothioate as in Equation 2.1.
Equation 2.1

AG, + AG, = AGs + AG,
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AG4 = AGg + AGZ - AGl

kcal kcal

AG, = E,j, (D) — (1.71V vs SCE)

These two terms combined account for 39.3 kcal/mol and the rearrangement of the cation-
radicals will be exergonic only when Ep2 (S-aryl carbamothioate) < 1.71 V vs. SCE holds true. As
a result, as the oxidation of the S-aryl carbamothioate becomes more unfavorable, the barrier for
rearrangement from O-aryl to S-aryl cation-radical becomes higher. We stress that this calculation
is not a measurement of the actual activation energy of the rearrangement step, and is merely a

reflection of the trend in barrier height based on the Bell-Evans-Polanyi principle.’*!

This prediction is accurate in practice, with decreased conversions observed around 1.75 V vs.
SCE for substrates attempted in our initial communication. It is also important to note that these
calculations use E,» values which are only approximations of the true thermodynamic value E1.
Attempts to obtain the E1/> values for the S-aryl carbamothioates were unsuccessful even at higher
scan rates. As a result, great care should be taken when analyzing these calculations with Ep, that
are close to this cutoff point. In accordance with our mechanistic conclusions that reaction
conversion is kinetically controlled, dilution for some high potential substrates results in high
conversions. Thus, in using this predictive tool it is important to consider low reaction
concentrations for substrates that would have a product oxidation potential near or above the

calculated threshold.

It is not possible to predict extent of conversion with this calculation for cases on the border of
this value, however for values that deviate significantly it appears to be a powerful tool. Moreover,

we’ve reported recently that redox potentials can be reasonably estimated using a simple
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computational model, allowing a quick estimation to be used using these thermodynamic

calculations.*!

Despite the success of this model in predicting reactivity, it is important to note its
shortcomings. Substrates bearing unsaturation conjugated with the arene in the ortho position do
not appear to rearrange, despite possessing suitable Ep» values. The reason for this remains unclear
but may be related to the formation of off-cycle intermediates as postulated for reactions containing
olefins. The equilibrium for these intermediates may be more favorable given their formation
would now constitute an intramolecular process. Reduction of these intermediates by the reduced
catalyst would represent an increased rate of chain-termination for these substrates, shutting down
reactivity.

2.12  Final Conclusions

Through a combination of spectroscopic and kinetic analyses we have elucidated key features
of the cation-radical NKR. Fluorescence quenching experiments show that aryl carbamothioates
are competent quenchers of excited state pyrylium species regardless of the electronic nature of
the arene. This data, in combination with observed reactivity trends, suggests that this quenching
event is an electron transfer event resulting in a carbamothioate cation-radical which features a

significant degree of spin localization on the sulfur atom.

The reactivity of this cation-radical intermediate can best be characterized as an electrophilic
thiyl radical. This radical undergoes reversible addition / elimination reactions with electron-rich
olefins. A reversible adduct formation is also invoked for the observed substrate inhibition,
whereby more dilute reactions give higher conversions. Hammet-type studies as well as
thermodynamic calculations suggest that the rearrangement step for the cation-radical NKR can

be thought of as an SgAr process, with the arene acting as a nucleophile towards the thiyl radical
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in an intramolecular process. This transition state features a large degree of charge and spin density

buildup in the arene, explaining the large electronic dependence on reaction conversion.

A thermodynamic cycle based on known thermochemical parameters was constructed to
predict when the cation-radical rearrangement is most favored. These calculations offer a reliable
prediction of substrate reactivity in this system from an easily obtained thermochemical value: the
oxidation potential of the S-aryl carbamothioate. This value can be obtained to a reasonable degree

of accuracy via simple computational means.

We believe that the results reported here will aid the incorporation of the cation-radical NKR
into standard use. The mechanistic trends allow for substrates to be more judiciously selected for
this transformation. Moreover, a simple predictive tool has been devised to determine if a given
substrate is suitable for this transformation possibly saving time and material when devising
syntheses. More generally, we believe the development of a thermochemical cycle in cation-radical
mediated transformations can aid in rationalizing reaction trends. We believe that similar cycles
may be constructed for other transformations to obtain valuable information about reaction

efficiencies.
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CHAPTER 3: MECHANISTIC INVESTIGATIONS OF A PHOTOREDOX-MEDIATED
ARENE C-H AMINATION

3.1 Introduction

The arene-amine linkage is one of the most prevalent scaffolds in pharmaceutical candidates.
As a result, the ability to install this moiety selectively and under mild conditions has received
considerable attention in recent years. Most notably, Buchwald-Hartwig!?, Ullman-type®, and
Chan-lam couplings®*, respectively catalyzed by Pd and Cu complexes, represent the most common
methodologies for installing this molecular scaffold (Figure 3.1). As a reflection of the varied
reactivity parameters, countless catalyst systems spanning a variety of pre-catalysts and ligand sets
have been developed to achieve optimal reaction efficiency for a number of systems.

Organometallic Cross-Coupling

X [Pd] or [CU] NR,
O e T

Organometallic Directed C-H Activation
DG DG
H [Pd] or [Cu] NR,
+  HNR,

Y

Photoredox C-H Functionalization:

OMe OMe

H Acridinium NR,
+  HNR, 0,

Figure 3.1. Methods for the installation of arene-amine linkage.

\

More direct methods of installing this linkage involve direct C-H activation of an arene system.

These systems, while less developed, offer an attractive alternative to “traditional” coupling
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strategies by removing the need for pre-functionalizing the arene coupling partner. This feature
streamlines syntheses and offers the possibility of more atom economical methodologies.
However, this reaction manifold features important obstacles in reaction development, namely the

intrinsic inertness of aryl C-H bonds and difficulty in chemoselectively activating a single bond.

While many exciting developments in the field of organometallic arene C-H activation have
been developed in recent years, there still exist significant hurdles. Advancements in the field have
been achieved primarily through careful study of the kinetic dynamics of the initial C-H activation
step. This step is commonly facilitated through the use of a directing group which pre-coordinates
with the active catalyst to achieve C-H insertion. As a result, C-H activation systems typically
feature extensive catalyst / ligand screening to optimize the reactivity active catalytic species.
Insights gained from studying catalytically active complexes have been invaluable in advancing
the potential of this field. However, the use of a directing group generally limits regioselectivity
to positions ortho to the group. These groups also often require separate synthetic steps to “load”
and remove and in some cases cannot be removed, severely limiting the generality of such

methodologies.

As an alternative to organometallic C-H activation, many non-metallic methodologies have
been developed. These typically proceed through oxidative pathways as a means of activating the
arene towards nucleophilic addition>®. We recently disclosed’ the development of a photo-redox
mediated aryl C-H functionalization manifold that has allowed for the direct functionalization of
arenes with a number of nucleophiles using oxygen as terminal oxidant. This system generally
features modest to excellent regioselectivity as well as good yields and offers orthogonal reactivity

to known cross coupling reactivities. The use of an acridinium derived organic photoredox catalyst,
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usually in combination with TEMPO as a co-catalyst, was found to be necessary to achieve usable

reaction yields.

Romero et. al., Science 2015, 349, 1326 - 1330 Me
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Figure 3.2. Photoredox-mediated arene C-H functionalization reactions developed in the
Nicewicz group.

The initial report demonstrated an excellent substrate scope with a variety of electron-rich
arenes and azole nucleophiles (Figure 3.2 Top). In all cases good to excellent selectivity for the
para-substituted adduct was observed rendering this a synthetically useful transformation.
Excellent yields could be obtained with irradiation of the reaction solutions with 24 h. The azole-
arene products thus obtained are highly valuable intermediates in drug discovery. It was also shown
that anilines could be synthesized using an ammonium salt as a nucleophilic partner, which
represents an especially direct method for the synthesis of anilines (cross-coupling methodologies

using ammonia, or ammonia equivalents, are underdeveloped in the literature.

In later reports it was found that this reaction manifold could be extended to a number of
nucleophiles. Benzonitrile derivatives could be synthesized using the same general reaction

conditions with TMSCN as a latent source of the cyanide anion, which was proposed to be slowly
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liberated under the basic buffered conditions used.® It was found that this transformation proceeded
in excellent yields without the inclusion of TEMPO. Furthermore, primary amines were shown to

be competent coupling partners to afford more functionalized aniline products.’

Intriguingly it was found that secondary amines were not suitable coupling partners under these
conditions. It was initially proposed that this system could operate through a different mechanistic
pathway from the previous cases. The amine substrate was shown to competitively quench the
photocatalyst, affording the amine cation-radical intermediate, which could then be trapped by the
arene substrate to eventually afford the desired product. This was shown to be the case with toluene
and benzene which did not display quenching with the photocatalyst, though with arenes that do
display quenching a mechanistic distinction could not be made. Most products obtained through
this methodology displayed a slight preference for the ortho product, in contrast to the previous

arene-azole C-H functionalization.

Due to the success of these systems in producing valuable synthetic targets we became
interested in better understanding the general mechanism that we believed to be shared between

the three systems. Previous work by Fukuzumi!®!!

provided initial evidence that arene radical
cations, when trapped by nucleophiles and in the presence of oxygen, could produce the oxidized
adducts. More importantly, the proposed cyclohexadienyl radical intermediate has been shown to
undergo aromatization in the presence of oxygen to produce hydroperoxyl radical.!> However,
numerous features regarding the reaction mechanism, as well as the influence of catalyst structure
on reactivity, prompted us to pursue further studying the reaction mechanism. We believed that

information obtained by such studies might inform our ongoing efforts towards extending this C-

H functionalization manifold to other nucleophiles.

3.2 Initial Proposed Mechanism
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The proposed reaction mechanism (Figure 3.3) for the arene-azole coupling involves
photoexcitation of the catalyst to produce a strong oxidant, capable of removing an electron from
the arene substrate and generating an arene cation-radical 1. This intermediate undergoes
nucleophilic trapping to afford the distonic cation-radical 2 which, following deprotonation,
affords cyclohexadienyl radical 3. In the presence of O, aromatization occurs via a formal
oxidation process to afford the C-H functionalized product 5 and a peroxyl radical'*'*. Catalyst
turnover is achieved by electron transfer between the reduced photoredox catalyst and oxygen (or
the formed peroxyl radical). It was found in most cases that the reaction displayed a preference for
the formation of the para-substituted product. Initial optimization also suggested that oxygen is

perhaps a privileged oxidant in this system

The inclusion of TEMPO was found to be necessary in the initial report to achieve high yields
for most substrates. This was initially attributed to an improvement in the mass-balance for the
reaction; without TEMPO substrates bearing activated alkyl C-H bonds would undergo oxidative
functionalization. However, the possibility that TEMPO might aid in rearomatization of the
cyclohexadienyl radical could not be excluded. It was also suspected that the photoredox catalyst

might undergo degradative transformations'>!”

, via either nucleophilic or radical pathways,
resulting in catalyst death. This was supported by the observation that an acridinium derivative

bearing bulky tert-butyl groups on the acridinium core is the most effective catalyst in all reports

thus far.
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Figure 3.3. Working mechanistic proposal for acridinium-mediated arene C-H amination.

In light of these observations, and the desire to further develop this reaction manifold to other
nucleophiles, we decided to undertake a mechanistic investigation of the first C-H amination

system. Upon approaching this system a few key features, among others, were identified that we

wished to better understand:

HOO*

Me Me ~¢
N-OH N’O
Mo Me Mo Me
Me Me
TEMPO-H TEMPO
00 HOO®

2

1) What is the role of TEMPO in the reaction?

2) What features of the acridinium catalyst are most important to achieving high

reaction efficiency?

3) Can another oxidant be used in place of oxygen?

4) What is the origin of the para-selective nature of the reaction?

We proposed that we could answer these questions through a combination of absorption and

emission spectroscopy techniques as well as a kinetic analysis of the various components of the

reaction system.
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3.3 Antioxidant Studies
3.3.1 Establishing the Presence of Peroxyl Radical Species

The optimization of the reaction with anisole originally found that without TEMPO the
reaction afforded moderate yields (47%) of the material to the desired product. The remaining
mass-balance of the starting material was determined to be primarily the oxidized formate adduct.
Formation of this species was presumed to form via dioxygen trapping an a-oxy radical that could
be formed through an initial HAT by the hydroperoxyl radical formed during the reaction. (Figure
3.4). Upon addition of TEMPO, this degradation was no longer observed and reaction yields were
found to improve overall. Even for substrates that did not bear labile C-H bonds (e.g. diphenyl

ether and biphenyl), the reaction was found to proceed to a greater extent upon the inclusion of

TEMPO.
H
MeO N MeO N OYO
M .o
+ | N 5 mol % Mes-Acr N
Y ' o — H
4 LED
55 nm s 47% Major Degradative
DCE [0.1 M], Oy ° Product Observed
6:1p:o
Oxidative Degradation Mechanism: T

O H
O e S
202

Figure 3.4. Observation of substrate decomposition during initial optimization of the
reaction.

The improved mass-balance afforded by TEMPO could be explained by its ability to quench
reactive oxygen species (ROS) that would be produced during the reaction. Various ROS could be
produced during the reaction under the proposed mechanism, including superoxide!® (O2) and
peroxyl hydroperoxyl radical (HOO-). These species are known to abstract activated aliphatic C-

H bonds, with hydroperoxyl radical predominately being thought of as the chain-carrying species
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in hydrocarbon autooxidations'*!. While the mechanism(s) through which TEMPO quenches
these ROS have been unclear until recently?>® (vide infra), its use as an antioxidant in biological
systems is well known. Thus, we first sought to determine if these ROS were generated during the

reaction conditions.

The generation of superoxide was initially proposed to occur to allow for turnover of the
acridinium catalyst, via oxidation of the acridine radical by O,. However, examination of the
reduction potentials of these species (Ei2 (Mes-Acrt/Mes-Acr+) = -0.52 V vs. SCE; Ei2 (02/02~
) = -0.75 vs SCE?, both values in MeCN) suggests that such an electron transfer would be
endergonic. Despite this, there exist reports of oxygen reduction in acridinium mediated systems
where electron transfer would appear to be the only mechanism responsible for turnover of the

acridinium species.!%17:28:29

Consequently, we attempted to observe directly via UV-Vis spectroscopy, the oxidation of tBu-
Mes-Acr: by O. A solution of tBu-Mes-Acr: in DCE was prepared via reduction of tBu-Mes-
Acr by CoCpa. The tBu-Mes-Acr-, as has been shown previously*’, is stable in the absence of a
suitable oxidant. Sparging of this solution with O, immediately resulted in the formation of tBu-
Mes-Acr as confirmed by the complete reappearance of the absorbance bands centered around
425 nm (Figure 3.5). Indeed, this process is apparently rapid despite the apparent endergonicity
of this process. Importantly, it appears that the acridinium moiety appears to be recovered intact

during this process.

From these results, the existence of superoxide, a potent radical / nucleophilic oxygen source,
during these reactions can be considered feasible. Moreover, based on literature precedent and the
observation of reactivity in the absence of TEMPO, the formation of hydroperoxyl radical from

the reaction of oxygen with the cyclohexadienyl radical can be reasonably assumed. Moreover,
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protonation of superoxide by the distonic cation-radical intermediate 2 would also generate
hydroperoxyl radical. As a result, there exist numerous pathways through which ROS, which may
initiate substrate and catalyst degradation pathways, can be generated and that at any given point

during the reaction there exists some concentration of each of these intermediates.

Me Me Me
/ / COCDQ / /
4

tBu-Mes- Acr tBu-Mes-Acre tBu-Mes- Acr
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1.8 T T T T T T T
1.6 ” 7
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=
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Figure 3.5. Spectroscopic evidence confirming turnover of acridine radical by oxygen. Data
obtained by Nathan Romero.

3.3.2 Mechanisms of Peroxyl Radical Quenching by TEMPO
Given these results we believed it reasonable to assume that one major function of TEMPO
during the arene C-H functionalization is to quench these ROS species. It has been shown that

TEMPO can quench ROS through a number of mechanisms. Two mechanisms for its reactivity
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with peroxyl radicals have recently been elucidated (Figure 3.6). First, in the presence of a trace
amount of acid, TEMPO can be protonated to produce TEMPO-H", which undergoes a rapid
disproportionation with peroxyl radical to produce the oxoammonium TEMPO+ and hydrogen
peroxide (Figure 3.6A)?>?*. This reaction operates at diffusion-controlled rates and is operable
even when extremely small amounts of weak acids (e.g. acetic acid) are present in solution. In the
second mechanism, TEMPO can react directly with hydroperoxyl radical in an HAT event which
produces TEMPO-H and dioxygen (Figure 3.6B)?°. This reaction is driven thermodynamically by
the favorable formation of the TEMPO-H bond (BDE 71 kcal / mol) from the weaker «OO-H bond

(BDE 61 kcal / mol).

Under the reaction conditions we believe it reasonable to assume that both pathways may be
operable. For the first mechanism, the trace acid required to form TEMPO-H" could be generated
from the formation of the distonic cation radical intermediate 2. As has been shown by Pratt, only
a small equilibrium concentration of TEMPO-H" is required to effectively react with peroxyl
radicals as the process is essentially diffusion controlled. Moreover, the TEMPO+ generated from
this pathway can conceivably be converted back to TEMPO by undergoing reduction by the
reduced catalyst tBu-Mes-Acre, which would also regenerate the active photocatalyst (Figure

3.6C).

The second mechanism can be assumed to be operative given that the generation of
hydroperoxyl radical is proposed through the processes mentioned above. Moreover, TEMPO-H
can be observed by GC-MS during the reaction supporting this mechanistic pathway. TEMPO can

be regenerated under the reaction conditions through a number of HAT pathways.
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Figure 3.6. Reactivity of TEMPO and related species under aerobic photoredox conditions

Thermodynamically, HAT from TEMPO-H would be favorable to form either hydroperoxide
anion from superoxide (BDFE -OO-H = 81.6 kcal/mol) or hydrogen peroxide from hydroperoxyl
radical (BDFE H-OOH = 91.0 kcal / mol).?” We believe that these pathways are responsible for

the prevention of substrate decomposition upon inclusion of TEMPO.

