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ABSTRACT

Design of sustainable synthetic methods for oxidation reactions is one of the fundamental
challenges in chemistry, and both aerobic conditions and electrochemistry provide attractive
means to carry out sustainable oxidation reactions. Biological C—H oxidation catalysis routinely
proceeds via highly reactive oxidized metal sites generated from O»; similar oxidation reactions
are usually carried out in contemporary synthesis using O> surrogates such as hypervalent iodine
reagents. These reagents are often used in stoichiometric quantities leading to poor atom economy.
In 2018, we reported the development of aerobic hypervalent iodine catalysis predicated on
diverting aldehyde autoxidation intermediates towards the oxidation of aryl iodides for sustainable
synthesis of both I(III) and I(V) reagents. Many of the transformations for which hypervalent
iodine intermediates have been developed, including a-functionalization of carbonyls and metal-
free C-H/N-H cross-coupling reactions, were successfully carried out aerobically. We discovered
that aryl iodides with weakly-coordinating 2-substituted groups (such as tert-butylsulfonyl)
yielded the corresponding I(V) reagents due to disproportionation of initially formed I(III)
derivatives under the autoxidation reaction conditions and leveraged that for aerobic alcohol
oxidation chemistry. Under autoxidation conditions, 1,2-diols afforded alcohol oxidation
accompanied with C—C bond cleavage — characteristic of Dess-Martin Periodinane (DMP). Thus,

this discovery serves as the first example of aerobic oxidation catalysis involving DMP analogue.

Detailed mechanistic studies of the aerobic oxidation chemistry led to identification of
facile one-electron oxidation and the development of electrocatalytic hypervalent iodine
chemistry. We demonstrated the viability of hypervalent iodine electrocatalysis in the context of

both intra- and intermolecular C—H amination reactions, forming carbazole and aromatic hydrazine
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derivatives, respectively via iodanyl radical catalysis. To expand the scope of amination reactions,
we have developed new class of N-aminopyridinium reagents through benzyl C-H
aminopyridylation, and utilized in the synthesis of tetrahydroisoquinolines and o-aminated

carbonyl compounds.

Finally, a new family of aminating reagents, based on N-aminopyridinium scaffolds, were
developed in response to the oxidative lability of many amine precursors under the strongly

oxidizing conditions required for iodine-centered oxidation.

Given the breadth of chemistry available for hypervalent iodine compounds, demonstration
of strategies to facilitate the aerobic and electrochemical generation of hypervalent iodine species
promises to significantly impact the sustainable use of hypervalent iodine intermediates in

synthesis.
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CHAPTER I
INTRODUCTION: SUSTAINABLE OXIDATION CATALYSIS VIA HYPERVALENT

IODINE INTERMEDIATES®

I.1 Introduction

Oxidation reactions, in which electron equivalents are removed from a substrate, are often
critical steps in the synthesis of functional organic molecules. By definition, oxidation reactions
require the use of an electron acceptor (i.e., terminal oxidant). Because the reduced byproducts
generated from the terminal oxidant are often lost as chemical waste, the chemical structure of the
terminal oxidant dictates the sustainability of the oxidation reaction. Biological oxidation
chemistry often utilizes dioxygen (O:) as the terminal oxidant and generates water as the ultimate
byproduct.!: 2 As such, these enzymatic oxidation reactions are nearly ideal from the perspective
of sustainability. Analogous utilization of O as a terminal oxidant in synthetic chemistry remains
a significant challenge because 1) the triplet ground state of O, imposes kinetic barriers to O
utilization,®> 2) O often engages in poorly selective radical chain reactions,* 3) the electron
inventories of O» reduction (four-electron) and substrate oxidation (two electrons) are
mismatched;> ¢ and, 4) O utilization can present safety concerns depending on the specific
reaction conditions employed.” The challenges associated with direct O utilization as a terminal

oxidant in selective synthesis have stimulated the development of alternative chemical oxidants

* Data, figures, and text in this chapter were adapted with permission from reference Frey; B. L.; Maity, A.; Tan, H.;
Roychowdhury, P.; Powers, D. C. lodine Catalysis in Organic Synthesis;, Muniz, K., Ishihara, K. (Eds.); Wiley-VCH,
2022, 335-386. Copyright © 2022 the John Wiley and Sons, Inc. and Maity, A.; Cardenal, A. D.; Gao, W.-Y; Ashirov,
R.; Hyun, S.-M.; Powers, D. C. Inorg. Chem. 2019, 58, 10543—10553, Copyright © 2019, American Chemical Society.
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for application in specific synthetic contexts. Implicit in the use of designer chemical oxidants is

an increase in the waste associated with oxidation chemistry and in turn reduced sustainability.

1.2 Sustainable Oxidants Based on Active Oxygen Content

The principles of green chemistry articulated by Anastas et al.®? codify the concept of
atom economy and the impact of the nature of waste on the efficiency of a chemical process. Active
oxygen content, which is defined as the percent weight ratio of the oxygen transferred to product
divided by the formula weight of the reagent, can be used as a guiding parameter for evaluating
the sustainability of oxidants.!? Table I-1 lists the active oxygen content and associated waste

products generated from a variety of commonly encountered terminal oxidants.

Table I-1. List of general oxidants in order of their respective active oxygen content.!

Reduced Oxidant

Substrate + Oxidant Product + (Stoichiometric waste)
Oxidant Active Oxygen Content (wt %) Waste Generated
O or Oz / reductant” 100 (50) None (H20)
H>O, 47 H>O
KMnO4 30.4 Mn(1I) salt
NaOCl 21.6 NaCl
0,/ CH3CHO 21.1 CH3;COxH
CH3;COsH 21.1 CH3;CO2H
BuOOH 17.8 BuOH
H>0O,-Urea 17.0 H>O-Urea
KHSOs 10.5 KHSOq4
m-CPBA 9.3 m-CBA
NalOg4 7.5 NalO3
PhIO 7.3 PhI
NaBO3-4H20 7.2 NaB02
Oxone? 2.6 K5S,08- KHSO4-K>SO4

“This analysis assumes the reduced byproduct is H2O. If chemical reductants are employed (i.e., H2, NADH, CH3;CHO,
etc.) the active oxygen content will be lower depending on the mass of the generated byproducts. ?Oxone
(2KHSOs5-KHSO4-K2S04). m-CPBA= meta-chloroperbenzoic acid, m-CBA= meta-chlorobenzoic acid.



While O, is an attractive oxidant based on its active oxygen content, chemical strategies
that utilize both oxygen atoms for substrate functionalization (i.e., dioxygenase reactivity) are
rare.!! More typically, O, utilization is accomplished in the presence of an appropriate reductant,
which addresses the incongruous electron inventory of O: reduction and substrate
functionalization. Consequently only 50% of active oxygen content of Oz is utilized and the other
50% is lost as waste (ideally H,O). Hydrogen peroxide (H20>) is also considered a green oxidant
and has 47% active oxygen content when utilized in direct substrate oxidation chemistry with
attendant generation of H>O as the byproduct. Utilization of H>O> as an oxidant in hypervalent
iodine chemistry often requires acetic anhydride, to generate peracetic acid in situ, or the use of
urea-hydrogen peroxide (UHP) adduct, both of which reduce the active oxygen content of the
reagent. Other commonly encountered chemical oxidants, such as NaOCl, CH3CO3H, m-CPBA,
NalO4, NaBO3-4H>0, and Oxone display significantly lower active oxygen contents. The recent
renaissance of organic electrosynthesis offers an alternative strategy to sustainable oxidation
chemistry: Anodic substrate oxidation provides the opportunity to avoid stoichiometric redox
reagents and the associated waste streams.!? The frequent requirement for high concentrations of

supporting electrolyte can reduce the chemical efficiency of electrosynthetic approaches.