We became interested in exploring if TEMPO played a role in the reaction beyond preventing
substrate and catalyst degradation. Initially it was postulated that TEMPO might aid in the
proposed rearomatiziation of the cyclohexadienyl radical intermediate. The rate of
cyclohexadienyl trapping with oxygen is known to be diffusion controlled (k ~ 10%° s1) in all
solvents'?. Comparatively, the rate of TEMPO trapping of alkyl radicals is generally at least an
order of magnitude slower® (k ~10"®s%), however for cyclohexadienyl radical the rate has been

reported to be 2.3 * 108 M1 st ina3: 1 MesCOOCMe;s : Benzene mixture. However, the rate for
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trapping of carbon-centered radicals has been shown to be sensitive to solvent.? For example,
trapping of benzyl radical with TEMPO occurs at a rate of ~ 1.7 * 108 M s in both benzene and
ethyl acetate, however in DCM the rate falls by roughly a factor of 3 to 5.6 * 10’ M s™%. Given
that the relative concentrations of O, and TEMPO under the arene C-H functionalization reaction
conditions are relatively equal (~10 mM)*?, it seems unlikely that TEMPO would be kinetically

relevant in the rearomatization step.

MeO
Q-

[TEMPO] Kops

t-Bu-Acrid (5 mol%)

TEMPO (10 - 20 mol%) _ MeO N
_—  ~
DCE, BLED, 40°C, O, \GN\;

Initial-Rates
Analysis

Tz’ \7

mM 5!
20 5.9*10% Rate Enhancement
15 6.7 * 10.3 at Lower [TEMPO]
10 7.4*103

Figure 3.7. Initial rates analysis of TEMPO loading on rate of anisole - pyrazole
photoredox coupling.

In light of this literature precedent we undertook a kinetic analysis of the reaction using the
initial-rates method. Varying the concentration of TEMPO between 10 and 20 mol% showed an
inverse relationship between kops and [TEMPO] (Figure 3.7). These data on their own would
suggest that TEMPO is not responsible for an overall rate enhancement of the aryl C-H
functionalization process. However, it is also important to note that TEMPO could be involved in
unproductive pathways, like SET, with the active photocatalyst given its low reduction potential
(E12 = +0.57 V vs SCE in MeCN)*® (Figure 3.8). Indeed, a Stern-Volmer quenching analysis
showed very efficient, diffusion-controlled quenching (kq = 1.0 * 10'° M s1) of the excited state

Acr+, suggesting that the observed inhibition of reactivity could in part be due to this unproductive
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pathway. This quenching event, along with any downstream pathways, could make interpretation

of the reaction kinetic results more difficult.
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Figure 3.8. Stern-Volmer quenching analysis of TEMPO and proposed SET products.
3.3.3 Exploring Other Antioxidants

As a result of these data we decided that we could not rule out, with our kinetic data alone, a
beneficial rearomatization step mediated by TEMPO. In order to provide further evidence towards
this goal we envisioned that other peroxide scavenging compounds might also afford similar
reactivity in our arene C-H functionalization system. We hypothesized that if a different
antioxidant was added in place of TEMPO and did not alter the reaction dynamics, then it could
be suggested that the proposed rearomatization by TEMPO is not kinetically relevant under these
conditions. This conclusion could be further bolstered if the alternative antioxidants were neither

nitroxide based nor converted to a nitroxide species during the reaction.
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A number of compounds are commonly used as antioxidants in both biological and industrial
applications. The quintessential biological antioxidants are those derived from tocopherol
(Vitamin E) which features a sterically hindered phenol. The ROS quenching reactivity stems from
the relatively weak O-H bond of these phenols (BDE ca. 77 kcal/mol), which serve to undergo
HAT with peroxyl radicals to quench these destructive species.>*%®

Antioxidants are commonly used industrially to preserve hydrocarbons-based oils used in
combustion engines; at the high temperatures required for combustion, generation of peroxyl
radicals via HAT by ambient oxygen becomes a facile process. This initiation step is capable of
starting a radical propagation chain reaction and as a result oxidative degradation of hydrocarbons
at high temperatures is a major concern in these applications. For these applications, in general,
amine-based antioxidants are preferred over phenolic-based additives.®*® The amines are
generally easier to handle, more amenable to mixing with materials, and possess similar rates of
inhibition (generally referred to as kinn) of ROS chain carrying species (for example, Kinn for
diphenylamine is measured to be on the order of 10* M s while tocopherol is 10* M?1s™).

We selected a number of traditionally used antioxidants (BHT, Diphenylamine, 2,2,6,6 -
Tetramethylpiperidine) as well as a recently developed derivative 3-CNPHenox that shows
excellent antioxidant ability (Figure 3.9). These additives have kin values®*28 ranging from 10* —
10° M1 s, with TEMPO possessing an intermediate kinn value of 10* as a point of reference. We
began by assessing each additives effect on the reaction between anisole and pyrazole using Acr+
as a catalyst and comparing the results to the optimized conditions with TEMPO. The phenol-
based antioxidant BHT displayed a lower observed yield than that obtained with TEMPO,
however, all of the amine-based antioxidants demonstrated comparable reactivity to the optimized

conditions. This reactivity seemingly correlated with the higher kinn values for the amine-derived
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additives. This is supported by the lack of any observable oxidative degradation products in these

reactions.
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Figure 3.9. Investigations of alternative antioxidants for arene C-H functionalizations.

Yields determined via NMR in reference to HMDSO internal standard. Paranthetical

yields refer to reactions halted at 30 minutes reaction time. a) Additive loading was 1
mol%.

From these results we concluded that amine-derived antioxidants are most efficient in
achieving high reactivity in the photoredox aryl C-H functionalization system. These results
initially suggested that the presence of a nitroxide species is not strictly necessary for obtaining
good reactivity in this system. In order to further investigate the effect of TEMPO and other
additives we decided to assay these reactions at lower conversions. We believed that if the reaction
conversions are similar between examples with TEMPO and with the other antioxidants then this
would provide evidence that TEMPO is not involved in accelerating the rate of product formation.

Using the same additives we analyzed the reaction conversions after 30 minutes reaction time.

Under the optimized conditions with TEMPO a 40% reaction yield could be observed (Figure
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3.9). When the other amine-derived additives (TMP, HNPhzand 3-CNPhenox) were tested in this
manner, similar yields could be observed; all reactions were found to have proceeded to around
40% vyield as determined by NMR analysis. Importantly, it was noted during these reactions that
the corresponding nitroxyl species for each amine-derived additive were not observed via NMR
or GC-MS. This was especially surprising in the reaction using TMP as an additive, as the
corresponding nitroxyl derivative is TEMPO! This suggests that the beneficial effect for these
additives derives mainly from their ability to quench ROS via donation of a hydrogen atom.
Presumably, the resulting radicals from this event could then undergo SET with the reduced
catalyst and, after protonation, provide the regenerated additive.

These results, combined with the observed Kinetic data, suggest that the major role of TEMPO
in the arene C-H amination system is to solely quench ROS that accumulate during the reaction.
While we cannot strictly rule-out the possibility that TEMPO might engage in HAT from the
cyclohexadienyl radical it seems unlikely that such a step is relevant to achieving good reactivity.
Perhaps most convincingly, the observation that arene C-H functionalization occurs with other
nucleophiles in the absence of TEMPO lends further credence to this assertion. The ROS generated
in other photoredox C-H functionalization systems could conceivably be quenched via different
mechanisms due to the different reaction conditions. In general, these systems are run under
biphasic conditions with a basic aqueous buffer. Any peroxide species generated during the
reaction might be sequestered in the aqueous phase and eventually degraded due to the instability
of peroxides under basic conditions.®
3.4 Catalyst Degradation Studies

Having established the role of the TEMPO co-catalyst in the reaction system we turned our

studies towards better understanding the stability of the acridinium-based catalysts under these

75



conditions. In the initial report it was noted that higher reaction yields were observed by modifying
the acridinium catalyst to include more sterically bulky substituents around the

acridinium core. The highest yields were observed when using the 3,6-di-tert-butyl-substituted
acridinium catalyst (Figure 2.10). It was initially proposed that increasing the steric bulk of the

substituents on the acridinium prevented decomposition of the catalyst.
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Figure 3.10. Dependence of substituent size on catalyst efficiency.

We became curious in characterizing the various decomposition pathways of the acridinium
catalyst under these reaction conditions. Acridinium catalysts bearing mesityl substitution at the 9
positon, so-called Fukuzumi catalysts, have been shown to undergo oxidative functionalization at
the benzylic positions of the mesitylene moiety, ultimately furnishing the aldehyde adducts.*®
These degradation pathways have been suggested to result in decreased activity in acridinium
catalyzed systems. However, such a degradation pathway could still presumably be operative even
in catalysts bearing substitution around the acridinium core.

Consequently, we instead considered that the catalyst might undergo oxidative
functionalization of the acridinium core via nucleophilic addition (Figure 3.11A). Under the

oxidative conditions of the reaction system it seemed plausible that the nucleophilic partner might
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form an adduct with the electrophilic catalyst that could then undergo a formal oxidation to furnish
a covalently-modified acridinium species. Possible species present in the reaction that could act as
nucleophiles include the amine coupling partners as well as any various ROS generated during the
reaction that could ultimately be a source of hydroxide.

It has been shown that the addition of electron-donating groups to the acridinium core can have
a dramatic effect on the photophysical and electrochemical properties of acridinium dyes.***! We
thus believed it likely that any acridinium species created through this pathway might become
inactive catalysts. The beneficial inclusion of the bulky substituents could then be explained by
preventing the initial nucleophilic capture event and decreasing the likelihood of catalyst

modification.

Figure 3.11. Proposed pathways for covalent catalyst modification.

We decided to study the stability of various acridinium catalysts in this reaction system through
a combination of UV-Vis spectroscopy and LC-MS analysis. We envisioned that through
monitoring the change in the absorbance spectra during the reaction could provide insight towards
whether functionalization of the catalyst was occurring on the acridinium core or on the aryl ring
at the 9-position. In general, dramatic changes in absorbance at longer wavelengths (>400 nm) of
acridiniums are observed as substitution on the acridinium core increases. Additionally,
substitution on the aryl ring of the 9-position can introduce new absorbance features in the visible

(>400 nm) region of the spectrum.*>*® However, this effect is dramatically attenuated when this
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ring possesses methyl groups in the 2 and 6 positions, as this modification locks the ring in an
orthogonal angle to the acridinium core, preventing overlap of the m systems.

We hypothesized that if we observed large changes in the absorbance features at wavelengths
>400 nm then the catalyst was being functionalized on the acridinium core. LC-MS analysis of
these reaction solutions could then identify any possible acridinium derivatives that could then be
synthesized and analyzed via the same methods for comparison.** Ultimately, we hoped to show
that any species identified in this way could then be assessed in the arene C-H functionalization.

Beginning with the standard reaction conditions with the unsubstituted Mes-NPA catalyst we
acquired UV-Vis data of the reaction over the course of 1 hour (Figure 3.12). Within 20 minutes
an apparent bleaching of the reaction solution could be observed, suggesting that the n framework
of the acridinium system was being disrupted. However, new absorbance features localized around
400 nmand 480 nm could be observed that appeared to grow in intensity as the reaction progressed.
LC-MS analysis of these samples showed that within 20 minutes almost all of the initial Mes-NPA
species could not be detected. Instead, a new species with m/z = 440.212 could be observed and
was the only other major species detected that corresponded to an acridinium adduct.

This m/z corresponds to that of a pyrazole-acridinium adduct. Another species with a mass
corresponding to functionalization of the catalyst by two equivalents of pyrazole could also be
observed at late time points. Additional species corresponding to oxygenation of either the parent
Mes-NPA or the pyrazole-adducts could also be observed, though in relatively smaller amounts.
We also found that the same changes in UV-Vis and LC-MS data could be observed when anisole
is removed from the reaction mixture, suggesting that this degradation pathway is operative

irrespective of the overall transformation.
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Figure 3.12. Analysis of reaction mixture via UV-Vis. Boxed structure refers to proposed
acridinium degradation observed via LC-MS (ESI+).

We initially believed that this new species had undergone functionalization on either the
acridinium core or the mesitylene ring. Functionalization of the mesitylene could occur at either
the aryl (via the charge-transfer state) or benzylic C-H positions. To distinguish between these two
possible sites of functionalization we decided to analyze the structurally similar 9-xylyl derivative
Xyl-NPA. We have shown that substitution of the 9-mesityl group for a 9-xylyl group removes
the charge-transfer character of the excited state acridinium.3%42 Thus, if functionalization is

occurring
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via LC-MS
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through this state we would not expect to observe the same UV-Vis and LC-MS data as for the 9-
mesityl derivative.

Monitoring the reaction solution with Xyl-NPA showed similar changes in the absorbance
spectra as for Mes-NPA. A more drastic initial bleaching (ca. 50% of the overall absorbance at
wavelengths >400 nm) could be observed followed by the growth of completely new absorbance
features. The maxima of these new features, obtained by subtracting the spectra taken at 20 min
from subsequent samples, were found to be centered around 400 and 480 nm as was observed for
the mesityl derivative (Figure 3.13 Bottom). LC-MS data also supported the presence of a
pyrazole adduct as the major acridinium species at all time points after 0 min.

Since Xyl-NPA does not possess a charge transfer species upon excitation we believe it is
unlikely that functionalization is occurring at an aryl C-H position. This leaves either the
acridinium core or benzylic C-H positions as likely positions for functionalization. However,
substitution at the benzylic positions seems unlikely to affect the absorbance features in the visible
region as this position is not conjugated with the acridinium = system. This leaves the acridinium
core as the most likely site for functionalization, with the 3 and 6 positions being identified as the
most electrophilic positions after considering possible structures that are most likely to be large
resonance contributors.

In support of this hypothesis the acridinium derivatives bearing tert-butyl groups at the 3 and
6 positions (tBu-Mes-NPA) do not display a significant change in the absorbance features at
wavelengths >400 nm (Figure 3.14). Despite this, a pyrazole adduct can still be observed to form
which we tentatively attribute to functionalization on the arene ring at the 9 position of these

catalysts, though work is ongoing to confirm the identity of this species.
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proposed acridinium degradation observed via LC-MS (ESI+).

We then independently synthesized the 3-pyrazoyl acridinium derivative 3-Pyrazoyl-Xyl-

the acridinium species observed to form during the reactions.

To account for this observation two options seem plausible. First, the mono-pyrazole adduct
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NPA in an attempt to confirm the structures of the major species observed via UV-Vis and LCMS.
The UV-Vis spectra (Figure 3.15) show absorbance maxima at more red-shifted wavelengths that
match those observed from the reaction mixture. The pyrazole species also possesses significantly
higher € values, suggesting that it would preferentially absorb light if it was present in the reaction

mixture. However, the retention times of these species observed via LC-MS do not match those of

may correspond to functionalization of the benzylic positions and the observed changes in the




absorption spectra can be attributed to further functionalizations of this species. For example, after
functionalization of the benzylic position, the acridinium core might undergo functionalization at
the 3 position and result in the apparent UV-Vis changes. This would agree with the observation
that a large amount of mono-pyrazole adduct is seen at 20 min despite an apparent bleaching in
the UV-Vis. Alternatively, it is possible that the mono-pyrazole adduct corresponds to
functionalization on the acridinium ring at a different position. Work is ongoing to synthesize these
other isomers and compare their properties to the absorption and LC-MS spectra obtained from
the reaction mixtures.

We were curious to characterize the activity of the pyrazoyl-substituted acridinium in the
reaction. We reasoned that if the synthesized derivatives displayed reduced activity this would
further support this pathway as a route for catalyst deactivation. Indeed, the synthesized pyrazoyl
acridiniums show reduced activity as a catalyst for the desired transformation. Moreover, LC-MS
analysis of these reactions shows that these catalysts undergo further degradation. Surprisingly, a
hydroxylated species (3-OH-Xyl-NPA) corresponding to substitution of the pyrazole moiety for
an alcohol could be observed. That the pyrazoyl-acridinium is unstable under the reaction
conditions could suggest that it is formed transiently in reactions and is consumed, potentially
complicating its identification in reaction mixtures. Moreover, this species may ultimately be
responsible for the loss of catalytic activity. Overall, we believe these results provide good initial
evidence towards our overall hypothesis that functionalization of the acridinium catalyst by

nucleophiles leads to lowered activities in this system.
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Figure 3.15. Comparison of the absorptivity of the acridiniums shown.

3.5 Ground State or Excited State Decomposition?

In the previous section we demonstrated that acridinium catalysts that do not possess
bulky substitution on the core undergo a significant degree of functionalization under the reaction
conditions. Consequently, we were curious if this reactivity was driven through photochemical

processes or thermal processes. We envisioned that the acridinium core might be sufficiently

electrophilic to undergo nucleophilic addition in its ground state.

We subjected the catalysts Mes-Acr and Xyl-Acr to the reaction conditions in the absence of

any irradiation source. In both cases we observed no major changes in the absorption profiles as
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well as the lack of any functionalization by LC-MS analysis. Moreover, we conducted these
experiments at both room temperature and slightly elevated temperatures as the LEDs used for
irradiation generate heat during use (reaction temperatures are generally around 40 °C) and
obtained the same results. Finally, in order to probe the existence of a sigma-adduct that existed in
equilibrium with the free Xyl-Acr species we conducted a UV-Vis experiment wherein the
absorbance of Xyl-Acr is monitored as varying amounts of pyrazole are added to the solution. The
results of this shows a linear bleaching of the acridinium absorbance that is consistent with the
expected decrease in absorbance from dilution. From these studies we concluded that under the
reaction conditions there is no background reactivity between the nucleophile and the acridinium
catalyst.

Having obtained these results we thus considered that any adduct formation might proceed
through a photochemical pathway. In order to probe the feasibility of such a pathway we turned to
fluorescence quenching studies (i.e. Stern-Volmer quenching)®. It was found that pyrazole
exhibits significant quenching (kq = 1.5 — 3.0 * 10° s%) of the excited states of Mes-Xyl and Xyl-
Acr. While this quenching could be rationalized as a SET event this seemed unlikely given the
reduction potential for pyrazole oxidation (Ep2 = 2.20 V vs SCE) and the apparent magnitude of
the quenching constant. The thermodynamics for electron transfer between these catalysts and
pyrazole should only be weakly exergonic at best and thus it would be expected that only a small
degree (kq ~ 10® has been observed for acridinium quenching of similar thermodynamic
properties).*® Extremely weak quenching (1.6 — 2.6 * 108 s™*) was observed between pyrazole and

the 3,6-tert-butyl derivatives.
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Table 3.1 Stern-Volmer quenching data of a combination of catalysts and quenchers. All
electrochemical potentials are reported as V vs. SCE.

Ar

8 1
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5 N" o7 Ar =
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BF,
Me

Mes Xyl

R Ar Eip Pyrazole k, Anisole k, m-Xylene k,

(E,/2=2.21V) (E,,=1.81V) (E,,=2.22V)

H Mes 2.20 3.0*10° 6.7 * 10° 0

H Xyl 2.20 1.4 *10° 9.3 *10° -
2,7-di(Me) Mes 2.09 5.5 * 108 6.0 * 10° 0
3,6-di(t-Bu) Mes 2.15 2.6 * 108 2.1*10° -
3,6-di(t-Bu) Xyl 2.15 1.6 * 108 4.0 * 10° 1.0 * 108

In order to test the feasibility of electron transfer between pyrazole and the various acridinium
species we decided to determine kq for an arene that has a similar Ep/2 for one electron oxidation.
We reasoned that if this arene displays a similar kq then a SET event could be considered feasible.
We identified m-xylene as a suitable arene (Epz = 2.22 V vs. SCE)* and found that it displayed
no quenching with the unsubstituted and methylated catalysts and extremely inefficient quenching
with the bulkier tert-butyl acridinium. Furthermore, we also found that anisole (Ep2=1.90 V vs.
SCE) quenches these catalysts efficiently, in one case near the diffusion limit (kq = 3.0 — 9.3 * 10°
sh).

From the above data it appears that in all cases quenching of excited state Acr+ derivatives is
sensitive to the structure of the chromophore. In general, increasing steric bulk of the chromophore
decreases the efficiency of quenching and results in lower values of kq for both substrates tested
for the 3,6-tert-butyl derivatives. However, this reduction in quenching is more pronounced for

pyrazole than anisole as the quenching rates decrease by an order of magnitude for pyrazole as
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opposed to a factor of ~3 for anisole. While the tert-butyl derivatives possess lower E*1/2 values it
would be expected that if electron-transfer is the primary result of the quenching event that the kq
values should vary to a similar degree for these substrates.*” Additionally, we found that m-xylene,
which possesses a reduction potential similar to that of pyrazole, does not quench the unsubstituted
catalysts at all.

As a more pronounced change in Kq is seen for pyrazole than for anisole it is likely that the
quenching event proceeds, in some part, through a different mechanism of quenching. This is
further supported by the comparison of quenching rates between pyrazole and m-xylene. One
alternative mechanism for quenching is that for pyrazole, which is a potent nucleophile, quenching
proceeds through a nucleophilic capture process.*® Examples of nucleophilic capture on excited
nitroarenes is known to occur and have been shown to lead to functionalization of arenes in a
manner similar to SNAr transformations.*°

Thus, analyzing the quenching data under this mechanistic hypothesis would provide a
pathway for formation of a pyrazole-acridinium sigma adduct that could then lead to the
functionalized derivatives suggested in the previous section. Moreover, the decrease in quenching
observed for pyrazole between the unsubstituted and 3,6-tert-butyl acridiniums can be explained
through steric shielding of the excited acridinium from nucleophilic capture. This decrease is also
consistent with the relative size of the substituents, as the 2,7-methyl acridinium displays an
intermediate pyrazole kq between the two extremes.

From this data we conclude that the addition of bulky substituents on the acridinium core
decreases the amount of quenching by nucleophilic species. Minimizing this interaction
accomplishes two goals. First, this quenching event is not a productive pathway for the overall

arene C-H functionalization transformation. Eliminating this process increases the efficiency of
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the reaction. Second, this quenching event is responsible for the eventual formation of modified
catalyst structures which can be implicated in catalyst deactivation.

We became interested in applying these new concepts to the catalyst degradation studies we
performed. While these results did not definitively identify a pyrazole-adduct at the 3-position,
substitution at this position does cause a dramatic decrease in the quenching rate that appears to
ultimately be responsible for catalyst functionalization. This suggests that the sigma-adduct that
forms following quenching does so at either the 3-position or one of the nearby sites (the 2 or 4
positions). This is supported by the decreased rate of quenching observed for the 2,7-methyl-

acridinium species.
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Figure 3.16. Reaction efficiency and catalyst stability observed using 2,7-tBu-Mes-NPA.

We also synthesized the 2,7-tert-butyl acridinium derivative (2,7-tBu-Mes-NPA) and found

that pyrazole quenches the excited state to a lesser degree than for 3,6-tert-butyl acridinium (kq(2,7-
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tert-Butyl) = 1.7 * 10® s and kq(3,6-tert-Butyl) = 2.6 * 108s™), suggesting that the steric shielding
effect can be beneficial at multiple positions. This catalyst was found to perform comparably to
the 3,6-substituted isomer and features an enhanced excited state lifetime. It was also found to
possess similar stability under the reaction conditions (Figure 3.16). As a result, it appears that
sufficiently bulky groups installed at either the 2,7 or 3,6 positions can afford similar levels of
stability.

While we were unable to make a definitive identification of the various acridinium degradation
products we believe the results of these studies have provided important insights into catalyst
design. It was shown that the inclusion of sterically bulky substituents at the 3 and 6 positions of
the acridinium shields the catalyst from nucleophilic addition. Importantly, we have determined
that nucleophiles add to the acridinium core through a photochemical pathway. Decreasing the
likelihood of this process serves to decrease unproductive catalyst quenching as well as prevent
oxidative functionalization of the acridinium chromophore. Moreover, it was demonstrated that
the addition of electron-donating groups at the 3 position of the chromophore degrades catalytic
activity. We hope that these results will be beneficial in the design, and judicious use, of acridinium
photocatalysts for future applications.

3.6 TEMPOnium: Alternative Reaction Pathways

As noted in a previous section, it was found that TEMPO quenches the excited state catalyst
at a diffusion-controlled rate (kq ~ 10*°s™). Through this presumed PET process, we assumed that
the formation of the oxoammonium salt (TEMPOnium) during the reaction would be feasible. We
especially were curious on exploring the possible intermediacy of TEMPOnium in the conditions
that were first reported for alkylated benzenoids like mesitylene. In the initial report it was found

that substrates such as mesitylene and xylene were not compatible with the aerobic conditions used
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for most other arenes. These substrates were observed to undergo significant benzylic oxidation,
furnishing an aldehyde adduct, in the presence of oxygen even when TEMPO was included.
Consequently, it was found that degassing the solutions with N2 and including a stoichiometric
amount of TEMPO allowed for the suppression of this undesired product.

It was proposed that this change in TEMPO stoichiometry, in light of the observed kinetic
deceleration under aerobic conditions, would result in a slower overall reaction. This was initially
tested using anisole as a substrate under these anerobic conditions. An initial rates analysis of this
reaction showed that the reaction rate was significantly retarded by almost an order of magnitude
(Kobs ~ 10 with 1.0 equiv. TEMPO vs 10 with 0.2 equiv. TEMPO), underscoring the observation
that the competitive quenching of TEMPO could be deleterious to reaction efficiency. We also
were curious if this effect was exacerbated by the production of TEMPOnium.

The inclusion of a catalytic amount of TEMPOniumBF4, in place of TEMPO, under aerobic
conditions was found to have no meaningful impact on reaction yield. Similarly, under anaerobic
conditions, substituting TEMPOniumBF4 for TEMPO afforded equal levels of reactivity between
mesitylene and pyrazole even though TEMPOniumBF4 does not possess great solubility in DCE.
However, during these experiments it was noted that upon the addition of the arene substrate to
the reaction solutions containing TEMPOniumBF4 a dramatic color change could be observed. For

both anisole and mesitylene, the initially yellow solutions darkened to a deep red color.

90



©)
O BFy
Me ,I\II Me
Me ® Y~Me

R\@ § TEMPOniumBF, (1.0 equiv) R\@\
N\\J DCE, Ny, 450 nm NN

)

L0 0 "0 O

21% 62% <5% <5% <5%

1 1 Charge Transfer
0.9 BC] ndS 2.1 M Mesitylene + 4 mM

0.8 TEMPOniumBF4
80.7 2.6 M Anisole + 4mM
%O'é TEMPOnNiumBF4

_90.5 4 mM TEMPOniumBF4
20.4
203
0.2
0.1
0 :
320 420 520 620 720

Wavelength (nm)

Figure 3.17. Reactivity of TEMPOniumBF4 with various arenes (upper). UV-Vis spectra
showing the formation of the charge-transfer bands upon mixing of TEMPOniumBF4 and
arene (lower).

The observation of a color change upon mixing is usually indicative of the formation of a
charge-transfer complex between two species.®®>? It was found that this color change could be
observed when only the TEMPOniumBF4 and arene substrate were mixed in solution. The
formation of a charge-transfer complex could have important implications in the proposed reaction
mechanism. It has been shown that when charge-transfer complexes are irradiated electron transfer
between the donor and the acceptor species can occur to give the fully oxidized and reduced

species, respectively®. In the complex formed between TEMPOnium and arenes, this would result
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in the formation of the arene (donor) radical cation and TEMPO (acceptor). This would allow for
the reaction to proceed without the need for a strongly oxidizing photocatalyst such as Mes-Acr.
During the course of our investigations examples of charge transfer complexes between olefins
and TEMPOnium were reported to be implicated in various transformations.>* Additionally, a
DDQ-catalyzed arene functionalization was reported that features charge transfer processes.>®

Surprisingly, quantitative conversion was observed in the reaction between mesitylene and
pyrazole in the presence of a stoichiometric amount of TEMPOnium and without any added Mes-
Acr (Figure 3.17). This observation prompted us to consider if the formation of TEMPOnium was
in fact beneficial to the reaction for all arenes and if two different mechanisms could be operating.
We found that the corresponding reaction of anisole and pyrazole with only a stoichiometric
amount of TEMPOnium did not afford more than 5% conversion. Moreover, no reactivity could
be observed for a number of other substrates.

As m-xylene does not exhibit significant quenching of the Mes-Acr+ catalyst (vide supra) it
is instead proposed that this reaction proceeds first through oxidation of TEMPO to form
TEMPOnium. A charge-transfer complex with m-xylene then forms which, upon absorption of a
photon, produces the necessary arene cation-radical. Subsequent steps as in the aerobic
functionalization mechanism furnishes the product. Importantly, the observation that the reaction
proceeds with only TEMPO, and without O, provides strong evidence that TEMPO is capable of
rearomatizing the cyclohexadienyl radical intermediate. As noted in previous sections when
oxygen is present this mechanistic pathway is superfluous. Turnover of the catalyst can be
achieved via reduction of TEMPOnium that is formed from the disproportionation of TEMPO as
acid is formed during the course of the reaction. Moreover, given the relative quenching

efficiencies of mesitylene and TEMPO we cannot rule out this pathway.
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To date, the only arene substrates observed to undergo C-H functionalization with pyrazole are
alkylated benzenoids such as mesitylene and m-xylene. Further studies detailing the various charge
transfer interactions as well as further screening of this reaction system can be found in the
subsequent chapter. Importantly, these results provide critical details about the arene C-H
amination in the presence of stoichiometric TEMPO.

3.7 Development of New Anaerobic Conditions

Having established that the developed anaerobic conditions display reduced reactivity for the
majority of substrates, and also allows for alternative mechanistic pathways, we became interested
in developing alternative conditions. We believed that if we could develop conditions that could
reduce the required loading of TEMPO to catalytic levels then increased reaction yields could be
achieved.

In order to achieve this a suitable terminal oxidant would be needed to replace oxygen and
TEMPO in the aerobic and anerobic conditions, respectively. Identifying conditions that did not
rely on the use of oxygen as a terminal oxidant were desirable as superoxide and peroxyl radical
species, generated during the reaction, contribute to substrate and catalyst degradation. Moreover,
the use of oxygen presents practical challenges upon scaling up these reactions due to the
difficulties in maintaining a constant supply of the gaseous reagent as well as its flammability.
Thus, a soluble oxidant that could be added as a liquid or solid to the reaction mixture represents
an ideal solution to this problem.

In the initial report it was shown that common alternative oxidants, such as persulfates or
benzophenone derivatives, were ineffective in the reaction, affording significantly worse yields in
comparison to O,. However, after beginning our studies of the reaction mechanism we began to

consider the possibility that hydrogen peroxide, formed during the reaction through a number of
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mechanisms, might be capable of acting as the terminal oxidant. The redox values for H2O and
Mes-Acre suggest that turnover of the catalyst should be feasible.

We found that substituting the O, atmosophere with a stoichiometric amount of hydrogen
peroxide, supplied as a solid in the form of urea — hydrogen peroxide, afforded similar levels of

reactivity.
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Figure 3.18. Demonstration of scope for "'second-generation® anaerobic conditions using
tert-butyl hydroperoxide as terminal oxidant. Paranthetical yields refer to results obtained
using standard aerobic conditions.

94



However, urea — hydrogen peroxide is poorly solubility in DCE and as a result a more soluble
peroxide source was investigated and tert-butyl hydroperoxide was found to perform
equally well and is available as a stable solution that can be easily added to reaction solutions.

After identifying these new anaerobic conditions, a preliminary assessment of its efficacy in
relation to the original aerobic conditions were undertaken. Four arene targets as well as four azole
nucleophiles were evaluated under these new conditions and the yields were compared to those
obtained under O (Figure 3.18). It was found that in all cases reactivity using H>O, was
comparable to that under O.. Additionally, it was found that mesitylene underwent appreciable
amination under these conditions without any detectable benzylic oxidation product which was a
major pathway for degradation under aerobic conditions. This result highlights the amenability of
these new conditions for sensitive substrates that would previously have been utilized under the
more inefficient “first-generation” anaerobic conditions. Moreover, it also suggests that the
degradation of alkylated arenes is initiated via superoxide as these conditions preclude the
formation of this species.

Importantly, the regioselectivity was found to be the same as well suggesting that changing the
terminal oxidant does not alter the reaction mechanism. Moreover, this provides further evidence
that TEMPO is capable of undergoing HAT with the cyclohexadienyl radical and that this step
does not alter the regioselectivity of the reaction. This was further probed by omitting the TEMPO
and only including an equivalent of H20». The reaction was found to proceed in a significantly
diminished yield (15%) of the desired product as well as the observation of multiple degradation
species, including phenyl formate. Additionally, the product was obtained as a 2:1 mixture of p :

0 isomers, underscoring the need for either O or TEMPO as a rearomatizing agent.
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3.8 Elucidating the Origin of Regioselectivity

As highlighted in the previous section the regioselectivity of the reaction is highly dependent
on the presence of O2 or TEMPO. Our next steps in investigating the aryl C-H amination system
were focused on investigating what factors influenced the observed regioselectivity. We became
interested in identifying the product determining step of the reaction as a means of possibly altering
the reaction selectivity. This would be desirable synthetically as it might allow for a synthetic route
to obtain good vyields of either para or ortho isomers by simply changing the reaction conditions.
In order to probe this proposal, we decided to determine the rate-determining and product-
determining step(s) of the reaction. We proposed that we could determine both of these factors
through a combination of kinetic isotope effect studies.

MeO\©H

(5 mol % Mes-Acr+) o H, or D,

y Me
E/‘N (20 mol % TEMPO) \©\
/ r
455 nm LEDs NI
2.0 equiv DCE 0.1 M]. O \§7
Ky / Kp = 0.99

50rDg

(5 mol % Mes-Acr+)

MeO H MeO N
\@\ E;N (20 mol % TEMPO) \@N\j
D 7 455 nm LEDs =

.  DCE[0.1M], O, 86%, 6:1p:0
10equiv. 20equiv (84%. 6 : 1 p : 0 with 4-H)

MeO
H 5 mol % Mes-Acr+
e g srosmesen o
EN (20 mol % TEMPO) \©\
0.25 equiv Z 455nm LEDs NN

A
1.0 equiv DCE [0.1 M], O, \§>

MeO
Ds 35%
Ky / Kp=1.03
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Figure 3.19. Top: Parallel Kinetic isotope experiment revealing no observable KIE. Middle:
Intramolecular kinetic isotope experiment. Bottom: Intermolecular competition KIE
experiment.
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To begin our Kkinetic isotope effect investigations, we obtained the ds-anisole derivative and
performed a parallel rates KIE experiment with Hs-anisole in order to determine if the
rearomatization step is rate determining. We reasoned that if rearomatization (via any mechanism
that involves cleavage of the 2/6 or 4-position protons) were rate-limiting then a normal, primary
KIE should be observed. An initial rates analysis using both of these substrates in parallel reactions
yielded kn/kp = 0.99, suggesting that the rearomatization is not rate determining (Figure 3.19). It
also seemed unlikely, given this result, that this step is product-determining as the reaction has
been shown to be irreversible.

In order to elucidate the product-determining step we employed both intra- and intermolecular
KIE studies. We proposed that when using 4-d-anisole as a substrate a different ratio of isomers
should be observed if the rearomatization step is product-determining. Furthermore, this would
suggest that the elementary steps prior to rearomatization are reversible and that an equilibrium
exists between the pro-para and pro-ortho cyclohexadienyl radical intermediates. It was found that
the reaction with 4-d-anisole resulted in the formation of the pyrazole adduct with the same isomer
distribution as the protio-variant (Figure 3.19). In addition to this, an intermolecular competition
experiment was performed with protio and pentadeutero anisole. Analyzing the mixture at 35%
conversion revealed a ku/kp = 1.03 (Figure 3.19). These data combined suggest that the
rearomatization step is neither rate-determining nor product-determining.

Having ruled out rearomatization as the product-determining step we began to consider what
factors would influence regioselectivity. In parallel with our work investigating the mechanism of
the transformation our lab has showed that the generally para-selective reactions con be explained

by a greater charge density at the para position for the cation-radical species.®” These values were
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determined computationally and displays excellent agreement with the selectivity observed for the
majority of substrates.

These data suggested that the selectivity is derived from a kinetically controlled addition of the
amine nucleophile. Under this assumption it would be presumed that the initial nucleophilic
capture step is irreversible. However, previous work in our lab on a related photoredox catalyzed
system, the anti-markovnikov addition of alcohols to alkene cation-radicals, suggested that the
deprotonation step of the distonic cation-radical intermediate might exert a rate-limiting
influence.®® Taking this into consideration we became curious if the deprotonation of the distonic
cation-radical might have an influence on the rate or product-determining step. We were curious
in studying if a similar effect was at play in the aryl functionalization system.