Hypervalent iodine compounds are a class of metal-free oxidants that are often used as
terminal oxidants in both organic and inorganic synthesis. Although hypervalent iodine
compounds are attractive oxidants due to the abundance of iodoarene starting materials and lower
toxicity compared to transition metal catalysts, when employed as terminal oxidants hypervalent
iodine reagents display poor atom economy. For example, when reduced, iodosylbenzene (PhIO)

generates a stoichiometric quantity of iodobenzene and only features 7.3% active oxygen content.



In addition, hypervalent iodine species are typically prepared with stoichiometric metal-based
oxidants (KMnQOs4, Oxone, NalOg, etc.) or organic peracids (m-CPBA, CH3COzH) which amplifies

the overall chemical inefficiency of using these reagents in synthesis.

1.3 Background on Hypervalent Iodine Compounds

Iodine was discovered in 1811 by Bernard Courtois and was named by Joseph Louis Gay-
Lussac in 1813 (the name “iodine” derives from the Greek word i®orng, which means “violet
colored”).!® The chemistry of iodine, which is the largest, least electronegative, and most ionizable
of the non-radioactive halogens,'* is dominated by the (0) and (~1) oxidation states (i.e. I and I).
Facile interconversion of 1(0) and I(—1) by oxidation-reduction chemistry underpins the I" / I3~
redox couple that is critical to the chemistry of dye-sensitized solar cells.!> The ionizability of
iodine is manifest in a rich body of iodine-centered redox chemistry and the availability of families
of compounds featuring iodine in oxidation states greater than zero (Figure I-1). For example,
exposure of I» to SbFs results in the formation of the [I>"]-containing salt [I][Sb2F11] (Figure I-
1a).!% 7 Dimerization of " to afford I4>* has been observed,'® ! and higher-order iodine cations,
such as I3*, Is*, I5*, and I;s" have been characterized.'® Higher oxidation state iodine species are
also commonly encountered in iodine oxyacids of I(I), I(III), I(V), and I(VII) (i.e., HIO, HIO,,
HIOs3, and HIO4), iodine oxides, and iodine fluoride (i.e., [F7) (Figure I-1b). Higher oxidation states

of iodine are also encountered in organoiodine chemistry (Figure I-1c¢).



(a) polyiodine cations

SbFs
21, 2 [1,][SbsF44] + SbFg
S0,, 20 °C
[Is][AsFg]  [I4][SbFe][SbaFi4]  [Is][AsFe]  [l15][SbFg]

(b) oxyacids and fluorides

HIO HIO, HIO; HIO, F IFy IFs IF,

(c) higher valent organic iodine species

S
o X ? o
1® I |36@ I=X
o O-gr U

8-1-2 10-1-3 8-1-3 10-1-5
Figure I-1.The low ionization potential of iodine is manifest in families of oxidized iodine
compounds. Examples include (a) polyiodine cations, (b) iodine oxyacids and fluorides, and (c)
A3- and A’-iodanes.

In 1886, Willgerodt reported the preparation of PhIClz, which features an I(III) center, upon
passage of Cl, through a solution containing PhI.?® Since this original discovery, an enormous
array of I(II) derivatives have been prepared. PhICl, is a T-shaped molecule and formally features
a dectet electronic configuration at iodine. As such, these compounds are termed hypervalent,
which Musher defined as: “atomic centers which exceed the number of valences allowed by the
traditional theory, and thus utilize more electron-bonding pairs than provide stability in the Lewis
Langmuir theory.”?! Various nomenclature schemes have been utilized to describe hypervalent
I(IIT) compounds. According to IUPAC convention for compounds with non-standard
coordination numbers, organic compounds containing I(IIT) centers are referred to as 2>-iodanes.??
Martin-Arduengo N—X—-L nomenclature, in which & is the number of valence electrons formally
assigned to iodine, X is the identity of the hypervalent element, and L is the number of ligands
attached to the hypervalent atom, is also frequently used to describe higher valent organoiodides.>*

24 In addition, a large array of I(V)-containing compounds (i.e., Dess-Martin periodinane (DMP)



and 2-Todoxybenzoic acid (IBX); ’-iodanes), which feature a dodectet electronic configuration at

iodine, have been prepared.?>3° There are no examples of organic I(VII)-containing compounds.

V3

e anti-bonding

L—I—L
v2
non-bonding

SoOAe0 % boll'lr/c}ing
Figure I-2. Orbital picture for the 3c-4e bonding in hypervalent iodine compounds.
Population of 2, which is ligand centered, allows accommodation of the formal octet violations
at iodine without utilizing d-orbital hybridization. In neutral I(III) derivatives, L represents an
anionic donor ligand.

Historically, bonding models based on either 1) participation of vacant iodine-centered d-
orbitals in hybridization, or 2) bonds with greater than 50% ionic character, which would result in
localization of electron density on ligand-borne orbitals, have been advanced to rationalize the
apparent valence expansion at iodine in 2’- and »’-iodanes.®! In 1951, Rundle and Pimentel
advanced the now-accepted model for hypervalent iodine bonding based on overlap of the 5p
orbital at iodine with ligand-centered orbitals to give rise to the electron-rich 3c-4e bonding picture
illustrated in Figure I-2.3% 3% Population of bond i and non-bonding > gives rise to the observed
linear L-I-L triads. Violation of the octet at iodine is avoided by localization of two electrons in
ligand-borne 2. In addition to avoiding violation of the octet rule, this picture rationalizes the
observation of highly ionic bonding in hypervalent iodine compounds and the preference for
electronegative substituents to occupy the hypervalent bond. Further experimental support for the
ionic bonding in hypervalent iodine molecules is the observation that the iodine center can serve
as an acceptor in halogen bonding interactions.** *> Due to population of both bonding and non-

bonding orbitals, the I-L bond lengths in hypervalent iodine species are typically intermediate

between the sum of the covalent and ionic radii of the relevant atoms.’® The bonding picture of



I(V) derivatives mirrors that of [(III) compounds except that there are two (orthogonal) hypervalent

3c-4e bonds.

Iodosylbenzene derivatives (i.e. 8-1-2 species) also feature I(III) centers. While these
species are often drawn with I-L multiple bonds (i.e. PhI=0), the large radius of iodine results in
insignificant t-bonding.?” Poor 7 overlap results in highly polarized bonding, (i.e. PhI*~O"). The
extensive polarization of the I-O bond often results in solid-state —-[-O—I-O— polymerization

driven by charge pairing,38-4

which results in poorly soluble materials. Iodosylbenzenes are
metastable with respect to disproportionation to I(I) and I(V) species, although sufficiently large
kinetic barriers to disproportionation often allow for straightforward handling of I(III) species. For
example, the disproportionation of (PhIO), to generate iodobenzene and iodylbenzene is
spontaneous,*! but requires either catalysts (i.e., RuClz)* or elevated temperatures* to proceed at
appreciable rates. The mechanism of disproportionation has not been extensively investigated but
has been suggested to proceed via oxygen-atom transfer chemistry in an O-bridged diiodine

intermediate.** As a result of the aforementioned disproportionation thermodynamics,

iodylbenzenes are weaker oxidants than iodosylbenzenes.