We began studying the effect of acid on the regioselectivity of the transformation by including
an equivalent of pyrazolium tetrafluoroborate (Figure 3.20) in the reaction conditions. We
reasoned that the addition of this species represents a reasonable approximation for the actual
build-up of acid during the reaction. Since the pyrazole nucleophile is used in excess under the

reaction conditions, the inclusion of this salt represents an artificial buffering of the solution.
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Figure 3.20. Exploring the effect of solution acidity on regioselectivity in addition of
pyrazole to anisole.

It was found that under these acidic conditions that the regioselectivity of the reaction was
diminished significantly. The pyrazole adduct was observed to form in an almost nonselective
fashion (1 : 1 p : 0) albeit in a decreased combined yield (41%). Excitingly, this result confirmed
our hypothesis that the deprotonation step exerts product-determining influence on the reaction.
We became curious if this effect could be enhanced by using a different acid. Adding a more
acidic additive like TsOH did not afford a noticeable difference in the selectivity. Moreover, it was
found that upon the addition of TsOH that a decrease in yield was observed that could be attributed
to substrate decomposition. The mass balance of the reaction became significantly worse and
phenyl formate, among other unidentified byproducts, could be observed. These degradation

products could be formed via HAT by the radicals formed via oxidation of the conjugate base.
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Figure 3.21. Outline of the elementary steps responsible for regioselectivity and the
influence of acid on the equilibria.

We concluded that it was unlikely that this effect could be further enhanced to favor selective
formation of the ortho product. Given these results we considered that the product-determining
step is the deprotonation of the distonic cation-radical intermediates A or C (Figure 3.21). The
regioselectivity of the initial nucleophilic addition to the arene cation-radical is determined by the
charge-density of each position in the ring. In the absence of exogenous acid, the subsequent
deprotonation is sufficiently rapid that there is not a significant degree of equilibration between
the two regioiosomeric distonic cation-radical intermediates. With added acid, however, the
deprotonation is slow and the two nucleophile adducts can interconvert. Importantly, the
essentially non-selective product distribution observed under these conditions suggests that the
difference in energy between the two distonic cation-radicals is negligible. Thus, under the normal
conditions the product distribution is kinetically controlled while under acidic conditions it is under
thermodynamic control.

3.9 Clarifying the Mechanism
In the previous sections we detailed our efforts to elucidate the various factors that influence

the photoredox arene C-H amination system (Figure 3.22). Through kinetic analysis we have
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established that TEMPO is not kinetically relevant in the product-forming process. Instead,
TEMPO is operating in a purely anti-oxidant role to quench both hydroperoxyl radicals and
superoxide formed during the reaction. This was also confirmed by comparing reaction efficiencies
using other effective antioxidants.

Through kinetic isotope effect studies, we determined that the rearomatization of the
cyclohexadienyl radical does not have rate-determining or product-determining influence. We
found that the regioselectivity of the transformation can be altered by adding acid to the reaction
mixture, suggesting that the product-determining step is the deprotonation of the distonic cation-
radical intermediate. By extension, we determined that the regioselectivity of the transformation
without acid is kinetically controlled by the initial nucleophilic addition which itself is guided by
the charge distribution of the arene cation-radical.

We also determined that the structure of the acridinium catalyst has a dramatic effect on
reaction efficiency. Through a combination of spectroscopic and LC-MS investigations we found
that bulky alkyl groups on the acridinium core prevent deleterious quenching interactions between
the excited state catalyst and nucleophiles. Moreover, these groups also prevent covalent
modification of the catalyst through oxidative functionalization with nucleophiles. We also found
that bulkier groups on the catalyst also have a deleterious effect on productive quenching events
with the arene substrates. These results suggest that the choice of catalyst for a given

transformation could be guided by balancing these two effects.
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Working Mechanistic Proposal:
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Figure 3.22.Revised mechanism for the photoredox arene C-H amination system and the
catalytic effect of TEMPO.

Additionally, the very low quantum yield of the reaction (¢ = 0.03) suggests that more effort
should be directed towards maximizing this value. One possible source of this inefficiency could
be from unproductive back-electron transfer from Mes-Acr- to the cation-radical A to regenerate
the catalyst and substrate. Efforts to minimize this process could focus on developing catalysts that
undergo PET through a triplet manifold. Under this pathway, back-electron transfer becomes a
spin-forbidden process and would become slower allowing the downstream, productive product-
forming pathways to become more dominant.

3.10 Conclusions

In this chapter we reported our efforts towards better understanding the relevant reaction

dynamics of a photoredox-mediate arene C-H amination system. We demonstrated that a variety

of spectroscopic and kinetic analyses of this system can be used to discern important reaction
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details. We believe that the results from these studies can be applied to other photoredox arene C-
H functionalizations. More generally, the investigations into catalyst degradation can inform the
design of more effective acridinium catalysts that can be used in other photoredox reaction

manifolds.
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APPENDIX A: SUPPORTING INFORMATION FOR
“DEVELOPMENT OF A PHOTOREDOX-MEDIATED NEWMAN-KWART
REARRANGEMENT?”

A.1 General Information

Methods and Materials: Proton and carbon magnetic resonance spectra (*H NMR and *3C
NMR) were recorded on a Bruker AVANCE I11 600 CryoProbe (*H NMR at 400 MHz, 600 MHz
and *C NMR at 100, 150 MHz) spectrometer with solvent resonance as the internal standard (*H
NMR: CDCls at 7.26 ppm; *3C NMR: CDCl; at 77.0 ppm). *H NMR data are reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, dd = doublet of doublets, dt =
doublet of triplets, td = triplet of doublets, m = multiplet, br = broad singlet, bm = broad multiplet),
coupling constants (Hz), and integration. Infrared (IR) spectra were obtained using a Jasco 260
Plus Fourier transform infrared spectrometer. High Resolution Mass Spectra (HRMS) were
obtained using a Thermo LTgFT mass spectrometer with electrospray ionization in positive or
negative mode. Flash chromatography was performed using SiliaFlash P60 silica gel (40-63 um)
purchased from Silicycle. All solvents were dried by passage over activated alumina columns
immediately prior to use unless otherwise noted. Irradiation of photochemical reactions was
carried out using three 15W PAR38 blue LED floodlamp purchased from EagleLight (Carlsbad,
CA) with an output centered at a wavelength of approximately 450 nm. The reactions were carried
out in 2 dram borosilicate glass vials (purchased from Fisher Scientific, catalogue # 03-339-22D)
sealed with polypropylene caps equipped with Teflon coated septa (purchased through VWR
international, Microliter Product # 15-0060K), or in 16mm x 150mm glass culture tubes sealed
with rubber septa if reaction volume was greater than 7 mL. All reagents were purchased from
Sigma-Aldrich corporation or Fisher Scientific corporation and were used without additional
purification unless otherwise noted.

A.2. Synthesis and Characterization of Catalyst and Substrates

Preparation of 2,4,6-Tri(p-tolyl)pyrylium Tetrafluoroborate Salt
Me

CTQ,

2,4,6-tri(p-tolyl)pyrylium tetrafluoroborate
1

2,4,6-Tri(p-tolyl)pyrylium tetrafluoroborate (1) was synthesized according to literature procedures
in an isolated yield of 2.5 g (31% vyield relative to starting p-tolualdehyde). The product was
recrystallized from hot acetic acid. Residual acetic acid was removed by taking up the resulting
crystals in a minimum amount of dichloromethane (~200 mL), and precipitating the material from
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diethyl ether (~800 mL). The resulting precipitate was collected via filtration and dried under high
vacuum. The analytical data matched that reported in the literature.!

'H NMR (600 MHz, CDCls): §8.43 (s, 2H), 8.27 — 8.22 (m, 4H), 8.22 - 8.16 (m, 2H), 7.55 - 7.48
(m, 4H), 7.23 — 7.17 (m, 2H), 2.48 (s, 6H), 2.15 (s, 3H); 13C NMR (150 MHz, CDCls): 6 169.40,
164.46, 147.10, 147.09, 131.13, 131.01, 130.04, 129.09, 128.42, 125.76, 112.77, 22.03, 21.72.

Synthesis of O-aryl dimethylcarbamothioate substrates
Method A (adapted from literature procedure?)

A 100 mL round-bottom flask was equipped with a Teflon coated stir bar and flame dried and
allowed to cool under N2 atmosphere. The flask was then charged with dimethylthiocarbamoyl
chloride (1.5 equiv) and anhydrous dimethylformamide (DMF) to create a 0.75 M solution of the
chloride. The phenol and 1,4 Diazabicyclo[2.2.2]-octane (DABCO, 1.5 equiv) were added
sequentially and the solution was sealed, placed under an atmosphere of N2 and allowed to stir at
ambient temperature for 16 hours. Then, the flask was placed in a 0 °C bath and the resulting
suspension was diluted with 25 mL water. Workup and purification was then achieved in one of
two ways.

)] If addition of water resulted in formation of a precipitate, the precipitate could be
collected via vacuum filtration and washed with water affording the crude phenyl-
O-dimethyl carbamothioate. The crude product could be recrystallized from either
ethanol (EtOH) or EtOH/water solvent systems to afford the pure carbamothioate
product.

1)) If addition of water did not result in formation of a precipitate, then the solution
was transferred to a separatory funnel and extracted with ethyl acetate (3x). The
combined organics were then washed 4-5 times with a saturated brine solution,
dried over Na,SO4 and concentrated under reduced pressure. The resulting residue
was then purified by column chromatography using a hexanes/ethyl acetate
eluent. In some cases, residual phenol starting material co-eluted with the product
carbamothioate. The phenol could be removed by dissolving the sample in Et2O
and washing (3x) with a 0.3 M NaOH solution. The organic layer could then be
concentrated under reduced pressure to afford the pure carbamothioate.

Method B (adapted from literature procedure®)

A clean, dry, 100 mL round-bottom flask (rbf) equipped with a teflon coated stir bar was purged
with nitrogen and then charged with 1.06 g (26.4 mmol, 1.2 equiv.) of sodium hydride (60%
dispersion in mineral oil). A syringe was then used to wash the sodium hydride with petroleum
ether (20 to 30 mL of petroleum ether in four to six portions) to remove the mineral oil. Then, 10
mL of anhydrous DMF was added to the rbf via syringe under positive nitrogen pressure and
allowed to stir. Then, the relevant phenol (22 mmol, 1.0 equiv.), dissolved in 12 mL of
anhydrous DMF, was added dropwise to the sodium hydride suspension. Addition was carried
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out slowly over the course of 3 to 5 minutes. After addition was complete, 3.26 g (26.4 mmol,
1.2 equiv.) of dimethylthiocarbamoyl chloride was added in a single portion. The rbf was then
heated in an oil bath to 80 °C with stirring for one to three hours. The rbf was allowed to cool to
room temperature, and then transferred to a 1 L separatory funnel containing 200 mL of diethyl
ether. The rbf was rinsed with approximately 50 mL of diethyl ether and 50 mL of deionized
water. The organic layer was then washed with three 100 mL portions of water, followed by four
50 mL portions of water. The diethyl ether was transferred to a 500 mL Erlenmeyer flask and
dried using anhydrous magnesium sulfate, filtered via filter paper, and the solvent removed
under reduced pressure, giving either a yellow oil or, sometimes, a yellowish-white solid. All oils
were purified by flash chromatography using hexanes/ethyl acetate as eluent. Some solids were
amenable to purification via recrystallization from ethanol or ethanol/water, though most were
also purified via flash chromatography.

MeO
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Analytical data for O-(4-methoxyphenyl) dimethylcarbamothioate (2a): Synthesized by
Method B from 4-methoxyphenol. Purified via recrystallization from 19:1 hexanes/diethyl ether
to give 12.6 g (60% yield) of a white crystalline solid. Analytical data were in agreement with
previous literature reports.*

'H NMR (600 MHz, CDCl3): 6 7.01 — 6.94 (m, 2H), 6.93 — 6.87 (m, 2H), 3.81 (s, 3H), 3.46 (s,
3H), 3.34 (s, 3H); 1*C NMR (150 MHz, CDCls): 6 188.5, 157.4, 147.7, 123.6, 114.3, 55.7, 43.6,

38.8
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O-(4-methylphenyl) dimethylcarbamothioate (2b): Synthesized by Method A from 4-
methylphenol (p-Cresol) in 31% yield. Analytical data were in agreement with previous
literature reports.*

'H NMR (600 MHz, CDCls): 6 7.21 — 7.16 (m, 2H), 6.97 — 6.92 (m, 2H), 3.46 (s, 3H), 3.34 (s,
3H), 2.36 (s, 3H); 1*C NMR (150 MHz, CDCls): 6 188.2, 151.9, 135.7, 129.9, 122.5, 43.4, 38.8,
21.1

(@) NM62
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O-(2-methoxyphenyl) dimethylcarbamothioate (2d): Synthesized by Method A from 2-
Methoxyphenol (Guaiacol) in 43% yield. Analytical data were in agreement with previous
literature reports.®
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IH NMR (600 MHz, CDCls): 8 7.23 (ddd, J = 8.2, 7.4, 1.7 Hz, 1H), 7.04 (dd, J = 7.7, 1.7 Hz,
1H), 7.00 — 6.95 (m, 2H), 3.83 (s, 3H), 3.47 (s, 3H), 3.36 (s, 3H): 3C NMR (150 MHz, CDCls):
5 188.0, 151.7, 143.0, 127.1, 124.2, 120.7, 112.7, 56.1, 43.5, 38.9

Me Z S
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O-(2-methoxy-4-propenylphenyl) dimethylcarbamothioate (2e): Synthesized by Method A
from (E)-2-methoxy-4-(prop-1-en-1-yl)phenol (Isoeugenol) in 74% yield. Isolated as a >19:1
mix of E : Z isomers. NMR shifts are reported for the E isomer unless otherwise noted.

'H NMR (600 MHz, CDCls): § 6.98 — 6.88 (m, 3H), 6.37 (dg, J = 15.6, 1.7 Hz, 1H), 6.19 (dq, J
=15.7, 6.6 Hz, 1H), 3.83 (s, 3H), 3.46 (s, 3H), 3.35 (s, 3H), 1.87 (dd, J = 6.6, 1.7 Hz, 3H); 13C
NMR (150 MHz, CDCls): 6 188.1, 151.5, 141.8, 137.1, 130.7, 129.6 (2), 127.1 (Z), 126.1, 123.9,
123.7 (2), 121.2 (Z), 118.3, 113.3 (2), 109.9, 56.0, 43.5, 38.9, 18.6; IR (thin film): 2936, 1598,
1536, 1506, 1464, 1394, 1289, 1263, 1205, 1134, 1033 cm!; HRMS (+ESI): m/z calculated for
[M+H]+: 252.1058; found: 252.1051
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O-(4-allyl-2-methoxyphenyl) dimethylcarbamothioate (2f): Synthesized by Method A from
4-allyl-2-methoxyphenol (Eugenol) in 63% yield.

'H NMR (600 MHz, CDCls): 6 6.95 (d, J = 8.6 Hz, 1H), 6.79 (d, J = 6.7 Hz, 2H), 6.03 — 5.93
(m, 1H), 5.14 —5.07 (m, 2H), 3.81 (s, 3H), 3.46 (s, 3H), 3.40 (d, J = 6.7 Hz, 2H), 3.35 (s, 3H);
13C NMR (150 MHz, CDCls): 6 188.1, 151.3, 141.2, 139.0, 137.1, 123.7, 120.6, 116.3, 113.0,
56.0, 43.5, 40.2, 38.8; IR (thin film): 2937, 1638, 1603, 1508, 1463, 1394, 1288, 1204, 1133,
1033 cm™; HRMS (+ESI): m/z calculated for [M+H]+: 252.1058; found: 252.1050

Br:
S

M

O NM62
OMe

O-(4-bromo-2-methoxyphenyl) dimethylcarbamothioate (2g): Synthesized by Method A
from 4-bromo-2-methoxyphenol in 47% yield.

'H NMR (600 MHz, CDCls): 6 7.09 (d, J = 7.1 Hz, 2H), 6.93 — 6.88 (m, 1H), 3.82 (s, 3H), 3.45
(s, 3H), 3.34 (s, 3H); *C NMR (150 MHz, CDCls): 6 187.4, 152.3, 142.1, 125.4, 123.6, 119.6,
116.2, 56.3, 43.6, 38.9; IR (thin film): 2939, 1540, 1495, 1395, 1287, 1259, 1200, 1175, 1119,
1024, 863 cm™; HRMS (+ESI): m/z calculated for [M+H]+: 289.9850; found: 289.9843
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O-(3-formyl-2-methoxyphenyl) dimethylcarbamothioate (2h): Synthesized by Method A
from 3-hydroxy-4-methoxybenzaldehyde (Isovanillin) in 75% yield.
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'H NMR (600 MHz, CDCls): 6 9.88 (s, 1H), 7.79 (d, J = 8.4 Hz, 1H), 7.57 (s, 1H), 7.08 (d, J =
8.3 Hz, 1H), 3.91 (s, 3H), 3.46 (s, 3H), 3.37 (s, 3H); *C NMR (150 MHz, CDCl3): § 190.3,
187.2,156.9, 143.3, 130.0, 129.8, 125.0, 112.3, 56.4, 43.6, 38.9; IR (thin film): 2939, 1687,
1605, 1509, 1438, 1395, 1287, 1195, 1132, 1008 cm™; HRMS (+ESI): m/z calculated for
[M+H]+: 240.0694; found: 240.0687
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O-(4-formyl-2-methoxyphenyl) dimethylcarbamothioate (2i): Synthesized by Method A
from 4-hydroxy-3-methoxybenzaldehyde (Vanillin) in 76% yield.
'H NMR (600 MHz, CDCls): § 9.96 (s, 1H), 7.51 (m, 2H), 7.23 (d, J = 8.4 Hz, 1H), 3.90 (s, 3H),
3.47 (s, 3H), 3.38 (s, 3H); 13C NMR (150 MHz, CDCl3): & 191.2, 186.9, 152.5, 147.8, 135.2,
124.8,124.7, 111.0, 56.2, 43.5, 39.0; IR (thin film): 1690, 1536, 1506, 1377, 1288, 1205, 1158,
1024 cm™; HRMS (+ESI): m/z calculated for [M+H]+: 240.0694; found: 240.0688

0
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methyl 4-((dimethylcarbamothioyl)oxy)-3-methoxybenzoate (2j): Synthesized by Method A
from methyl 4-hydroxy-3-methoxybenzoate (methyl vanillate) in 34% yield.