The reaction chemistry of hypervalent iodine compounds resembles that of the more toxic
main-group analogues based on Hg(II), TI(III), and Pb(IV)?*® and is frequently described using
terminology common to organometallic mechanisms.*> The oxidation of PhlI to PhICI, described
above represents an oxidative addition reaction at the iodine center (Figure I-3a).2° Ligand
exchange chemistry is often facile at iodine; for example, the alkoxide ligand exchange at iodine

pictured in Figure I-3b is rapid at room temperature.*® Both associative and dissociative exchange



mechanisms have been proposed.*” Reductive elimination, in which ligand coupling from the
hypervalent iodine center is accomplished with concurrent formation of an aryl iodide are
ubiquitous (Figure I-3c). Both inner-sphere ligand coupling and outer-sphere, nucleophilic
aromatic substitution pathways have been suggested for the observed elimination reactions.* +°
Reductive elimination processes are driven by the hypernucleofugacity of Phl. Finally, group-
transfer chemistry of iodosylbenzenes, for example in the synthesis of metal oxo complexes*® ¢
1 as well as in hydroxylation catalysisis, is very frequently encountered (Figure I-3d).°* 53 The
importance of hypervalent iodine compounds has resulted in an extensive review literature of the
chemistry and reactivity of these compounds.?®-3% 3% 55 Similar to the oxidation-reduction cycling

that underpins hypervalent iodine catalysis, oxidation-reduction cycling with other main-group

elements, such as phosphorous, has recently emerged as an opportunity in metal-free catalysis.>*-

59

(a) oxidative addition (c) reductive elimination
Cl
\
| Cl, I, X X |
o - Ot S e
Ar
(b) ligand exchange (d) group transfer
2+ 2+
R R—I R R—I
HsCO, D;CO, S o
N CD30H X R\ T_N SPHIO R\ TN
©/ oTs —> ©/ OTs N—Fel > R ——  N-Fe_ b R
-~ | N~ | N~
N R N R

Figure I-3. The chemistry of hypervalent iodine compounds is often described using
terminology common to organometallic catalysis. Hypervalent iodine compounds participate in
(a) two-electron iodine-centered oxidation, (b) ligand exchange chemistry, (c¢) reductive
elimination reactions, and (d) group-transfer processes. R = N(CHs)3; S = CH3CN; *PhlO = 2-(tert-
butylsulfonyl)iodosylbenzene.



1.4 Synthesis of Hypervalent Iodine(IIT) Reagents with Sustainable Oxidant

Since Willgerodt’s reported preparation of PhICl; in 1886, several I(III) derivatives have
been prepared and majority of these preparations involve using peroxide or peracids such as H>O»
and peracetic acid, respectively. H2O: is considered to be an environmentally benign oxidant due
to its 47% active oxygen content and the potential generation of water as the byproduct. H,0, is
produced via the Riedl-Pfleiderer process where 2-alkylanthraquinone is first reduced to 2-
alkylhydroanthraquinone by hydrogenation and again oxidized aerobically to regenerate 2-
alkylanthraquinone and H>0,.%° Decomposition of H,O, to H,O and O is exothermic (-94.6
kJ/mol),%! and the use of concentrated solutions presents significant safety hazards. Hence, H,O;
is typically employed as <30% aqueous solution. An alternative way to safely deliver H>O> into
the reaction is by using urea adduct of hydrogen peroxide (UHP), which is an odorless, water-
soluble, crystalline solid that has an active oxygen content of 17%.5

There are no examples of direct oxidation of iodoarenes with H>O» alone, which may be
due to the spontaneous decomposition of H>O» by I(IIT) compounds to form singlet oxygen ('O5)
and reduced I(I) (Figure 1-4).% H20z is often employed as an oxidant in combination with acid
anhydrides and hydrohalic acids, which promote the in sifu generation of peracids and hypohalous
acids, respectively. Here, we organize presentation of H»O»-based methods by the type of

hypervalent iodine compounds generated.

F4C(0)CO,

N H20> !
©/ OC(O)CFy ——————————~ ©/ + 10, + 2CF;CO0H

Figure I-4. Hydrogen peroxide reacts with (ditrifluoroacetoxy)iodobenzene to form singlet
oxygen (102) and iodobenzene.
Peracid-based oxidation of iodoarenes was first reported by Boeseken and Schneider in

1931 who synthesized (diacetoxyiodo)benzene by treatment of iodobenzene in chloroform with
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55% peracetic acid.®* In 1953, Pausacker reported a modified synthesis in which 30% H»O- and
acetic anhydride were stirred together at 40 °C to generate peracetic acid followed by addition of
iodobenzene (I.1a) to the resulting solution (Figure 1-5).%° This method avoids the use of highly
concentrated peracetic acid solution and was the earliest example with H,O, as the terminal oxidant

for the synthesis of I(IIT) compounds. To date, this method is among the most widely used for the

synthesis of PhI(OAc); (1.2a).

AcO
I H.0, I
—_— \
©/ Ac,0, 40 °C ©/ OAc
l.1a l.2a

Figure I-5. The combination of hydrogen peroxide and acetic anhydride generate peracetic
acid in situ, which is responsible for oxidation of iodobenzene (I.1a) to
(diacetoxyiodo)benzene (I.2a).

[Bis(trifluoroacetoxy)iodo]arenes (I.3) are stronger oxidants than PhI(OAc), due to the
more electron-withdrawing trifluoroacetoxy groups on the iodine center.®® Zhdankin et al. reported
a direct synthetic route to 1.3 using trifluoroperacetic acid, generated in situ by combination of
80% H»0» with trifluoroacetic anhydride.®” Although the described procedure was more efficient
than previous synthetic methods based on ligand exchange reactions of hypervalent iodine(II)
compounds with trifluoroaectic acid,®® ¢ silver trifluoroacetate,”® or trimethylsilyl
trifluoroacetate,’! the use of such high concentration of H2O» poses serious safety hazards. In 2006,
Wirth et al. described a modification of the procedure using UHP (urea hydrogen peroxide adduct)
as the terminal oxidant, which enabled in situ formation of trifluoroperacetic acid, leading to

efficient formation of [bis(trifluoroacetoxy)iodo]arenes (1.3) (Figure 1-6).72
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F3COCO,

[ ; I,
R~©/ H,0, -urea R‘©/ OCOCF4
(CF4C0),0, 40 °C
1.1 1.3
Figure I-6. In situ generation of trifluoroperacetic acid from UHP and trifluoroacetic

anhydride provides access to [bis(trifluoroacetoxy)iodo]arenes from the corresponding
iodoarenes.