!H NMR (600 MHz, CDCl3): § 7.69 (d, J = 8.2 Hz, 1H), 7.66 (s, 1H), 7.10 (d, J = 8.2 Hz, 1H),
3.91 (s, 3H), 3.88 (s, 3H), 3.46 (s, 3H), 3.37 (s, 3H); 3C NMR (150 MHz, CDCls): § 187.1,
166.5, 151.6, 146.6, 128.8, 124.1, 122.5, 113.7, 56.2, 52.4, 43.5, 38.9; IR (thin film): 2748,
1720, 1604, 1536, 1507, 1433, 1396, 1291, 1244, 1201, 1175, 1120, 1030 cm™*; HRMS (+ESI):
m/z calculated for [M+H]+: 270.0800; found: 270.0794
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O-(2-formyl-4-methoxyphenyl) dimethylcarbamothioate (2k): Synthesized by Method A,
with heating at 60 °C, from 2-hydroxy-5-methoxybenzaldehyde in 35% yield. Analytical data
were in agreement with previous literature reports.®

H NMR (600 MHz, CDCls): 6 10.02 (s, 1H), 7.38 (d, J = 3.2 Hz, 1H), 7.17 (dd, J = 8.9, 3.2 Hz,
1H), 7.04 (d, J = 8.9 Hz, 1H), 3.86 (s, 3H), 3.47 (s, 3H), 3.42 (s, 3H); *C NMR (150 MHz,
CDClIs): 6 188.3, 187.9, 157.7, 149.7, 129.6, 125.5, 122.1, 111.4, 55.9, 43.6, 39.0
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O-(2-formyl-6-methoxyphenyl) dimethylcarbamothioate (2I): Synthesized by Method A,
with heating at 60 °C, from 2-hydroxy-3-methoxybenzaldehyde in 35% yield. Analytical data
were in agreement with previous literature reports.®

IH NMR (600 MHz, CDCls): § 10.09 (d, J = 0.7 Hz, 1H), 7.50 (dd, J = 7.8, 1.5 Hz, 1H), 7.34
(td, J=8.0,0.7 Hz, 1H), 7.21 (dd, J = 8.2, 1.5 Hz, 1H), 3.87 (s, 3H), 3.48 (s, 3H), 3.43 (s, 3H)
13C NMR (150 MHz, CDCls): § 188.97, 188.95, 187.3, 152.1, 145.1, 130.4, 126.8, 120.1, 117.9,
56.5, 43.7, 39.1 IR (thin film): 1697, 1584, 1541, 1483, 1394, 1274, 1250, 1179, 1116 cm™;
HRMS (+ESI): m/z calculated for [M+H]+: 240.0694; found: 240.0685
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O-(4-benzyloxyphenyl) dimethylcarbamothioate (2m): Synthesized by Method A from 4-
(Benzyloxy)phenol in 67% yield.
'H NMR (600 MHz, CDCls): § 7.45 — 7.42 (m, 1H), 7.42 — 7.36 (m, 1H), 7.33 (t, J = 7.3 Hz,
1H), 6.98 (s, 2H), 5.05 (s, 1H), 3.46 (s, 2H), 3.34 (s, 2H); 13C NMR (150 MHz, CDCls): & 188.4,
156.6, 147.9, 136.9, 128.7, 128.1, 127.7, 123.6, 115.1, 70.4, 43.6, 38.8; IR (thin film): 2936,
2360, 1534, 1502, 1393, 1287, 1195, 1132, 1008 cm™*; LRMS (+ESI): m/z calculated for
[M+H]+: 288.1058; found: 288.1049
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tert-butyl(4-((dimethylcarbamothioyl)oxy)phenyl)carbamate (2n): Synthesized by Method
B from tert-butyl (4-hydroxyphenyl)carbamate. Purified by recrystallization from ethanol/water
(~9:1) to give 2.52 g (84% yield) of a white crystalline solid.

'H NMR (600 MHz, CDCls): 8 7.38 (d, J = 7.9 Hz, 2H), 6.98 (d, J = 8.9 Hz, 2H), 6.47 (s, 1H),
3.45 (s, 3H), 3.33 (s, 3H), 1.51 (s, 9H); 3C NMR (150 MHz, CDCls): 5 170.5, 135.9, 134.5,
129.3,129.0, 71.5, 41.8, 21.3, 21.0, 19.4 ; IR (thin film): 2360, 1642, 1529, 1393, 1287, 1204,

1159, 1053 cm™; HRMS (+ESI): m/z calculated for [M+H]+: 297.1273; found: 297.1266
H
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O-(4-acetamidophenyl) dimethylcarbamothioate (20): Synthesized by Method A from N-(4-
hydroxyphenyl)acetamide (Acetaminophen) in 62% yield.

'H NMR (600 MHz, CDCls): § 7.51 (d, J = 8.8 Hz, 2H), 7.21 (br, 1H) 7.01 (d, J = 8.8 Hz, 2H),
3.45 (s, 3H), 3.34 (s, 3H), 2.17 (s, 3H); C NMR (150 MHz, CDCls): 188.0, 168.3, 150.2,
135.8, 123.2, 120.7, 43.4, 38.9, 24.7; IR (thin film): 1667, 1536, 1504, 1395, 1286, 1201 cm™;
HRMS (+ESI): m/z calculated for [M+H]+: 239.0854; found: 239.0848
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O-(4-propenylphenyl) dimethylcarbamothioate (2p): Synthesized by Method A from 4-(prop-
1-en-1-yl)phenol as a 9 : 1 mixture of Z : E isomers. 4-(prop-1-en-1-yl)phenol was prepared
according to a published literature procedure. The analytical data matched that reported in the
literature.’
'H NMR (600 MHz, CDCls): 6 7.32 (d, J = 8.4 Hz, 1H), 7.03 (d, J = 8.5 Hz, 1H), 6.41 (d, J =
11.6 Hz, 1H), 5.90 — 5.72 (m, 1H), 3.46 (s, 2H), 3.35 (s, 2H), 1.91 (d, J = 7.2 Hz, 1H); 3C NMR
(150 MHz, CDCls3): 6 187.9, 187.8, 152.8, 152.4, 135.9, 135.4, 130.2, 129.8, 129.6, 129.4, 129.1,
127.0, 126.5, 126.0, 122.8, 122.4, 43.3, 38.84, 18.6, 14.7; IR (thin film): 2938, 1643, 1531,
1504, 1393, 1286, 1208, 1168, 1130, 1014, 845 cm™; HRMS (+ESI): m/z calculated for
[M+H]+: 222.0952; found: 222.0946
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methyl 3-(4-((dimethylcarbamothioyl)oxy)phenyl)propanoate (2q): Synthesized by Method
A with heating at 60 °C from methyl 3-(4-hydroxyphenyl)propanoate in 76% yield. 3-(4-
hydroxyphenyl)propanoate was prepared according to a published literature procedure. The
analytical data matched that reported in the literature.®

'H NMR (600 MHz, CDCls): 6 7.22 (d, J = 8.4 Hz, 1H), 6.98 (d, J = 8.4 Hz, 1H), 3.67 (s, 2H),
3.45 (s, 2H), 3.33 (s, 2H), 2.96 (t, J = 7.9 Hz, 1H), 2.81 — 2.61 (m, 1H); 3C NMR (150 MHz,
CDCI3): 6 187.9,173.4, 152.5, 138.2, 129.1, 122.8, 51.8, 43.4, 38.8, 35.6, 30.5; IR (thin film):
2938, 1737, 1537, 1506, 1395, 1288, 1213, 1170, 1017 cm™*; HRMS (+ESI): m/z calculated for

[M+H]+: 268.1007; found: 268.0998
I
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O-([1,1'-biphenyl]-4-yl) dimethylcarbamothioate (2r): Synthesized by Method A from 4-
phenylphenol in 73% yield.
!H NMR (600 MHz, CDCls): § 7.64 — 7.54 (m, 4H), 7.43 (dd, J = 8.4, 7.1 Hz, 2H), 7.37 - 7.31
(m, 1H), 7.16 — 7.12 (m, 2H), 3.48 (d, J = 1.1 Hz, 3H), 3.37 (d, J = 1.0 Hz, 3H); 1*C NMR (150
MHz, CDCls): 6 187.8, 153.5, 140.4, 139.0, 128.8, 127.4, 127.4, 127.2, 123.1, 43.4, 38.9; IR
(thin film): 1646, 1509, 1484, 1394, 1287, 1209, 1132, 1007, 765 cm™; HRMS (+ESI): m/z
calculated for [M+H]+: 258.0952; found: 258.0944
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O-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl) dimethylcarbamothioate (2w):
Synthesized by Method B from 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol in a 43%
yield.

'H NMR (600 MHz, CDCls): § 7.88 — 7.82 (m, 2H), 7.10 — 7.04 (m, 2H), 3.45 (s, 3H), 3.35 (s,
3H), 1.33 (s, 12H); 1*C NMR (150 MHz, CDCls): 8 187.61, 156.46, 135.98, 122.19, 83.87,

NM62
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43.25, 38.78, 24.88; IR (thin film): 2977, 1600, 1536, 1397, 1358, 1323, 1286, 1206, 1141,
1085, 1016 cm™; HRMS (+ESI): m/z calculated for [M+H]+: 308.1492; found: 308.1482
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O-(4-(trifluoro-A*-boranyl)phenyl) dimethylcarbamothioate, potassium salt (2s):
Synthesized by an adapted procedure® from O-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl) dimethylcarbamothioate (2w). To a 20 mL scintillation vial was added 1.0 g of 2w,
1.0g KHF> (4.0 equiv), 2 mL H20 and 13 mL MeOH. The vial was equipped with a Teflon
coated stir bar, sealed and allowed to stir at r.t. overnight. After, the solution was concentrated
and the resulting residue washed with acetone (10 mL x 3). Each wash was collected and filtered
through a cotton plug and the combined organics were then concentrated. The solid was then
dissolved in 5 mL acetone and then Et,O was added until further addition yielded no additional
precipitate. The white precipitate was collected by vacuum filtration and dried to afford 2s as a
white powder (560 mg, 59%).

'H NMR (600 MHz, DMSO-ds): 7.29 (d, J = 8.1 Hz, 2H), 6.73 (d, J = 7.8 Hz, 2H), 3.34 (s, 3H),
3.28 (s, 3H); 13C NMR (150 MHz, DMSO-d¢): 5 187.1, 151.8, 131.7, 120.2, 42.7, 38.3; *°F
NMR (376 MHz, DMSO-ds): & -138 IR (thin film): 1543, 1501, 1395, 1284, 1211, 1149, 983
cm; HRMS (-ESI): m/z calculated for [M]-: 248.0528; found: 248.0531
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0-(2,4,6-trimethylphenyl) dimethylcarbamothioate (2t): Synthesized by Method B from
2,4,6-trimethylphenol in six batches. Each batch was purified by flash chromatography (19:1
hexanes/ethyl acetate) on average giving 4.30 g (86% yield) of a white crystalline solid.

'H NMR (600 MHz, CDCls): § 6.88 (s, 2H), 3.48 (s, 3H), 3.37 (s, 3H), 2.28 (s, 3H), 2.13 (s,
6H); 13C NMR (150 MHz, CDCl3): 6 186.65, 149.0, 135.4, 130.4, 129.3, 43.4, 38.5, 21.0, 16.6;
IR (thin film): 2924, 2856, 1529, 1482, 1393, 1288, 1196, 1141 cm; HRMS (+ESI): m/z
calculated for [M+H]+: 224.1109; found: 224.1102

Me
Me
Me O Me

Me Me Me )L .Me

Me Me

(x)-0-(2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl)
dimethylcarbamothioate (2u): Synthesized by Method B from (z)-alpha tocopherol. Purified
by flash chromatography (19:1 hexanes/ethyl acetate) giving 4.79 g (94% yield) of a viscous,
clear, slightly yellow oil.

H NMR (600 MHz, CDCls): § *H NMR (600 MHz, Chloroform-d) & 3.49 (s, 3H), 3.37 (s, 3H),
3.37 (s, 3H), 2.60-2.52 (m, 2H), 2.11 (d, 3H), 2.03 (s, 3H), 1.99 (d, 3H), 1.90-1.68 (m, 2H), 1.65-
1.00 (m, 23H), 0.90-0.80 (m, 12H); 3C NMR (150 MHz, CDCls): & 187.41, 149.36, 149.28,
143.69, 143.64, 127.40, 125.68, 125.66, 122.91, 122.83, 117.18, 117.11, 74.97, 43.28, 41.39,
41.36, 39.34, 39.06, 38.95, 38.33, 37.53, 37.48, 37.44, 37.42, 37.40, 37.37, 37.35, 37.33, 37.28,
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37.27,37.24, 34.64, 34.51, 32.78, 32.76, 32.75, 32.72, 32.69, 32.66, 32.64, 32.63, 31.58, 31.15,
31.08, 30.66, 30.63, 27.96, 26.89, 25.25, 24.81, 24.80, 24.76, 24.75, 24.44, 24.41, 23.13, 23.10,
22.72,22.65, 22.62, 21.10, 21.08, 21.06, 20.97, 20.95, 20.69, 20.59, 20.55, 19.75, 19.73, 19.69,
19.68, 19.66, 19.63, 19.61, 19.59, 19.57, 14.13, 13.18, 12.33, 11.91, 11.90. IR (thin film): 2924,
2856, 1529, 1482, 1393, 1288, 1196, 1141 cm™t; HRMS (+ESI): m/z calculated for [M+H]+:

518.4031; found: 518.4016
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O-(1-naphthyl) dimethylcarbamothioate (2v): Synthesized by Method A from 1-Naphthol.
Purified by flash chromatography (19:1 hexanes/ethyl acetate) to give 4.10 g (68% vyield) of a
white crystalline solid.

'H NMR (600 MHz, CDCls): § 7.91 — 7.85 (m, 1H), 7.83 — 7.79 (m, 1H), 7.79 — 7.74 (m, 1H),
7.54 —7.45 (m, 3H), 7.22 (dd, J = 7.5, 1.0 Hz, 1H), 3.53 (s, 3H), 3.51 (s, 3H); 13C NMR (150
MHz, CDCls): 6 188.0, 150.0, 134.6, 128.2, 127.5, 126.5, 126.4, 126.2, 125.4, 121.6, 119.6,
43.5, 38.9; IR (thin film): 2930, 1598, 1531, 1389, 1286, 1256, 1130, 1013, 799 cm™*; HRMS
(+ESI): m/z calculated for [M+H]+: 232.0796; found: 232.0788
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A.3 Methods and Analytical Data for Rearranged Products

Example Method for Cation Radical Accelerate Newman-Kwart Rearrangement

A 2 dram vial equipped with a Teflon coated stir bar was charged with 2.1 mg (0.0047 mmol,
0.01 equiv.) of 2,4,6-tri(p-tolyl)pyrylium tetrafluoroborate and 100 mg (0.47 mmol, 1.0 equiv.)
of O-(4-methoxyphenyl) dimethylcarbamothioate. The vial was sealed with a Teflon coated
septum cap. Next, 1.0 mL of anhydrous acetonitrile (0.5 M with respect to substrate) was added
to the vial via syringe. The solution was then sparged with nitrogen gas for 15 minutes (the
needle piercings of the septum were covered with a small piece of electrical tape after sparging
to minimize solvent loss). The vials were placed on a stir plate and irradiated for 24 hrs. After
irradiation, the reaction volume was reduced under vacuum, and the residual solution was loaded
onto a silica plug (5 to 7 mL of silica) and eluted with 19:1 (9:1 for more polar products)

hexanes/ethyl acetate.
A
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S-(4-methoxyphenyl) dimethylcarbamothioate (3a): Isolated in 95% yield (95 mg),
representing an average of two reactions. Analytical data were in agreement with previous
literature reports.*

'H NMR (600 MHz, CDCls): 6 7.39 (d, J = 8.4 Hz, 2H), 6.91 (d, J = 8.4 Hz, 2H), 3.81 (s, 3H),
3.09 (br, 3H), 3.01 (br, 3H); 13C NMR (150 MHz, CDCls): & 167.8, 160.6, 137.4, 119.5, 114.7,

55.4,37.0
S)LNMGZ

S-(4-methylphenyl) dimethylcarbamothioate (3b): Isolated in 79% yield (79 mg), representing
an average of two reactions. Analytical data were in agreement with previous literature reports.*
'H NMR (600 MHz, CDCls): 6 7.37 (d, J = 8.1 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 3.09 (br, 3H)
3.01 (br, 3H), 2.36 (s, 3H); *C NMR (150 MHz, CDCls): § 167.4, 139.5, 135.8, 129.9, 125.2,
37.0,21.4

)Ol\
S NMe2
OMe

S-(2-methoxyphenyl) dimethylcarbamothioate (3d): Isolated in 93% vyield (93 mg),
representing an average of two reactions. Analytical data were in agreement with previous
literature reports.®
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1H NMR (600 MHz, CDCls): § 7.46 (d, J = 7.5 Hz, 1H), 7.40 (t, J = 7.8 Hz, 1H), 7.04 — 6.93 (m,
2H), 3.88 (s, 3H), 3.14 (br, 3H), 3.01 (br, 3H); 3C NMR (150 MHz, CDCls): § 166.4, 160.2,
138.2,131.6, 121.1, 116.7, 111.5, 56.2, 37.1, 37.0

Me Z 0
S)J\NMG2

OMe

S-(2-methoxy-4-propenylphenyl) dimethylcarbamothioate (3e): Isolated in 99% yield (99
mg), representing an average of two reactions.

1H NMR (600 MHz, CDCls): § 7.36 (d, J = 7.9 Hz, 1H), 6.94 (d, J = 9.4 Hz, 1H), 6.89 (s, 1H),
6.39 (d, J =17.0 Hz, 1H), 6.35 - 6.23 (m, 1H), 3.88 (s, 3H), 3.13 (br, 3H) 3.00 (br, 3H), 1.89 (d,
J =8.0 Hz, 3H); 13C NMR (150 MHz, CDCls): 5 166.6, 160.2, 141.6, 138.2, 130.8, 127.5, 118.8,
114.7,108.9, 56.1, 37.1, 18.7; IR (thin film): 2935, 1667, 1592, 1560, 1463, 1404, 1360, 1289,
1251, 1172, 1096, 1066, 1030 cm™*; HRMS (+ESI): m/z calculated for [M+H]+: 252.1058;

found: 252.1050
X 0
S)LN Mez

OMe

S-(4-allyl-2-methoxyphenyl) dimethylcarbamothioate (3f): Isolated in 97% yield (97 mg),
representing an average of two reactions.
IH NMR (600 MHz, CDCls): 6 7.36 (d, J = 7.7 Hz, 1H), 6.81 (d, J = 7.8 Hz, 1H), 6.78 (s, 1H),
6.03 —5.88 (m, 1H), 5.16 — 5.03 (m, 2H), 3.86 (s, 3H), 3.40 (d, J = 6.7 Hz, 2H), 3.13 (br, 3H),
3.00 (br, 3H); 3C NMR (150 MHz, CDCls): § 166.6, 160.2, 144.2, 138.1, 136.8, 121.4, 116.5,
114.1,111.9, 56.2, 40.5, 37.0; IR (thin film): 2921, 1668, 1595, 1568, 1463, 1405, 1361, 1255,
1169, 1097, 1065, 1032, 909 cm™; HRMS (+ESI): m/z calculated for [M+H]+: 252.1058; found:
252.1050

Br.

0
S NMe,
OMe

S-(4-bromo-2-methoxyphenyl) dimethylcarbamothioate (3g): Isolated in 96% yield (96 mg),

representing an average of two reactions.

'H NMR (600 MHz, CDCls): 6 7.31 (d, J = 8.1 Hz, 1H), 7.11 (dd, J = 8.1, 1.9 Hz, 1H), 7.08 (d,

J=1.9 Hz, 1H), 3.86 (s, 3H), 3.12 (br, 3H) 3.00 (br, 3H); **C NMR (150 MHz, CDCls): § 165.7,

160.6, 139.0, 125.3, 124.2, 116.1, 115.2, 56.5, 37.1; IR (thin film): 1663, 1576, 1479, 1374,

1254, 1087, 908 cm™*; HRMS (+ESI): m/z calculated for [M+H]+: 289.9850; found: 289.9842
OMe

O
O N
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S-(3-formyl-2-methoxyphenyl) dimethylcarbamothioate (3h): Isolated in 94% vyield (94 mg),
representing an average of two reactions.
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IH NMR (600 MHz, CDCls): 8 9.99 (s, 1H) 7.70-7.69 (d, 1H), 7.47-7.46 (d, 1H) 7.45 (s, J = 6.6
Hz, J = 13.6 Hz, 1H) 3.95 (s, 3H) 3.15 (br, 3H) 3.02 (br, 3H); 3C NMR (150 MHz, CDCls): &
190.2, 187.3, 156.9, 143.3, 129.9, 129.9, 125.0, 112.3, 56.4, 43.6, 38.9; IR (thin film): 2978.5,
2927.4, 2858.9, 1736.6, 1515.8, 1452.1, 1372.1, 1243.9 cm™; HRMS (+ESI): m/z calculated for
[M+H]+: 240.0694; found: 240.0687

o 0
S)LNMGZ

OMe

S-(4-formyl-2-methoxyphenyl) dimethylcarbamothioate (3i): Isolated in 95% yield (95 mg),
representing an average of two reactions.
'H NMR (600 MHz, CDCls): §9.99 (s, 1H), 7.69 (d, J = 7.7 Hz, 1H), 7.46 (d, J = 9.1 Hz, 1H),
7.45 (s, 1H), 3.95 (s, 3H), 3.15 (br, 3H), 3.02 (br, 3H); *C NMR (150 MHz, CDCls): § 191.80,
191.78, 165.0, 160.3, 138.6, 138.2, 125.1, 123.8, 109.5, 56.5, 37.2, 37.1; IR (thin film): 2922,
1693, 1661, 1570, 1484, 1406, 1373, 1290, 1255, 1175, 1096, 1060, 1028, 905 cm™; HRMS
(+ESI): m/z calculated for [M+H]+: 240.0694; found: 240.0687

0

MeO O
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methyl 4-((dimethylcarbamoyl)thio)-3-methoxybenzoate (3j): Isolated in 95% yield (95 mg),
representing an average of two reactions.

'H NMR (600 MHz, CDCls): 6 7.64 (dd, J = 7.9, 1.6 Hz, 1H), 7.61 (d, J = 1.2 Hz, 1H), 7.55 (d,
J=7.9Hz, 1H), 3.93 (s, 3H), 3.92 (s, 3H), 3.14 (br, 3H) 3.01 (br, 3H); 3C NMR (150 MHz,
CDCI3): 6 166.7, 165.3, 159.8, 137.7, 132.8, 122.8, 122.0, 112.1, 56.4, 52.5, 37.1; IR (thin film):
1720, 1671, 1399, 1290, 1235, 1097 cm™; HRMS (+ESI): m/z calculated for [M+H]+: 270.0800;

found: 270.0792
U
Meo\d o
SJ\NMe2

S-(2-formyl-4-methoxyphenyl) dimethylcarbamothioate (3k): Isolated in 56% yield (56 mg),
representing an average of two reactions. Analytical data were in agreement with previous
literature reports.®

'H NMR (600 MHz, CDCls): 8 10.33 (s, 1H), 7.54 (d, J = 3.0 Hz, 1H), 7.46 (d, J = 8.5 Hz, 1H),
7.13 (dd, J = 8.5, 3.0 Hz, 1H), 3.88 (s, 3H), 3.16 (br, 3H) 3.02 (br, 3H); *C NMR (150 MHz,
CDClIz): 6 191.5, 191.4, 166.0, 161.2, 139.0, 123.5, 121.3, 112.0, 55.8, 37.1

o]
|

0]

S NM92
OMe
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S-(2-formyl-6-methoxyphenyl) dimethylcarbamothioate (31): Isolated in 98% yield (98 mg),
representing an average of two reactions.

'H NMR (600 MHz, CDCls): 6 10.46 (d, J = 0.8 Hz, 1H), 7.63 (dd, J = 7.7, 1.3 Hz, 1H), 7.53
(ddd, J=8.5, 7.7, 0.8 Hz, 1H), 7.19 (dd, J = 8.3, 1.3 Hz, 1H), 3.92 (s, 3H), 3.22 (s, 3H), 3.02 (s,
3H).; 13C NMR (150 MHz, CDCls): 6 191.9, 191.8, 164.9, 160.2, 139.2, 131.2, 120.7, 120.6,
116.3, 56.7, 37.4, 37.3 IR (thin film): 1668, 1574, 1271, 1097 cm™™; HRMS (+ESI): m/z
calculated for [M+H]+: 240.0694; found: 240.0686

L
AL,

S-(4-benzyloxyphenyl) dimethylcarbamothioate (3m): Isolated in 93% yield (93 mg),
representing an average of two reactions.

'H NMR (600 MHz, CDCls): 6 7.45 — 7.36 (m, 6H), 7.33 (t, J = 7.2 Hz, 1H), 6.98 (d, J = 8.8 Hz,
2H), 5.07 (s, 2H), 3.09 (br, 3H), 3.01 (br, 3H); ¥*C NMR (150 MHz, CDCls): § 167.7, 159.8,
137.4, 136.7, 128.7, 128.2, 127.6, 119.8, 115.6, 70.2, 37.0; IR (thin film): 2924, 1667, 1591,
1572, 1493, 1455, 1403, 1363, 1284, 1242, 1175, 1105, 1089, 1003 cm™; HRMS (+ESI): m/z
calculated for [M+H]+: 288.1058; found: 288.1048

H
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tert-butyl(4-((dimethylcarbamothioyl)thio)phenyl)carbamate (3n): Isolated in 97% yield (97
mg), representing an average of two reactions.
H NMR (600 MHz, CDCls): & 7.38 (s, 4H), 6.58 (s, 1H), 3.05 (d, J = 41.8 Hz, 6H), 1.51 (s,
9H); 13C NMR (150 MHz, CDCls): 6 167.5, 152.5, 139.6, 136.7, 121.9, 118.7, 80.9, 37.0, 28.4;
IR (thin film): 2976, 1725, 1650, 1591, 1525, 1399, 1366, 1311, 1235, 1159, 1093 cm™; HRMS
(+ESI): m/z calculated for [M+H]+: 297.1273; found: 297.1265

H

Me\n/N\©\ o
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S-(4-acetamidophenyl) dimethylcarbamothioate (30): Isolated in 88% yield (88 mg),
representing an average of two reactions.

'H NMR (600 MHz, CDCls): 8 7.87 (s, 1H), 7.40 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H),
3.12 (br, 3H), 3.04 (br, 3H), 2.09 (s, 3H); 1*C NMR (150 MHz, CDCls): 5 168.5, 168.1, 168.0,
158.0, 139.5, 136.5, 122.6, 120.3, 120.3, 37.1, 24.6; IR (thin film): 2924, 1644, 1589, 1530,
1399, 1371, 1317, 1248, 1085, 1003 cm™; HRMS (+ESI): m/z calculated for [M+H]+: 239.0854;

found: 239.0846
S)LNMGZ
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S-(4-propenylphenyl) dimethylcarbamothioate (3p): Isolated in 98% yield (98 mg) as a >19:1
mixture of E to Z isomers, representing an average of two reactions.
'H NMR (600 MHz, CDCls): 6 7.40 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 6.39 (d, J =
15.8 Hz, 1H), 6.32 — 6.23 (m, 1H), 3.09 (br, 3H), 3.02 (br, 3H) 1.89 (d, J = 6.6 Hz, 3H); 13C
NMR (150 MHz, CDCls): 6 167.2, 139.0, 135.9, 130.5, 127.3, 126.6, 37.0, 18.7; IR (thin film):
3019, 2934, 1650, 1448, 1402, 1362, 1257, 1088, 961 cm™*; HRMS (+ESI): m/z calculated for
[M+H]+: 222.0952; found: 222.0945

0
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methyl 3-(4-((dimethylcarbamothioyl)thio)phenyl)propanoate (3q): Isolated in 91% yield (91
mg), representing an average of two reactions.

IH NMR (600 MHz, CDCl): & 7.40 (d, J = 8.1 Hz, 1H), 7.22 (d, J = 8.1 Hz, 1H), 3.67 (s, 2H),
3.09 (br, 3H), 3.01 (br, 3H), 2.96 (t, J = 7.9 Hz, 1H), 2.66 — 2.60 (m, 1H); **C NMR (150 MHz,
CDCl3): 6 173.3,167.2, 141.9, 136.0, 129.1, 126.4, 51.8, 37.0, 35.5, 30.7; IR (thin film): 2949,
1737, 1671, 1399, 1290, 1235, 1097 cm™*; HRMS (+ESI): m/z calculated for [M+H]+: 268.1007;

found: 268.0998
I
O N

S-([1,1'-biphenyl]-4-yl) dimethylcarbamothioate (3r): Isolated in 96% yield (96 mg),
representing an average of two reactions.

!H NMR (600 MHz, CDCl3): & 7.63 — 7.53 (m, 6H), 7.44 (t, J = 7.7 Hz, 2H), 7.36 (t, J = 7.4 Hz,
1H), 3.12 (br, 3H) 3.04 (br, 3H); 13C NMR (150 MHz, CDCls): 6 167.0, 142.2, 140.5, 136.1,
128.9, 127.8, 127.73, 127.3, 123.1, 37.0; IR (thin film): 1670, 1478, 1364, 1256, 1040 cm™;
HRMS (+ESI): m/z calculated for [M+H]+: 258.0952; found: 258.0943

KF3B
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S-(4-(trifluoro-2*-boranyl)phenyl) dimethylcarbamothioate, potassium salt (3s): Isolated in
80% yield (80 mg), representing an average of two reactions. Product was isolated by diluting
the reaction mixture with acetone and then precipitating the product by addition of Et20.

IH NMR (600 MHz, DMSO-ds): 7.33 (d, J = 7.7 Hz, 1H), 7.14 (d, J = 7.6 Hz, 1H), 3.02 (br, 3H)
2.90 (br, 3H); *°C NMR (150 MHz, DMSO-ds): 6 166.3, 134.1, 132.3, 124.4, 36.8, 31.1; ; 1°F
NMR (376 MHz, DMSO-ds): & -139 IR (thin film): 1669, 1366, 1202, 1089, 965 cm™; HRMS (-
ESI): m/z calculated for [M]-: 248.0528; found: 248.0532

O
Me
S)LN/

Me Me

NMez
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S-(2,4,6-trimethylphenyl) dimethylcarbamothioate (3t): Isolated in 79% yield (79 mg),
representing an average of two reactions.

'H NMR (600 MHz, CDCls): 6 6.96 (s, 2H), 3.16 (br, 3H), 3.08 (br, 3H) 2.37 (s, 6H), 2.27 (s,
3H); 13C NMR (150 MHz, CDCls): 5 166.4, 143.5, 139.6, 129.2, 124.7, 36.9, 22.0, 21.29; IR
(thin film): 2921, 1667, 1601, 1458, 1359, 1259, 1096, 1056, 907 cm™; HRMS (+ESI): m/z
calculated for [M+H]+: 224.1109; found: 224.1101
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(¥)-S-(2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl)
dimethylcarbamothioate (3u): Isolated in 99% yield (99 mg), representing an average of two
reactions.

!H NMR (600 MHz, CDCls): 8 3.17 (brs, 3H), 3.00 (brs, 3H), 2.62 (t, 2H, J = 6 Hz), 2.37 (s,
3H), 2.34 (s, 3H), 2.12 (s, 3H), 1.85-1.70 (m, 2H), 1.62-1.47 (m, 4H), 1.45-1.00 (m, 23H), 0.90-
0.80 (m, 12H); 3C NMR (150 MHz, CDCls): 6 167.51, 153.04, 140.21, 139.51, 123.23, 117.79,
117.64, 75.38, 40.14, 39.35, 37.51, 37.49, 37.44, 37.42, 37.39, 37.37, 37.35, 37.33, 37.26, 37.03,
36.79, 32.78, 32.76, 32.71, 32.68, 31.12, 31.07, 27.97, 24.81, 24.80, 24.45, 24.44, 23.99, 22.73,
22.63, 21.38, 21.05, 21.03, 19.74, 19.68, 19.65, 19.61, 19.58, 18.72, 17.85, 12.59. IR (thin film):
2923, 2866, 1669, 1563, 1461, 1359, 1306, 1260, 1157, 1097 cm*; HRMS (+ESI): m/z
calculated for [M+H]+: 518.4031; found: 518.4020

(DX
@

S-(1-naphthyl) dimethylcarbamothioate (3v): Isolated in 94% yield (94 mg), representing an
average of two reactions.

!H NMR (600 MHz, CDCls):  8.32 (d, J = 8.5 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 7.87 (d, J =
8.1 Hz, 1H), 7.78 (d, J = 7.1 Hz, 1H), 7.57 (t, J = 7.6 Hz, 1H), 7.54 — 7.46 (m, 2H), 3.24 (br,
3H), 3.02 (br, 3H); 13C NMR (150 MHz, CDCls): 5 166.6, 136.2, 135.3, 134.2, 130.9, 128.6,
127.1, 126.3, 126.2, 125.8, 125.6, 37.1; IR (thin film): 1668, 1503, 1360, 1257, 1093, 798 cm™;
HRMS (+ESI): m/z calculated for [M+H]+: 232.0796; found: 232.0788

NM62
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A.4 Large Scale Flow Synthesis: S-(2,4,6-trimethylphenyl)dimethylcarbamothioate
Fiqure S1. Diagram of Flow Chemical Apparatus

NN

§

Masterflex L/S Variable-Speed Drive (Cole-Parmer # EW-07528-30)

Masterflex L/S Rigid PTFE-Tubing Pump Head (Cole-Parmer # EW-77390-00)
MASTERFLEX PTFE-TUBING 4MM O.D. (COLE-PARMER # EW-77390-50)
4AMM PTFE MALE NPT COMPRESSION ADAPTER (COLE-PARMER # WU-31321-62)
1/8”0.D. 70 1/8” PTFE FEMALE NPT COMPRESSION ADAPTER (COLE-PARMER # EW-31320-
50)

1/4-28 FLANGELESS FITTING/FERRULE FOR 1/8" O.D. TUBING (SIGMA-ALDRICH SUPELCO #
58686)

G. Microreactor (Little Things Factory Gmbh # XXL-ST-02)

H. PTFE TuBING 1/16” 1.D., 1/8” O.D. (COLE-PARMER # WU-06605-27)
CHAPTER 1:

moowz

n

A 1 L rbf was charged with 21.5 grams of O-(2,4,6-trimethylphenyl)dimethylcarbamothioate
(96.4 mmol), followed by 0.38 g of triphenylpyrylium tetrafluoroborate (0.96 mmol, 0.01
equivalents). Next, a teflon coated stir bar was added, followed by 800 mL of acetonitrile. Two
15W PAR38 blue LED floodlamps were positioned on either side of the microreactor (G). The 1
L rbf was clamped in place over a stir plate and moderate stirring was begun. The rbf was fitted
with a rubber stopper with two holes drilled through it. Into one hole was placed the PTFE tubing
inlet. This tubing was placed several inches below the surface of the solution. Into the second
hole was place the PTFE tubing outlet. This was placed above the surface of the solution to allow
visual verification of circulation. The Masterflex L/S Variable-Speed Drive was set to 60 rpm,
the occlusion bed of the pump head was adjusted as per the manufacturer’s instructions, and the
blue LED floodlamps were switched on. The reaction was sampled every 10 to 12 hours and
analyzed via *H NMR to determine reaction progress. After 82 hours, all starting material was
determined to have been consumed. The solvent was removed under vacuum and the resulting
yellow solid was purified via silica gel chromatography (600 mL silica gel, 19:1t0 9:1to 4.1
petroleum ether/ethyl acetate). After chromatography, 19.7 g (88.2 mmol, 91% yield) of a
yellowish white crystalline solid was obtained. The solid was confirmed to be the desired
product, S-(2,4,6-trimethylphenyl) dimethylcarbamothioate.
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A.5 Measurement of Redox Potentials via Cyclic Voltammetry

Electrochemical potentials were obtained by collecting cyclic voltammograms with a Pine
WaveNow Potentiostat. Samples were prepared with 0.05 mmol of substrate in 5 mL of 0.1 M
tetra-n-butylammonium hexafluorophosphate in dry, degassed acetonitrile. Measurements
employed a glassy carbon working electrode, platinum wire counter electrode, 3.5 M 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 MATLAB by
subtracting a background current prior to identifying the maximum current (Cp) and determining
the potential (Epr) at half this value (Cp2). The obtained value was referenced to Ag|AgCl and
converted to SCE by subtracting 0.03 V.
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A.6. Photophysical measurements

Time-resolved and steady state emission spectra were recorded using an Edinburgh FLS920
spectrometer. Unless otherwise specified, measurements were taken under ambient conditions. For
collection of steady state fluorescence spectra, the excitation wavelength was set to 420 nm, and a
435 nm low pass optical filter was used to remove extraneous wavelengths from the excitation
light. All spectra (1 nm step size, 5 nm bandwidth) are fully corrected for the spectral response of
the instrument. Time resolved emission measurements (including Stern-Volmer quenching
studies) were made by the time-correlate single photon counting (TCSPC) capability of the same
instrument (FLS920) with pulsed excitation light (444.2 nm, typical pulse width = 95 ps) generated
by a Edinburgh EPL-445 ps pulsed laser diode operating at a repetition rate of 20 MHz for 1. The
maximum emission channel count rate was less than 5% of the laser count channel rate, and each
data set collected 5000 counts on the maximum channel.