(Dichloroiodo)arenes (1.4), are widely used reagents for the chlorination of unsaturated
hydrocarbons and also as terminal oxidants for transition metal catalysis.”> Historically,
(dichloroiodo)benzene has been synthesized by bubbling chlorine gas into a solution of
iodobenzene at a low temperature. Use of toxic and corrosive chlorine gas can be avoided using
hydrochloric acid in combination with oxidants like KC103,”* KMnQa,”> concentrated HNO3,”

Na,S,04, " CrO;,7” NaClO,, or NaClO.” These methods suffer from (super)stoichiometric use of

terminal oxidants and poor substrate scope with respect to electron-withdrawing substituents on
the iodoarenes. Jarnej and co-workers reported an alternative route for the synthesis of
(dichloroiodo)arenes from a mixture of HCI/H>O: (30% aqueous solution) in 1,1,1-
trifluororethanol (TFE) which acts both as a solvent and activator for HO» (Figure 12.8).7° In this
protocol, hypochlorous acid (HOCI) is generated in situ and acts as the active oxidant and
chlorinating agent. This method tolerates alkyl substituents as well as electron-withdrawing groups
such as carboxyl-, nitro-, and chloro substituents. But, in the presence of electron-donating groups
like dimethyl, trimethyl or methoxy substituents, the corresponding (dichloroiodo)arenes
decompose to the chlorinated arene products.

H»0,, conc. HCI

| |
\
F*‘@/ TFE, 23°C R©/ c

1.1 1.4
Figure I-7. H,O; was combined with concentrated HCI to form hypochlorous acid (HOC]I) in
situ, the active chlorinating reagent for the synthesis of (dicholoroiodo)arenes from
iodoarenes.
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Diaryliodonium salts are typically synthesized via a two-step process involving iodoarene
oxidation followed by arylation of the I(IIT) with a suitable arene; thus, catalysis is often limited,
and sustainable synthesis of these reagents is important to decrease the environmental impact.
Building on the demonstration of UHP in the synthesis of iodine(IIl) reagents, Olofsson et al.
developed a UHP-based synthesis of diaryliodonium triflates. The authors utilized the in situ
formation of triflic peroxide using UHP and triflic anhydride (Tf20) to oxidize the iodoarenes in
presence of suitable arenes to furnish diaryliodonium triflates (I.5) in a single step. The developed
methodology was effective in synthesizing both symmetric and unsymmetric iodonium salts in
good yield but, use of oxidatively labile substrate like anisole or pyridine led to undesired side-

products or pyridine N-oxides, respectively without any desired product formation (Figure I-8).

H,0, -urea, ArH, Tf,0 ® 9

| |
~ar OTE
DCM, TFE, 40 °C
R R

1.1 1.5
Figure I-8. Diaryliodonium triflates were synthesized using urea-hydrogen peroxide adduct
(UHP) in a sustainable method leading to symmetric and unsymmetric iodonium salts.

Electrochemistry provides an alternative sustainable method for oxidation of aryl iodides
as electric current is used in place of stoichiometric oxidants. The first example of electrochemical
synthesis of hypervalent iodine(III) reagents was reported in 1960 by Schmidt and Meinert, who
described the anodic oxidation of iodobenzene in the presence of silver fluoride (AgF), which acts
as both the fluorine source and supporting electrolyte, to generate (difluoroiodo)benzene (PhIF,).5
With difficulty in reproducing this synthesis,3! Fuchigami and co-workers developed direct
electrolysis of 4-iodonitrobenzene (I.1b) in presence of EtsN-3HF in 1994 to afford fluorinated
I(ITT) product (I.5b, Figure 1-92).8? But, electrolysis of iodobenzene and 4-iodotoluene led to

benzylic fluorination and diaryliodonium products, respectively. Later Hara et al. were successful

12



in synthesizing 4-(difluoroiodo)toluene from 4-iodotoluene using Et;N-5HF as the supporting
electrolyte and fluorine source under constant potential electrolysis at 1.5 V vs. Ag/Ag (1.5¢,
Figure I-9b).%% Most of the recent electrochemical synthesis of hypervalent iodine are developed
in situ where unstable, or dangerous reagents are generated without the need for isolation and later
used in ex cell reactions under non-electrochemical conditions. This approach often leads to
improved yields and safer reaction conditions but unstable towards isolation.®* 85 Nishiyama and
co-workers developed anodic oxidation of iodoarenes in fluorinated solvents, such as
trifluoroethanol (TFE) to afford [bis(trifluoroethoxy)iodo]benzene (I.6a, Figure I-9¢).36-88
Fluorinated alcohol solvents are known to help stabilize radical cation intermediates and

consequently improve single electron oxidation events of iodoarenes at anode surfaces.®¢ 891

Anodic Oxidation Anodic Oxidation F\I
F
/©/ EtsN-3HF, MeCN /©/ /©/ EtaN 5HF, DCM
H3C
1.5¢
/—CF3
(© Q
| Anodic Oxidation I
0\
J = (o
l1a 1.6a

Figure I-9. Examples of anodically generated hypervalent iodine compounds.

One of the drawbacks of an electrochemical reaction is that challenge imposed by the need
to separate the desired products from catalyst, reagent, and supporting electrolyte. To overcome
this challenge, Francke and coworkers developed low-molecular-weight, charged iodoarenes as
potential ex cell mediators in which the supporting electrolyte and the iodoarene mediator were
combined (Figure 1-10).°>* The first examples developed were quaternary ammonium substituted
4-iodoarenes. Anodic oxidation of iodoarene LI.1d in fluorinated solvents provided access to the

corresponding hypervalent iodine compound 1.7d, which was subsequently utilized in ex cell C—
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N bond forming reactions.’? ** Francke and co-workers later advanced iodophenylsulfonates (I.1e,

I.1f) and iodobenzoates (I.1g-1.1i) as redox-active supporting electrolytes.**

FsC
»—CFs
| o‘
Z Anodic Oxidation 7 | CF3
R_\ | —  » R+ | \O—<
HFIP A CF,
11 17
037 coo® Me,N
3 Me4N o e,

l.1d l.1e 1.1f l.1g Il.1h 1.1i

Figure I-10. Recyclable iodoarene mediators for ex cell electrochemistry.

Electrochemical oxidation of iodoarenes via flow chemistry has also been developed by
Wirth and co-workers where the amount of supporting electrolyte can be drastically reduced to
attenuate the waste stream (Figure 1-11).°>°® Flow conditions offer advantages compared to
mechanical stirring, such as better mixing, more efficient heat transfer, easy scale-up,” and can be
especially useful in industrial settings for energy conservation '%, multistep synthesis '°! or end-

to-end production.'??

| : P | CF

X Anodic Oxidation X 3
L —0 SO

Z CF3

Flow System

Figure I-11. Anodic oxidation of aryl iodides under flow conditions.
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L.5 Synthesis of Hypervalent Ilodine(V) Reagents with Sustainable Oxidants
Iodylarenes are typically prepared using harsh oxidation conditions such as potassium

103

peroxysulfate in concentrated sulfuric acid,!®® sodium periodate, % 195 Oxone,!% peracetic acid at

197 Todylarenes can also be prepared from the disproportionation of

elevated temperatures.
corresponding iodosylbenzenes at high temperatures.!®® Zhdankin and co-workers reported a two-
step, one-pot strategy to access iodylarenes using H2O: as the terminal oxidant by coupling in situ
generation of peracid with subsequent disproportionation chemistry catalyzed by RuCls (0.8
mol%).** This method was effective in furnishing iodylarenes bearing both electron-donating and
electron-withdrawing groups, but formation of 2-iodoxybenzoic acid (IBX) from 2-iodobenzoic
acid was unsuccessful (Figure I-12). When independently synthesized PhI(OAc), (I.2a) was
treated with RuCls (0.4 mol%) in an aqueous acetonitrile solution at room temperature, immediate
formation of equimolar amount of iodylbenzene (I.8a) and iodobenzene (I.1a) were observed,
which is consistent with disproportionation being operative in the synthesis of I(V) species.!?
. @/' i) Hy0, / Ac0, 40 °C . @/'\\o
ii) RuCl3 (0.8 mol%) / Hy0, 40 °C
1.1 1.8

Figure I-12. RuClz-mediated disproportionation of initially formed hypervalent iodine(III)
intermediates provided access to the corresponding iodylarenes.