The fluorescence lifetime was determined by reconvolution fit to the instrument response
function using the Edinburgh FS900 software. In all cases, after reconvolution, fluorescence was
found to satisfactorily fit a monoexponential function of the form:

I, = Ipe /"
A.6.1. Stern-Volmer Quenching Experiments
Stern-VVolmer experiments were conducted with detection at 515 nm. A solution of 1 (5.0 uM)
was prepared and 2.4 - 2.5 mL was added to 4 mL (nominal volume) quartz cuvette and sealed
with a septum screw cap. The lifetime of 1 was recorded in the absence of quencher as outlined
in the general procedure and found to be 4.40 ns. Generally, a 0.5 M solution of the quencher
was prepared and then added to the solution of 1 in 10 pL increments (in all cases up to at least

50 pL of quencher solution was added to achieve a final [Quencher] of ~10 mM)
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Stern-Volmer analysis was conducted according to the following relationship:

Equation A.1

T
?0 =1+ Ksy = 1+ kq70[Quencher]

where 10 and t are the fluorescence lifetime in the absence and presence of quencher Q, KSV is
the Stern-VVolmer constant, kq is the bimolecular quenching constant, and [Quencher] is the

concentration of quencher.

[2a] (mM) 7(ns)
0 4.45
2.08 3.87
4.13 341
6.17 3.04
8.20 2.76
10.2 2.53

Ksv =748 M?1; kq=1.68x 10°M*s?
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[2b] (mM) 7(ns)
0 4.45
2.00 3.92
3.97 3.49
5.92 3.14
7.87 2.87
9.80 2.63
Ksv=70.7M71; kq=1.59 x 10°M1 st
5 -
1.8 1 y = 70.643x + 0.9969
. e R? = 0.9999
Y14
1.2
1 ‘ ‘ ‘ ‘ ‘ ‘
0 0002 0004 0006 0008 001 0.012
[2b] (M)
[2c] (mM) t(ns)
0 4.24
2.00 3.77
3.97 3.47
5.92 3.08
7.87 2.82
9.80 2.63

Ksv=73.8 M?; kq=1.50x 10°M*s?
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1.8 - y =63.414x + 0.994
R?=0.9971

T/t

1 0 0.(;02 0.604 0.606 0.608 0.61 0.(;12
[2c] (M)

[20] (mM) 7(ns)
0 4.45
2.14 4.00
4.23 3.69
6.30 3.24
8.33 3.00
10.3 2.81

Ksv=58.0 M?!; kq=1.30x 10°M*s?

2

1.8

y = 58.049x + 0.9899
2 _

£ 16 R? = 0.9943
[%3

1.4

1.2

1 T T T T T 1
0 0.002 0.004 0006 0.008 001 0.012
[20] (M)
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[2r] (mM) T(ns)
0 4.45
2.00 3.73
4.00 3.35
5.93 3.03
7.87 2.77
9.80 2.54

Ksv=749M?1; kq=1.68x 10°M*s?

2 .
1.9 -
18 © y=74.921x+1.0222
1.7 R?=0.9971
<° 1.6
s 15
1.4
1.3
1.2
1.1
1 T T T T T 1
0 0.002 0.004 0.006 0.008 001 0.012
[2r] (M)
[4]] (mM) 1(ns)
0 4.43
2.00 3.91
4.00 3.51
5.96 3.03
7.94 2.77
9.90 2.54

Ksv=76.7M?1; kq=1.72x 10°M*s?
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Figure A.1. Hammet Plot of stern-volmer quenching data.
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A.7. Aminium Cation-Radical Reactions

Aminium Salt
Eyp=1.17V (vséCE)

L]
O _NMe, Aminium Salt (50 mol%) - S NMe; Ar\N,Ar
i DCM, r.t., 20 hrs hig ® Ar SbF
R S R O 6

Ar=

Br
General Procedure:

A flame dried 2 dram vial was charged with the carbamothioate, suspended in 2 mL DCM and
the vial sealed with a septum-lined screw cap. The deep blue suspension was sparged with N2 for
5 minutes and then the carbamothioate (dissolved in 2 mL DCM) was added through the septum
and the solution allowed to stir overnight, during which time the blue color faded and an orange-
red color developed. After stirring, the solution was concentrated and the conversion was
determined by crude NMR, comparing the integration of the starting material to the rearranged
product.
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A.8. Olefin Isomerization Studies
General Procedure:

A flame dried 2 dram vial was charged with the substrate(s) (0.5 mmol), 1 (1 mol%) and
additive, if applicable, and dissolved in MeCN. The resulting solution was then sparged for 5
minutes and the vial cap sealed with Teflon tape and placed under irradiation for the stated
duration. For analysis the samples were then concentrated, after irradiating for the stated time,
and then dissolved in CDClsand analyzed by *H NMR. Yields were obtained by taking the ratio
of the starting material O-aryl carbamothioate (more downfield, sharp doublet) and the product
S-aryl carbamothioate (more upfield, broader doublet). The olefin isomer ratios were obtained by
taking the integrated ratio of the B-Proton of the E-isomer (more downfield resonance, ~6.2 ppm)
and the Z- isomer (more upfield resonance, ~5.8 ppm).

MeoN S MGQN\?S MGQN\fO
r ! s
w Vi, oL > A‘\/©/ A\/©/
[0.12 M]TI;Ars:ZN,BLED M WL
90:10Z:E Time = 2 mi 99% 0%
Ime=2min - 4o:317:€ N/A
86% 14%

Time =30min  5.o5; . 5:957:F

2 minutes:
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I-300
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k200
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T T T T T T T T T T T T T T
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f1 (ppm)
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A.9. Reaction Monitoring using in situ IR Spectroscopy

In-situ monitoring of the reaction was performed using a Mettler-Toledo ReactIR™ 15
instrument equipped with a 6.3 mm AgX Sicamp Fiber Conduit. Plots were generated from
absorbance at 1670 cm™ (corresponding to mc-o stretching frequency of the rearranged product)
over the course of the reaction. The reactions were setup in flame dried Schlenk tubes and
irradiated with two 15W PAR38 blue LED floodlamps purchased from EagleLight (Carlsbad,
CA). The solvent was subtracted from the reaction spectra using the software provided with the
instrument.

In order to convert the obtained absorbance values to concentration a “response factor” for the
stretch at 1670 cm™ was constructed by taking absorbance readings of known concentrations of
the carbamothioates (0.06 — 0.5 M). A linear dependence of absorbance on the concentration was
observed and the slope of a linear fit to this data was then used to convert the temporal data
obtained during experiments to concentration.

0.3
y =0.5331x + 0.0011 _..Q
0.25 R*=10.9983 -
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©
£ 0.15 =
g e
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.
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APPENDIX B: SUPPORTING INFORMATION FOR “MECHANISTIC
INVESTIGATIONS OF A PHOTOREDOX-MEDIATED ARENE C-H AMINATION”

B.1 General Information

Methods and Materials: Proton and carbon magnetic resonance spectra (*H NMR and $3C
NMR) were recorded on a Bruker AVANCE I11 600 CryoProbe (*H NMR at 400 MHz, 600 MHz
and *C NMR at 100, 150 MHz) spectrometer with solvent resonance as the internal standard (*H
NMR: CDCls at 7.26 ppm; **C NMR: CDCl; at 77.0 ppm). *H NMR data are reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, dd = doublet of doublets, dt =
doublet of triplets, td = triplet of doublets, m = multiplet, br = broad singlet, bm = broad multiplet),
coupling constants (Hz), and integration. Infrared (IR) spectra were obtained using a Jasco 260
Plus Fourier transform infrared spectrometer. High Resolution Mass Spectra (HRMS) were
obtained using a Thermo LTqFT mass spectrometer with electrospray ionization in positive or
negative mode. Flash chromatography was performed using SiliaFlash P60 silica gel (40-63 um)
purchased from Silicycle. All solvents were dried by passage over activated alumina columns
immediately prior to use unless otherwise noted. Irradiation of photochemical reactions was
carried out using three 15W PAR38 blue LED floodlamp purchased from EagleLight (Carlsbad,
CA) with an output centered at a wavelength of approximately 450 nm. The reactions were carried
out in 2 dram borosilicate glass vials (purchased from Fisher Scientific, catalogue # 03-339-22D)
sealed with polypropylene caps equipped with Teflon coated septa (purchased through VWR
international, Microliter Product # 15-0060K), or in 16mm x 150mm glass culture tubes sealed
with rubber septa if reaction volume was greater than 7 mL. All reagents were purchased from
Sigma-Aldrich corporation or Fisher Scientific corporation and were used without additional
purification unless otherwise noted.

B.2. Synthesis and Characterization of Catalysts and Substrates

3-Pyrazoyl-Mes-NPA
9-mesityl-10-phenyl-3-(1H-pyrazol-1-yl)acridin-10-ium tetrafluoroborate: Synthesized
following a similar synthetic procedure for acridiniums from our lab.*
'H NMR (600 MHz, CDCIs) 6 8.29 (dd, J = 9.4, 1.9 Hz, 1H), 8.18 (d, J = 2.7 Hz, 1H), 8.07
(ddd, J=8.7, 6.7, 1.4 Hz, 1H), 7.98 (d, J = 9.3 Hz, 1H), 7.93 (dd, J = 13.9, 7.2 Hz, 3H), 7.86 (d,
J=1.4Hz, 1H), 7.81 -7.69 (m, 5H), 7.53 (d, J = 9.0 Hz, 1H), 7.18 (s, 2H), 6.54 (t, J = 2.1 Hz,
1H), 2.50 (s, 3H), 1.88 (s, 6H)
13C NMR (150 MHz, CDCls): 163.6, 147.1, 144.4, 143.6, 142.2, 140.4, 138.3, 136.7, 136.1,
132.0, 131.7,131.3, 129.1, 128.9, 128.1, 128.0, 125.3, 124.1, 121.2, 119.8, 110.9, 106.0, 21.2,
20.1
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3-Pyrazoyl-Xyl-NPA
9-(2,6-dimethylphenyl)-10-phenyl-3-(1H-pyrazol-1-yl)acridin-10-ium tetrafluoroborate:
Synthesized following a similar synthetic procedure for acridiniums from our lab.*
'H NMR (600 MHz, Chloroform-d) § 8.29 (dd, J = 9.4, 2.0 Hz, 1H), 8.16 (d, J = 2.7 Hz, 1H),
8.07 (ddd, J=9.1, 6.7, 1.5 Hz, 1H), 7.98 — 7.88 (m, 4H), 7.84 (dd, J = 8.6, 1.4 Hz, 1H), 7.81 —
7.77 (m, 3H), 7.75 (d, J = 1.7 Hz, 1H), 7.74 — 7.70 (m, 1H), 7.59 — 7.48 (m, 2H), 7.37 (d, J = 7.7
Hz, 2H), 6.54 (dd, J = 2.7, 1.6 Hz, 1H), 1.92 (s, 6H)
13C NMR (150 MHz, CDCls): 6 162.9, 147.1, 144.4, 143.7, 142.3, 138.3, 136.7, 136.3, 132.0,
131.9,131.7,131.1, 128.8, 128.8, 128.3, 128.1, 128.1, 125.0, 123.9, 121.3, 119.9, 110.9, 106.0,
20.2
HRMS (ESI+): Required: m/z = 426.195; Observed: m/z = 426.197
E"12 = E12 + Eo0 =-0.430 V vs. SCE + 2.57 eV = 2.14 V vs. SCE
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Ph
2,7-1Bu-Mes-NPA

2,7-di-tert-butyl-9-mesityl-10-phenylacridin-10-ium tetrafluoroborate: Synthesized
following a similar synthetic procedure for acridiniums from our lab.
IH NMR (600 MHz, Chloroform-d) & 8.18 (dd, J = 9.5, 2.2 Hz, 1H), 7.92 (td, J = 7.5, 6.6, 1.4
Hz, 1H), 7.89 — 7.84 (m, 1H), 7.71 (d, J = 2.1 Hz, 1H), 7.71 - 7.68 (m, 1H), 7.56 (d, J = 9.5 Hz,
1H), 7.19 (s, 1H), 2.51 (s, 1H), 1.84 (s, 3H)
13C NMR (150 MHz, CDCls): 6 162.6, 151.9, 140.2, 140.1, 137.8, 136.8, 135.9, 131.9, 131.6,
129.2, 129.0, 127.9, 125.9, 122.7, 119.9, 35.2, 30.6, 21.4, 20.1
E"12 = E12 + Eo0 =-0.55 V vs. SCE + 2.65 eV = 2.10 V vs. SCE
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2,7-tBu-Xyl-NPA
2,7-di-tert-butyl-9-mesityl-10-phenylacridin-10-ium tetrafluoroborate: Synthesized
following a similar synthetic procedure for acridiniums from our lab.*
'H NMR (400 MHz, Chloroform-d) & 8.20 (dd, J = 9.5, 2.2 Hz, 1H), 7.93 (dt, J = 13.9, 7.0 Hz,
2H), 7.79 - 7.73 (m, 1H), 7.71 (d, J = 2.1 Hz, 1H), 7.57 (dd, J = 20.1, 8.5 Hz, 2H), 7.41 (d, J =
7.7 Hz, 1H), 1.92 (s, 3H).
13C NMR (150 MHz, CDCl3): 6 161.9, 151.9, 140.2, 137.8, 136.8, 136.1, 132.2, 131.8, 131.5,
130.3,128.1, 127.9, 125.6, 122.4, 119.9, 35.2, 30.54, 20.2

152



€ 8 8 88 8 8 E B EEEEE 88868888 g & g g g g g g g g g g
B P A A P P PO A AL s S WU S WY L i 1 7 T T 7 b 7 T i
. fror—
Ca T8O | bsoe—
9z'sE —
16T — e | o
o
I
F3
E
[ seerT
0v'L7 Syreer
WL . mo.mmﬁ/
SS°4 re mm.uﬁ/
95°¢ | E.mﬁ/
4572 ve0eT L
65°L & LSTET~S
09'Z L8'TET N
0L YTTET
1LY Lo zroet
bL'L " 1goer
SLLA N — 0T 88'LET
SLL . 0T0bT
MN.BW "~ geTsT —
06°2
om.Tw Ls
162 £6°T9T —
2 |
162 La
£6° ©
v6°L
v6°L ] o
562 ] e
s62
962
e8| La
0z'8 |
E.l
(a4t} =

60

180 170 160 150 140 130 120 110 100 %0
f1 (ppm)

190

153



Meo\©\
D

4-d-Anisole
anisole-4-d: Synthesized following a literature procedure from 4-Br-Anisole. Spectroscopic data
were in agreement with what was previously reported.

A0,

3-CNPhenox
10H-phenoxazine-3-carbonitrile: Synthesized following a literature procedure.? Spectroscopic
data were in agreement with what was previously reported.

©
9 BF,

N
®
TEMPOniumBF,

2,2,6,6-tetramethyl-1-oxopiperidin-1-ium: Synthesized following a literature procedure.’
Spectroscopic data were in agreement with what was previously reported.
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B.3 Measurement of Redox Potentials via Cyclic Voltammetry

Electrochemical potentials were obtained by collecting cyclic voltammograms with a Pine
WaveNow Potentiostat. Samples were prepared with 0.05 mmol of substrate in 5 mL of 0.1 M
tetra-n-butylammonium hexafluorophosphate in dry, degassed acetonitrile. Measurements
employed a glassy carbon working electrode, platinum wire counter electrode, 3.5 M 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 MATLAB by
subtracting a background current prior to identifying the maximum current (Cp) and determining
the potential (Epr) at half this value (Cpr2). The obtained value was referenced to Ag|AgCl and
converted to SCE by subtracting 0.03 V.

Current/ A

N
Mo o
Ph BF

4
| | | | | 2,7'iBU'MeS-ACT
-1 0.8 0.6 0.4 0.2 0 0.2

Potential / V

3-Pyrazoyl-Xyl-NPA

Current{ A

E,p =040 V vs. AglAgCI (0.43 vs. SCE)

/ _

| |
0.8 0.7 -0.6 0.5 0.4 0.3 0.2 0.1 0 0.1 0.2

Potential f V
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B.4. Initial-Rates Kinetic Analyses
t-Bu-Acrid (5 mol%)

MeO TEMPO (10 - 20 mol%)> MeO N
\© N//j DCE, BLED, 40°C, O, \GN\J
\N /

H

Initial-Rates
Analysis

General Procedure:

Stock solutions in DCE of the following concentrations were prepared: Anisole (1.0 molar),
Pyrazole (1.0 molar), TEMPO (1.0 molar), 1,3-dichlorobenzene (internal standard, 1.0 molar).
For each experiment, the solutions were prepared in a 2 dram vial (using 100 — 500 pL microliter
syringes to ensure accuracy and reproducibility) on a 0.30 mmol scale respective to Anisole and
sealed with a septum screw-cap. The reagents were added from stock solutions such that the total
volume was 3.0 mL DCE and the concentrations of reagents were as follows: Anisole [0.1 M],
Pyrazole [0.2 M], TEMPO [0.01 — 0.02 M] and internal standard [0.1 M]. The catalyst was added
as a solid (9.0 mg, 0.015 mmol). The solution was then sparged for 5 minutes with an O balloon
and afterwards left under 1 atm O (balloon).

The irradiation setup was allowed to equilibrate to 40 °C for 5 minutes prior to the insertion of
the samples and 50 pL aliquots were removed at the given timepoints. The aliquots were diluted
~50x with diethyl ether and then analyzed via GC-MS. The anisole concentrations were
determined based on the relative integrations of the anisole and the internal standard.