Hypervalent iodine(V) reagents can be electrochemically synthesized, but require harsh
reaction conditions. Oxidation of 2-iodobenzoic acid in 0.2 M H>SO4 aqueous with a boron doped
diamond electrode at potentials greater than 1.8 V vs. SCE produced 2-iodoxybenzoic acid.!!% !
Interestingly, applied potentials between 1.6—1.8 V vs. SCE produces the I(III) 2-iodosylbenzoic
acid and increasing potentials above 1.8 V vs. SCE yields the I(V) product. The usefulness of

boron doped diamond electrode can be attributed to its stability and high over potential for O

evolution.
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1.6 Conclusions
Our interest in hypervalent iodine chemistry has, in large part, been motivated by the utility
of these reagents as non-toxic, selective oxidants in synthetic chemistry. Iodosylbenzene

112

derivatives have been applied to a-oxidation of carbonyls,' ' oxidative 1,2-difunctionalization of

3 114-117 118, 119

olefins,''3 oxidative dearomatization chemistry, cross-coupling reactions, and have
found important application as group-transfer reagents in organometallic catalysis.?®> 120 The
facility of ligand exchange at hypervalent iodine centers underpins the breadth of substrate
functionalization chemistry that can be achieved with hypervalent iodine compound: In addition
to oxygen transfer, halogen, nitrogen, and hydrocarbyl transfer reactions are all common. I(V)
reagents display complementary substrate functionalization chemistry, most notably towards

alcohol and amine dehydrogenation reactions.?>-°

The development of either 1) methods to synthesize hypervalent iodine compounds using
sustainable sources such as O; and electrical current (generated from renewable sources like solar
photovoltaics), or 2) methods to employ hypervalent iodine species as catalysts in tandem with
green oxidants could provide a platform for sustainable oxidation methods for wide variety of
reactions. Here, we summarize progress towards sustainable synthesis and use of hypervalent

iodine compounds.
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CHAPTER II
OXIDASE CATALYSIS VIS AEROBICALLY GENERATED HYPERVALENT IODINE

INTERMEDIATES"

I1.1 Introduction

Os is a readily available, environmentally benign, thermodynamically strong oxidant. The
development of chemical strategies to couple O> reduction directly to substrate oxidation would
enable sustainable synthetic methods.!! 12! 122 However, selective and efficient utilization of O is
challenging due to the triplet ground state of Oz, which imposes substantial kinetic barriers to O
reduction and gives rise to poorly selective radical chemistry,*# and due to the disparity between
the electron inventories of four-electron O» reduction and two-electron substrate oxidation.’
Broadly, there are two approaches to O» utilization: (1) oxygenase chemistry, in which O2 serves
as both an oxidant and the source of oxygen content in organic reaction products; and (2) oxidase
chemistry, in which O serves as a proton and electron acceptor but is not incorporated into the

organic reaction products (Figure I1-1).1%

Oxygenase Chemistry

05,26, 2 H*
sib —————————  sub(0) + HyO

Oxidase Chemistry
1120, 27, 2 H*
subd ——————»  sub™ + H,0
Figure II-1 Oxygenase versus oxidase aerobic oxidation chemistry. In oxygenase chemistry,
O- functions both as the electron acceptor as well as the source of oxygen content during substrate
functionalization. In oxidase chemistry, O> functions only as a proton and electron acceptor and is
not incorporated in the oxidized substrate. Oxidase strategies are conceptually more broadly
applicable to synthetic chemistry, as they allow a variety of substrate functionalization modes to
be coupled to O; as the terminal oxidant.

"Data, figures, and text in this chapter were adapted with permission from Maity, A.; Hyun, S.-M.; Powers, D. C. Nat.
Chem. 2018, 10, 200204, Copyright © 2017 Nature Publishing Group.
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Oxidase chemistry is synthetically attractive because many desirable oxidation reactions
do not require substrate oxygenation. Pd-catalyzed aerobic oxidation has emerged as a particularly
powerful platform to couple O> reduction to substrate oxidation chemistry, and this chemistry is
predicated on leveraging the wide array of catalytic reactions that involve Pd(II) intermediates to
access broadly applicable synthetic chemistry with O, (Figure I1-2a).!?* To efficiently manage the
oxidation of Pd(0) by Pd(II), electron transfer mediators (ETMs), such as hydroquinone, are often
employed.'?> 126 Hydroquinone spontaneously reacts with O, to generate quinone and quinone
readily oxidizes Pd(0) to Pd(II). Use of hydroquinone as an ETM has enabled O> reduction to be
coupled with aerobic alkene functionalization, C—C and C-O coupling reactions, and alcohol
oxidation chemistry.!?* 127- 128 Other ETMs, such as nitroxyl radicals,'?-13! polyoxometallates,'3*-
136 flavins'3” have been developed, and similar redox relay strategies have been utilized to facilitate
Cu-12% 138147 and Ru-catalyzed!*®132 aerobic oxidation catalysis. The ETMs that are commonly
used in aerobic oxidation reactions are generally weak oxidants and thus Oz-coupled catalysis is

limited to reactions mediated by low-valent catalyst intermediates.

Enzymatic oxidation catalysis, such as the C—H hydroxylation chemistry accomplished by
cytochrome P450s and methane monooxygenase (MMO), utilizes O> (in combination with a
sacrificial reductant such as NADH) to generate strongly oxidizing high-valent intermediates.!>*-
157 In the absence of broadly applicable strategies for O, utilization, synthetic chemists have
developed myriad reagents that participate in selective two-electron oxidation chemistry. For

example, hypervalent iodine reagents are a broadly useful class of selective two electron chemical