[Anisole] vs Time ® 15mol% TEMPO
0.105
20 mol% TEMPO
01 e 10 mol% TEMPO
o ol
A
0095 | e Tl
9 e
8 ..........
@ o009 | T T
= AR
< @y =.0.000106x + 0.099649
0.085 R? = 0.994565
0.08
0 20 40 60 80 100 120 140

Time (Seconds)
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20 mol% TEMPO:

Time (Seconds)

[Anisole] (M)

0 0.101
30 0.098
60 0.095
120 0.089

15 mol% TEMPO:

Time (Seconds)

[Anisole] (M)

0 0.099
30 0.096
60 0.093
90 0.090
120 0.087

10 mol% TEMPO:

Time (Seconds)

[Anisole] (M)

0 0.098
30 0.092
60 0.089
90 0.086
120 0.082
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5 0r Ds

MeO\(j

w/ ds-Anisole:

2.0 equiv

H (5 mol % Mes-Acr+) MeO H, or Dy
\ (20 mol % TEMPO)
| N >
455 nm LEDs -N

DCE [0.1 M], O,
KH / KD = 099

Time (Seconds) [Anisole] (M)
0 0.100
30 0.097
60 0.094
120 0.082
0.102 ® @® Anisole
01 @-. ,
d5-anisole
0.098 .,
" 0.096 .
o ' y =-0.000099x + 0.101035
2 0.094 R%=0.995064
c
< 0.092
0.09 y =-0.000100x + 0.100192
R?=0.998291 )
0.088
0.086
0 20 40 60 80 100 120 140

Time (Seconds)

k+ / ko = 0.000099 / 0.000100 = 0.99
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B.5. Photophysical measurements

UV-Vis spectra were recorded on a Cary 50 Bio UV-Vis Spectrophotometer. Time-resolved and
steady state emission spectra were recorded using an Edinburgh FLS920 spectrometer. Unless
otherwise specified, measurements were taken under ambient conditions. For collection of steady
state fluorescence spectra, the excitation wavelength was set to 420 nm, and a 435 nm low pass
optical filter was used to remove extraneous wavelengths from the excitation light. All spectra (1
nm step size, 5 nm bandwidth) are fully corrected for the spectral response of the instrument. Time
resolved emission measurements (including Stern-Volmer quenching studies) were made by the
time-correlate single photon counting (TCSPC) capability of the same instrument (FLS920) with
pulsed excitation light (444.2 nm, typical pulse width = 95 ps) generated by a Edinburgh EPL-445
ps pulsed laser diode operating at a repetition rate of 2-20 MHz. The maximum emission channel
count rate was less than 5% of the laser count channel rate, and each data set collected 5000 counts
on the maximum channel.

The fluorescence lifetime was determined by reconvolution fit to the instrument response
function using the Edinburgh FS900 software. In all cases, after reconvolution, fluorescence was
found to satisfactorily fit a monoexponential function of the form:

I, = I,e7 "
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B.6. Ground-state Pyrazole — Acridinium Complex Investigation:

A 405 uM solution of Mes-NPA (3.5 mL) was charged in a 4 mL (nominal volume) cuvette and
a UV-Vis spectrum obtained. To the cuvette was added varying amounts of a 1.0 M pyrazole
solution and a spectrum was obtained after each addition (with shaking to mix the solution). The
concentration of this solution was such that monitoring the absorbance maximum (~425 nm) was
not accurate due to the high absorbance at this value (>2.5 M). The concentration was monitored
at 469.4 nm as the absorbance observed in this concentration range is within the linear response
regime of the instrument (~1.0 Abs). The linear decrease in concentration upon addition of
pyrazole solution is in line with what would be observed for dilution (es604 = 2567 Mt cm™?). If a
complex was forming between pyrazole and Mes-NPA it would be expected that this
equilibrium would remove more Mes-NPA from solution, lowering the effective concentration

and resulting in downward curvature of the plot.

1.2
1.15
1.1
O 1.05
%]
g 1
1.1
0 ()]
Qo9 & PN
o c 1 @
@ 09 | B ..0
Qo9 ) y =2574.9x
<08 5 ® R? = 0.9981
0.8 _80.8
075 < 32604 3.7E-04 4.2E-04
' [Mes-NPA]
0.7
467 467.5 468 468.5 469 469.5 470

Wavelength (nm)
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B.7. Stern-Volmer Quenching Experiments

Stern-Volmer experiments were conducted with detection at 515 nm. A solution of the
appropriate acridinium (16.0 uM) was prepared and 2.4 - 2.5 mL was added to 4 mL (nominal
volume) quartz cuvette and sealed with a septum screw cap. The lifetime in the absence of
quencher was noted. Generally, a 0.5 M solution of the quencher was prepared and then added to
the solution of acridinium in 10 pL increments (in all cases up to at least 50 pL of quencher
solution was added to achieve a final [Quencher] of ~10 mM).

Stern-Volmer analysis was conducted according to the following relationship:

Equation A.1
To
—= 1+ Ksy =1+ ky79[Quencher]

where 10 and t are the fluorescence lifetime in the absence and presence of quencher Q, KSV is
the Stern-Volmer constant, kq is the bimolecular quenching constant, and [Quencher] is the

concentration of quencher.
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Me

oA/

Me
A=
r® )
Ph BF
Mes-Acr

4

[Pyrazole] (mM)

T(ns)

0

5.77

1.99

5.56

3.96

5.37

5.92

5.21

7.87

5.09

Ksv=17.1 M?; kq=2.97 x 10°

1.5 4
145 -
1.4 -
1.35 -
1.3
%,1.25 a
1.2 4
1.15
1.1
1.05
1

Mtst

y=17.12x + 1.003
R?=0.9957

0.002 0.004 0.006

[Pyrazole]

0.008

0.01
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[Anisole] (mM) T(ns)
0 5.74

2.08 5.30

4.13 4.92

6.17 4.61

8.20 4.34

20.0 3.23

Ksv=382M?; kq=6.65x 10°M*s?

3 .
2.5 -
- =38.265x + 1.0063
S 2 R% =0.9999
[
15
1 T T 1
0 0.01 0.02 0.03 0.04 0.05
[Anisole]
[m-Xylene] (mM) 7(ns)
0 5.83
1.99 5.80
3.96 5.80
5.92 5.81
7.87 5.79

Ksv = N/A; kq = N/A
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Me
L
pH @ O
BF,

Xyl-Acr
[Pyrazole] (mM) 7(ns)
0 10.40
2.00 10.05
3.97 9.75
5.92 9.49
7.87 9.22
19.2 8.10

Ksv=146 M'; kq=141x10°M*s?

[
[

=125

1.5
1.45 -
14 4
1.35 -
1.3

1.2
1.15
1.1
1.05
1 \

y =14.622x + 1.0065
R*=0.9978

0 0.005

0.01 0.015 0.02

Pyrazole

0.025
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[Anisole] (mM) T(ns)
0 10.37

2.14 8.72

4.23 7.50

6.30 6.60

8.33 5.89

9.8 5.32

Ksv=96.9 M?; kq=9.30x 10° M1 st

2.8 - y = 96.885x + 0.9981
R2=1
2.3
£
S 1.8
1.3 -
0.8 I T T T T T 1
0 0.002 0.004 0.006 0.008 0.01 0.012
Anisole
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2,7-Me-Xyl-Acr

[Pyrazole] (mM) 7(ns)
0 12.93

2.00 12.71

4.00 12.51

5.93 12.35

7.87 12.18

19.2 11.35

Ksv=71M?1; kq=55x108M1s?

1.2
1.18
1.16 -
1.14

1.06
1.04
1.02

y =7.1474x + 1.0033
R?=0.9981

0 0.005

0.01 0.015 0.02

[Pyrazole]

0.025
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[Anisole] (mM) T(ns)
0 12.94

2.00 11.16

4.00 9.87

5.96 8.83

7.94 8.01

9.80 7.31

Ksv =783 M?; kq=6.00x 10°M* st

2 .
19 | y = 78.297x + 1.0011
' R?=1
1.8
1.7
1.6
(]
} 1.5
1.4
13
1.2
1.1
1 T T T T T 1
0 0.002 0.004 0.006 0.008 0.01 0.012
[Anisole]
[m-Xylene] (mM) T(ns)
0 13.16
2.00 13.13
4.00 13.09
5.96 13.08
7.94 13.08
9.80 13.08

Ksv = N/A; kq = N/A
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wodl/
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/N; f-Bu

t-Bu T ® O
Ph BE

tBu-Mes-Acr )
[Pyrazole] (mM) 1(ns)
0 13.63
5.99 13.36
12.0 13.02
17.9 12.81
23.8 12.55

Ksv=3.6M"1; kq=2.6x108M1s?
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125 -
12 -

£

S 115 -
11 -

1.05

1 T T T

y = 3.6275x + 1.0002
R? = 0.9967

0 0.005 0.01 0.015
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0.02 0.025
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t-Bu

tBu-Xyl-Acr
[Pyrazole] (mM) 1(ns)
0 16.03
2.00 15.85
4.00 15.81
5.96 15.75
7.94 15.69
Ksv=25M"; kq=1.6x108M1s?
1.05 -
y = 2.5306x + 1.0029
1.04 1 R2=0.9173
1.03 -
<
[
1.02 -
1.01 - ¢
1 ‘ T T T T 1
0 0.002 0.004 0.006 0.008 0.01
[Pyrazole]
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Anisole] (mM) T(ns)
[
0 16.19
2.00 14.24
4.00 12.76
5.96 11.61
7.94 10.70
9.80 9.88

Ksv=64.8 M?1; kq=4.0x 10°M*s?

2 - y = 64.813x + 1.0059

R%?=0.9996
19

1.8 -
1.7 -
1.6
[
15
(&
1.4
1.3
1.2
1.1

1 T T T T T 1
0 0.002 0.004 0.006 0.008 0.01 0.012

[Anisole]
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[m-Xylene] (mM) T(ns)

0 16.34

2.00 16.21

4.00 16.18

5.96 16.14

7.94 16.12

9.80 16.10
Ksv=13M"; kg=1.0x 108 M1 s?

tBu
tBu
2,7-tBu-Mes-Acr

[Pyrazole] (mM) 7(ns)

0 15.82

2.00 15.66

4.00 15.56

5.96 15.43

7.94 15.40

9.80 15.32

Ksv=27M?'; kq=1.7x108M*s?
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B.8. Monitoring Reaction Mixtures via UV-Vis and LC-HRMS

General Procedure:

A 2 dram vial was charged with anisole (0.3 mmol, 1.0 equiv), pyrazole (0.6 mmol, 2.0 equiv),
catalyst (0.015 mmol, 5 mol%), and TEMPO (0.06 mmol, 0.2 mmol) and DCE (3 mL) and then
sealed with a septum cap. The solution was then sparged with a balloon of O, for 5 minutes.
Afterwards the vial was placed under irradiation while under an atmosphere of Oz (balloon) and
stirred. At the indicated time points, 30 pL aliquots were removed through the septum cap and
diluted to 5 mL in DCE using a volumetric flask. The solution was then transferred to a cuvette
and a UV-Vis spectrum was recorded. The solutions were also analyzed either by HRMS (ESI)

direct inject or LC-HRMS (ESI).
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B.9. Observation of TEMPOniumBF4 Charge Transfer by UV-Vis

To visualize the charge transfer bands between mesitylene and anisole, a 4 mM
TEMPOnNiumBF; solution was prepared in MeCN and 3.0 mL was charged to a quartz cuvette.
Arene was then added as a neat liquid in varying amounts and UV-Vis spectra were collected
after each addition. The traces to identify Amax Of the resulting charge transfer bands
(AAbsorbance plots) were created by subtracting the spectrum of TEMPONiumBF4 in the
absence of quencher from each spectrum.

TEMPOnNiumBFs and Mesitylene

0 uL Mesitylene

0.2
=10 pL Mesitylene
0.18 20 pL Mesitylene
0.16 30 pL Mesitylene
e 40 pL Mesitylene
0.14 " Y
o ——— 60 uL Mesitylene
Q
g 0.12 = 80 uL Mesitylene
2 o1 = 100 pL Mesitylene
o .
B 0.08 = 140 pL Mesitylene
<
0.06
0.04
0.02
0
350 400 450 500 550 600

Wavelength (nm)
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TEMPOnNiumBF4 and Anisole

0.3 = (0 pL Anisole
=120 pL Anisole

w140 pL Anisole

180 pL Anisole
=220 pL Anisole
=260 pL Anisole

=340 pL Anisole

Absorcl?ance
S
(9]

350 400 450 500 550 600
Wavelength (nm)

174



B.10. TEMPOniumBF4 mediated arene C-H amination

S
O BFy

Me_ N Me
Me @ Y~Me

R ) § TEMPONiumBF, (1.0 equiv) R
N\J DCE, N, 450 nm .-\
Me

7

)

Me
i i I\/\eo\@ Pho\© Ph\@
Me Me Me

1% 62% <5% <5% <5%

General Procedure: To a flame dried 2 dram vial was charged the arene (0.4 mmol), pyrazole
(0.2 mmol) and TEMPOnNiumBF4 (0.2 mmol) and DCE (2.0 mL, [0.1 M] with respect to
pyrazole). The suspension was sparged with N2 for 5 minutes and then the septum sealed with
electrical tape and the vial was irradiated for 20 h. After irradiation, the solutions were
concentrated under pressure and the residue was dissolved in ~1.0 mL CDClIs and 0.051 mmol
(10 pL) Hexamethyldisiloxane (HMDSQO) was added as an internal standard. An NMR spectrum
was obtained and the yield was determined from the ratio of product peaks to internal standard.
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B.11. Development of New Anaerobic Conditions

A 2 dram vial was charged with arene (0.3 mmol, 1.0 equiv), pyrazole (0.6 mmol, 2.0 equiv),
catalyst (0.015 mmol, 5 mol%), and TEMPO (0.06 mmol, 0.2 mmol), and tert-butyl
hydroperoxide (0.30 mmol, provided as a 5.0 M solution in decene) and DCE (3 mL) and sealed
with a septum cap. For mesitylene the mesitylene and pyrazole stoichiometry was reversed.
The solution was then sparged with a balloon of N2 for 5 minutes and then sealed with electrical
tape and irradiated for 20 h. After, the solutions were removed from irradiation, concentrated
under pressure, and the residues dissolved in ~1 mL CDCl3 and 0.051 mmol (10 pL)
Hexamethydisiloxane internal standard was added. An NMR sample was prepared from this
solution and the yield determined by the relative integrations of the product peaks and internal

standard.
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B.12. KIE Experiments

5 mol % Mes-Acr+
MeO H ( ) MeO N
. (20 mol % TEMPO) S
| /N > N —
D 455 nm LEDs

: . DCE [0.1 M], O, 86%.5:1p:o
1.0 equiv 2.0 equiv (84%, 6 - 1 p : 0 with 4-H)

A 2 dram vial was charged with 4-d-anisole (0.3 mmol, 1.0 equiv), pyrazole (0.6 mmol, 2.0
equiv), tBu-Mes-NPA (0.015 mmol, 5 mol%), TEMPO (0.06 mmol, 0.2 mmol) and the
indicated amount of acid and dissolved in DCE (3 mL) and then sealed with a septum cap. The
solution was then sparged with a balloon of O for 5 minutes. Afterwards the vial was placed
under irradiation while under an atmosphere of O (balloon) and stirred for 20 h. Afterwards, the
solutions were concentrated under pressure and then the residues dissolved in ~1 mL CDClIs and
0.051 mmol HMDSO was added as an internal standard. From this solution an NMR sample was
prepared and the yields were determined form the relative integrations of product to internal
standard peaks. The regioselectivities were determined by the ratio of the OCH3 peaks for the

ortho product (3.89 ppm) to the para product (3.85 ppm)
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MeO
\©~H5 H (5 mol % Mes-Acr+) MeO H/D
Y (20 mol % TEMPO) \©\
) v o
0.25 equiv Z 455 nm LEDs NN

N\
1.0 equiv DCE0.1 M]. O \Q)

MeO
D, 35%
KH / KD = 103

0.25 equiv

A 2 dram vial was charged with anisole (0.15 mmol), ds-anisole (0.15 mmol), pyrazole (0.6
mmol, 2.0 equiv), tBu-Mes-NPA (0.015 mmol, 5 mol%), TEMPO (0.06 mmol, 0.2 mmol) and
the indicated amount of acid and dissolved in DCE (3 mL) and then sealed with a septum cap.
The solution was then sparged with a balloon of O for 5 minutes. Afterwards the vial was placed
under irradiation while under an atmosphere of O (balloon) and stirred for 15 minutes
(corresponding to 35% conversion). Afterwards, the solutions were concentrated under pressure
and then the residues dissolved in ~1 mL CDCls. From this solution an NMR sample was
prepared and obtained (*H 600 MHz) and the Kn/Kp was determined from the relative
integrations for protio and deuteron species. Comparing the integrations for the protio-anisole
ortho protons (6.91 ppm, integration = 1.00) and the multiplet that contains the para-Hs-product
protons (6.95 ppm, integration = 0.85, 0.50 from para-proton from protio-anisole, 0.35 from 2
protons from para-Hs-product). The para-product OCHj3 peak located at 3.85 ppm integrates to
1.05. Based on the relative integrations determined for para-Has-product, 0.525 of this integral
should correspond to OCHz for the protio-product. Thus, 0.525 of the integral remains for the

deutero-product. kx / kp = 1.00 and second trial affords 1.05, for an average of 1.03.
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B.13. Acid Studies

A 2 dram vial was charged with anisole (0.3 mmol, 1.0 equiv), pyrazole (0.6 mmol, 2.0 equiv),
tBu-Mes-NPA (0.015 mmol, 5 mol%), TEMPO (0.06 mmol, 0.2 mmol) and the indicated
amount of acid and dissolved in DCE (3 mL) and then sealed with a septum cap. The solution
was then sparged with a balloon of O, for 5 minutes. Afterwards the vial was placed under
irradiation while under an atmosphere of O (balloon) and stirred for 20 h. Afterwards, the
solutions were concentrated under pressure and then the residues dissolved in ~1 mL CDCls and
0.051 mmol HMDSO was added as an internal standard. From this solution an NMR sample was
prepared and the yields were determined form the relative integrations of product to internal
standard peaks. The regioselectivities were determined by the ratio of the OCH3 peaks for the

ortho (3.89 ppm) and para (3.85 ppm).
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