oxidants based on 3-centered, 4-electron (3c—4e) iodine—ligand bonds.?”- 2% 158 These reagents find
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application in diverse chemical settings, including C—H hydroxylation and amination, olefin
functionalization, oxidative dearomatization, and as group-transfer reagents in catalysis. The broad
utility of hypervalent iodine reagents derives from the facile ligand exchange chemistry available
at iodine. Ligand exchange reactions allow hypervalent iodine reagents to be utilized in oxidative
oxygen-, nitrogen-, halogen- and hydrocarbyl-transfer chemistry.!%6: 120: 15 The current liabilities
of hypervalent iodine reagents include the frequent need for stoichiometric quantities of these
compounds and the synthesis of these reagents from wasteful metal-based oxidants such as
KMnOs4, NalOs, and Oxone, or organic peracids such as m-chloroperbenzoic acid.!*® At the time
of this work, there were no methods available for the direct synthesis of hypervalent iodine
compounds from O,.'%!: 162 Liu and co-workers have suggested O»-coupled generation of I(V)
intermediates during aerobic alcohol oxidation,'®! but the active oxidant in this chemistry has
subsequently been reassigned as Brz.!'®2 We were attracted to aerobic oxidation of aryl iodides
based on the hypothesis that the resulting hypervalent iodine reagents, in conjunction with ligand
exchange at iodine, could provide a new platform for oxidase chemistry. Here, we intercept
aldehyde autoxidation intermediates to prepare a family of hypervalent iodine reagents using O
as the terminal oxidant, and demonstrate the utility of aerobic oxidation of aryl iodides in oxidase
catalysis to functionalize a variety of substrate classes (Figure I1-2b).!6?
(@ O ETMreq Pd(ll) sub ()  RCOOH ArlXa sub
Ho0 ETMoy X Pd(0) X SUDy RCHO, O, X Arl Xsubox

Figure II-2. Utilization of O; as terminal oxidant in synthetic chemistry. (a) Electron-transfer
mediators (ETMs) have been used to enable Pd-catalyzed aerobic oxidation. (b) Aldehyde-

promoted aerobic synthesis of hypervalent iodine intermediates enables complementary substrate
oxidation chemistry; sub = substrate.
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I1.2 Results and Discussion

Aldehyde autoxidation chemistry, which converts aldehydes to carboxylic acids under the
action of O, is among the earliest reactions of O, with organic molecules to be characterized.!®*
In 1832, Wohler and Liebig reported the autoxidation of benzaldehyde to benzoic acid.'®®
Béckstrom advanced the now accepted radical chain mechanism for aldehyde autoxidation in 1927
(Figure II-3), which involves hydrogen-atom abstraction (HAA) from aldehyde A to generate acyl
radical B, reaction of B with O> to generate acyl peroxy radical C, and HAA to generate an
equivalent of peracid D and the acyl radical chain carrier B.!%® Subsequent Baeyer-Villiger reaction
via intermediate E generates two equivalents of acid F.'®” The synthetic utility of autoxidation
intermediates in reaction development has been realized.!%®-!72 For example, aerobically generated
acyl radical intermediates have been intercepted for olefin addition chemistry and aerobically

generated peracids have been utilized for oxygen-atom transfer chemistry (OAT).!73-177

o)
0 0, ? 0, 0 HstLH o)
. O T OH
HsC” ~H H3C) H3CJ\O -B H3CJ\O
A c D
0
2 2 HsCooH
- _,O._CH 3
2 H3CJJ\OH H3C)J\O Y 8
OH
F E

Figure I1-3. Radical-chain mechanism for aldehyde autoxidation. Autoxidation of aldehydes
to carboxylic acids proceeds via initial hydrogen-atom abstraction (HAA) from an aldehyde (A)
to generate an acyl radical (B). Subsequent reaction between B and O» generates acyl superoxo C.
HAA from a second equivalent of A generates peracid D and chain carrier B. Conversion of
peracid D to carboxylic acids is accomplished by a Baeyer-Villiger reaction via intermediate E.
Here, we intercept reactive oxidants generated during autoxidation (i.e., D and E) to access
hypervalent iodine reagents. Coupling O: reduction to the synthesis of hypervalent iodine
compounds provides a platform for oxidase chemistry.
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11.2.1 Intercepting Aldehyde Autoxidation for Aerobic Oxidation of Aryl lodides

We initiated our investigation of aerobic oxidation of aryl iodides by examining the
viability of the oxidation of Phl (II.1a) with Oz in the presence of a variety of simple aldehydes in
1,2-dichloroethane (DCE) at 23 °C (Table II-1). We found that, although benzaldehyde was
ineffective in promoting the oxidation of iodobenzene (Table II-1, entry 1), isobutyraldehyde and
butyraldehyde led to the observation of 2% and 6% yield of I(II) bis-esters, respectively (entries
2 and 3). Use of acetaldehyde afforded PhI(OAc). (I1.2a) in 42-91% yield (yields obtained from
five identical reactions, entry 4). We speculated that the variability of oxidation efficiency was due
to inconsistent initiation of radical autoxidation chemistry. Addition of a sub-stoichiometric
amount of various metal salts (1 mol%) that have been demonstrated to initiate autoxidation
(entries 5-7)178 17 led to identification of CoCl>-6H>O as a highly effective autoxidation initiator,
leading to PhI(OAc)2 in 99% yield. AcOH is the only by-product of aldehyde-promoted Phl
oxidation, and PhI(OAc), can be isolated as a pure compound following a simple aqueous
extraction to remove Co salts. Using CoClz-6H2O as radical chain initiator, Phl oxidation can be
accomplished with air as the O2 source (63% yield). Aerobic oxidation of Phl to generate
PhI(OAc): could be carried out on gram scale (97% yield, 1.59 g isolated product). The developed
aerobic oxidation is compatible with a broad range of organic solvents. In addition to DCE, high
yields are obtained in coordinating solvents, such as CH3CN (entry 8), and protic solvents, such
as AcOH (entry 9). In contrast, Phl oxidation does not proceed in THF, which we hypothesize is

due to inhibition of autoxidation by the presence of relatively weak C—H bonds (vide infra).
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Table II-1. Optimization of aerobic oxidation of iodobenzene.Aerobic oxidation was optimized
by examining the impact of experimental variables on the oxidation of iodobenzene to iodobenzene
diacetate. Consistent with oxidation of Phl by autoxidation intermediates, the addition of
autoxidation initiators is required to achieve consistent high yields of PhI oxidation. *For
optimization experiments, yields were determined by "H NMR spectroscopy from crude reaction
mixture using mesitylene as internal standard.

R>=O
' 0, CHyCHO Do
U= O
Il.1a I.2a
Entry RCHO Solvent Initiator (1.0 mol%) Yield?
1 PhCHO DCE None 0
2 i-PrCHO DCE None 2%
3 n-PrCHO DCE None 6%
4 CH;CHO DCE None 42-91%
5 CH;CHO DCE Cu(OAc)2'H20 48%
6 CH;CHO DCE Mn(OAc)2-4H20 75%
7 CH;CHO DCE CoCl'6H,O 99%
8 CH;CHO AcOH CoCl2-6H.O 98%
9 CH;CHO CH;CN CoCl'6H,O 73%
10 CH3;CHO THF CoCl2-6H.O 0

With conditions in hand for the aerobic oxidation of Phl, we examined the O>-coupled
synthesis of a family of hypervalent iodine reagents that have been applied in synthetic chemistry
(Figure II-4). Aerobic oxidation tolerates a range of electron-donating and -withdrawing
substituents on the aryl iodide (compounds II.1), and hydrolysis of the initially formed I(III)
diacetates (II.2a-g) provides ready access to iodosylbenzene derivatives (IL.3a-g) in uniformly
high yield. Substitution of the aromatic ring has been demonstrated to provide a synthetic handle
to tune both the activity and the aggregation state of aryl I(III) reagents.!8% 1 Addition of TsOH
to the oxidation of Phl affords Koser’s reagent (IL.2h), an acid-activated iodosylbenzene
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derivative, in 84% yield.!? Similarly, addition of carboxylic acids to the reaction mixture directly
affords the corresponding I(III) esters: oxidation in the presence of trifluoroacetic acid (TFA) and
benzoic acid results in PhI(CF;COO), (IL.2i) and PhI(OBz), (IL.2j) in 52 and 48% yields,
respectively. Aldehyde promoted oxidation of 2-iodobenzoic acid (IL1k), 2-(2-
iodophenyl)propan-2-ol (IL.11) and 1,1,1,3,3,3-hexafluoro-2-(2-iodophenyl)propan-2-ol (II.1m)

affords I(IIT) compounds I1.2k, I1.21, and I1.2m, respectively.

O,, CHzCHO RO, |
X' CoCly*6H,0 (1 mol%) -l Y0
R ——— R R o nonme (Lo
AcOH, 23 °C Z aq. Nabm,
i1 2 1.3
AcO, HO F3C(0)CQ Ph(O)CO,
| Nl | |
XY N \ \
R-r P OAc OTs OC(O)CF3 OC(O)Ph
I.2a (R = H), 92% I1.2h, 84%:2 11.2i, 52% 11.2j, 48%7

I1.2b (R = 4-OCHg), 80%
I1.2¢ (R = 4-CHg), 84%

I.2d (R = 4-F), 91% HO AcO AcQ,
I.2e (R = 3-Br), 91% Y ) I
I1.2f (R = 4-CF), 88%° \ % hS)
I.2g (R = 3,5-CHjy), 81% O
1N l¢] HyC CHs FsC CFs
X o I1.2k, 96%7 11.21, 63% I.2m, 95%

I1.3a (R = H), 93%

AcQ Q 0
1.3b (R = 4-OCHj), 91% I I7
I.3c (R = 4-CHy), 87% @ jo @[ ,0
1.3d (R = 4-F), 89% >l S

I.3e (R = 3-Br), 91% ACO JtBu

1.3f (R = 4-CF3), 73%
“_39 (R = 3,5-CH3), 88% II.2n, 90% ||.4, 64%

Figure II-4. Application of aerobic oxidation chemistry to the synthesis of a family of
hypervalent iodine reagents. “Reaction solvent in these oxidation reactions was 1,2-
dichloroethane (DCE). “For this substrate, dimerization product (4-CF3C¢HsI(OAc)),O was
obtained.

Benziodoxole-based hypervalent iodine reagents, in which the ortho-substituent chelates
to the oxidized iodine center (i.e., IL.2k-m), are widely utilized in atom and group-transfer
chemistry. The developed conditions also provide access to bis-I(III) compound II.2n, by four-
electron oxidation of 1,2-diiodobenzene (II.1n), in 90% yield. Finally, we examined oxidation of

2-tert-butylsulfonyliodobenzene (Il.10) to access 2-fert-butylsulfonyliodosylbenzene (IL.4), a
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hypervalent iodine derivative that has found application in hydroxylation catalysis due to its
substantially increased solubility versus unsubstituted iodosylbenzene.!®* Unlike the
aforementioned oxidation reactions, which generate I(III) derivatives in high yield, oxidation of 2-
tert-butylsulfonyliodobenzene affords I(V) derivative I1.4. The unanticipated overoxidation in this

case is probably due to disproportionation of an initially formed I(III) derivative.

11.2.2 Application of Aerobic Oxidation of Aryl lodides to Oxidase Chemistry

Access to chemical platforms for oxidase chemistry, in which O; is utilized as the terminal
oxidant without participating in substrate oxygenation, would provide an approach to coupling
diverse modes of substrate oxidation directly to O> reduction. Here, we demonstrate that aerobic
oxidation of aryl iodides can be used to couple O; reduction to 1,2-difunctionalization of olefins,
carbonyl a-functionalization, oxidative dearomatization chemistry, and direct C—H amination
chemistry (Figure II-5). For each of the transformations illustrated in Figure II-5, control reactions
in the absence of aryl iodides resulted in no conversion to the illustrated oxidation products.
Aerobic oxidation of aryl iodides can be utilized in substrate oxygenation. Aerobic 1,2-bis-

acetoxylation of styrene derivatives,!®*

illustrated by the conversion of 4-fluorostyrene (IL5) to
bis-acetate I1.6 in 88% yield, can be accomplished via a one-pot procedure (Figure II-5a). In the
specific case of styrene functionalization, a one-pot, two-step protocol, in which PhI(OAc), is
prepared prior to styrene addition, was necessary. The incompatibility of radical chain autoxidation
of PhI with the presence of styrene is consistent with the facility of radical addition to styrenes.
One-step aerobic carbonyl a-oxidation reactions proceed readily. Acetophenone (I1.7) undergoes

a-tosylation'® to afford oxygenated compound IL.8 in 74% yield by the action of standard

autoxidation conditions with the addition of p-toluene sulfonic acid ( p-TSA) (Figure II-5b).
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Similarly, B-ketoester I1.9 is readily tosylated to afford a-oxygenate I1.10 in 61% yield (Fig. II-
5¢). Use of 20 mol% PhI in the a-tosylation of acetophenone led to the observation of 33% yield
of compound IL.8, which provided a proof-of-principle that Phl could be used as a catalyst for
aerobic oxidation chemistry. We hypothesize that the poor catalyst turnover observed in these
reactions may be due to relatively slow a-oxygenation of carbonyl substrates by aerobically
generated I(III); if substrate functionalization is slow relative to aldehyde autoxidation, insufficient

I(I) will be generated to intercept reactive autoxidation intermediates.
a. 1. 0,, CHCHO, Phi (Il.1a) OAc b. 0, CH3CHO, Phl (IL1a) o

N CoCly6H,0 (2 mol%) /©)\/0Ac o CoCly6H,0 (1 mol%) or
S
CH
F/©/\ 2. 115, BF4-OFt, . (j)k % p-TSA-H,0, MeCN, 60 °C (j)b

AcOH, Ac,0, 23 °C 74% yield

IL.5 88% yield 1.6 .7 .8
c. 0O,, CH3CHO, Phi (Il.1a)
Q 0 CoCly6H,0 (1 mol%) Q 0
H cuoa H CMOEt
T P-TSA-H,0 T hac oTs
3 CH3CN, Hzo, 60 °C
61% yield

1.9 .10

Figure II-5. Aerobic oxidation of Phl provides a broad platform to directly utilize O; as the
terminal oxidant in substrate oxidation reactions. Utilization of Phl oxidation to oxygenate
substrates is highlighted by (a) 1,2-difunctionalization of olefins, (b) o-oxygenation of
acetophenone, and (c) a-oxygenation of B-keto esters. p-TSA: para-toluenesulfonic acid.
11.2.3 Application of Aerobic Oxidation of Aryl lodides to Oxidase Catalysis

The ability to accomplish ligand exchange chemistry in hypervalent iodine compounds
allows the developed aerobic oxidation of aryl iodides to be applied to substrate oxidation
chemistry that does not involve incorporation of oxygen in the reaction products. For example, in
the a-oxidation of [-ketoester IL.9, replacing p-TSA with tetrabutylammonium bromide
([TBA]Br) results in aerobic bromination to afford compound IL.11 (57% yield), not the a-

oxygenation product IL.10 as demonstrated above (Figure II-5b). Unlike the oxygenation reactions

pictured in Figure II-5, which require stoichiometric aryl iodide to access synthetically useful
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oxidation yields, bromination could be achieved with a catalytic amount of aryl iodide. With 20
mol% 1,2-diiodobenzene (II.1n), bromination proceeds in 72% yield (Figure 11-6a). Phl is also a
competent catalyst for bromination, but superior yields are obtained with 1,2-diiodobenzene as
catalyst. We have extended aryl-iodide-catalysed aerobic oxidation to oxidative dearomatization
chemistry and C-H amination chemistry. Using 20 mol% 1,2-diiodobenzene, Weinreb!®® amide
I1.12 undergoes aerobic dearomatization to afford lactam I1.13 in 77% yield (Figure II-6b).
Dehydrogenative N-H/C—H coupling to arylate amines with unfunctionalized aromatics can also
be accomplished by the action of aryl iodide catalysis. With 10 mol% 1,2-diiodobenzene, amine
I1.14 undergoes arylation with benzene to afford phenylsulfonamide I1.15 in 78% yield (Figure
I1-6¢).'%7 In each of the reactions pictured in Figure I1-6, aerobic oxidation is accomplished with

AcOH as the only stoichiometric by-product.

05, CH4CHO,
a. 1,2-1,-CgH, (20 mol%) (II.1n)
CoCly-6H,0 (1 mol%)

HsC OFEt OFEt

[TBAIBr

CHgj

1.9

b.
0]

/@/\)LN,OCHg,
H
H3;CO

.12

C.
H
Ts.-OMe 4 ©/
H

.14

CH3CN, H,0, 23 °C
72% yield

0,, CH3CHO,
1,2-1,-CgHy4 (20 mol%) (Il.1n)
CoCly*6H,0 (1 mol%)

DCE, 23 °C
77% yield

0,, CH3CHO,
1,2-1,-CgHa (10 mol%) (I1.1n)
CoCly*6H,0 (2 mol%)

TFA, DCE, HFIP, 23 °C
78% yield

H3C Br

.11

(0]
N
o) OCHj;

.13

Ts. ,.OMe
N

O

.15

Figure II-6. Oxidase catalysis via aerobically generated hypervalent iodine intermediates.
Ligand exchange chemistry at hypervalent iodine reagents, and in situ aerobic oxidation, supports
oxidase catalysis of heterofunctionalization reactions, such as: (a) aerobic bromination of -keto
esters, (b) oxidative dearomatization chemistry; and (c) direct aerobic C—H amination chemistry.
[TBA]Br: tetrabutylammonium bromide, DCE: 1,2-dichloroethane, TFA: trifluoroacetic acid,
HFIP: 1,1,1,3,3,3-hexafluoroisopropanol.
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11.2.4 Aerobic Oxidation Mechanism

Aldehyde-promoted aerobic oxidation of aryl iodides was developed based on the
hypothesis that strongly oxidizing intermediates in aldehyde autoxidation chemistry could be
coopted for the oxidation of aryl iodides. Consistent with this hypothesis, the use of reaction
solvents with relatively weak C—H bonds (that is, THF) or the addition of 2,6-di-tert-butyl-4-
methylphenol (BHT), a common radical inhibitor, suppressed the formation of hypervalent iodine

products (Figure I1-7).

, CHs OH CH
0,, CHyCHO, BHT boHC °CHj

| CoCl, - 6H,0 (1.0 mol%) H3C CHjy
©/ no reaction !
DCE, 23 °C

CHj
BHT

Figure II-7. Aerobic oxidation of iodobenzene is suppressed in the presence of radical
inhibitors.

To further probe the mechanism of Phl oxidation, we followed the kinetics of Phl
consumption and PhI(OAc): evolution by 'H NMR spectroscopy in CDCl3 (Figure 1I-8). In the
absence of CoCl,-6H>0, an induction period is observed and evolution of PhI(OAc). displays
sigmoidal growth consistent with a radical chain process (See Figure II-9 for full kinetics data). In
the presence of CoCl2-6H20, PhI(OAc): evolution still displays sigmoidal growth, but the
induction period for PhI oxidation to PhI(OAc), is substantially shortened, which is consistent
with more rapid initiation of a radical chain process (See Experimental Details section for full

kinetics data).

Similar kinetic profiles were measured for the oxidation of 4-iodotoluene and for the
oxidation of PhI in ds~AcOH. During these 'H NMR experiments, we did not observe 'H NMR

resonances of peracetic acid, but we did note the initial evolution and subsequent disappearance
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of a quartet at 5.41 ppm, a singlet at 2.01 ppm and a doublet at 1.35 ppm, which integrate ina 1:3:3
ratio. We attributed these signals to Baeyer—Villiger intermediate E.!3® Consistent with this
assignment, high-resolution mass spectrometry of the oxidation reaction reveals the presence of a
signal at m/z = 143.0318 (M+Na" for E). Intermediate E is also observed when PhI oxidation is
carried out in AcOH-ds. Observation of E, which is the adduct of a molecule of aerobically
generated AcOOH and a molecule of CH3CHO, confirms that aldehyde autoxidation is operative
during aerobic oxidation of aryl iodides. Magnetization transfer experiments demonstrate that
compound E is in equilibrium with acetaldehyde and peracetic acid on the timescale of Phl
oxidation. At that time, we couldn’t differentiate between aerobically generated AcOOH or

compound E, the adduct of AcOOH with CH3CHO, as the active oxidant in Phl oxidation.

o

AcO,

o 02 o)

—_— )J\ O CHy —>
chJLH (CoCly6H,0) Hac)]\o’OH HiC™ "0 \54 HaC” “OH
A D E F
5.0 5.0
(@) 1.0—4+\++ /—x (b) 1.0 H+H++—4 4
_ i \+ — -1 4.0 = i - 4.0
zosf N\~ 1 = 08t 177 3
c ¥ X 430 & c 430 2
5 06| = S 06} 177 =
+3 (&)
S o4l J {20 & E 04 . 20 &
= . ¥ X o — . E 3
35 =] o L \
g oo _*/ \¥\ 41.0 m € o2 x% 10 m
0016»3(-/ < *\’f\iﬁ 0.0 0.0 era"_oo
I ! I L ’ ' ) I [ '
0 2 4 6 8 0 2 6 8 10
time/h time / h

Figure II-8. Aerobic oxidation of aryl iodides is accomplished by intercepting the oxidizing
intermediates of aldehyde autoxidation chemistry. Monitoring the kinetics of consumption of
PhI (+) and evolution of PhI(OAc): (x) by 'H NMR in the presence (a) or absence (b) of
C02Cl2-6H:0, added as a radical initiator, indicates that Co(II) catalyzes the oxidation of Phl by
initiating autoxidation. At intermediate times during Phl oxidation, peroxo intermediate E (%) is
observed (by both 'H NMR and mass spectrometry) which confirms that autoxidation is operative
during aryl iodide oxidation.
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I1.3 Conclusions

Development of a broadly applicable platform for oxidase catalysis, which utilizes O- as
the terminal oxidant without necessitating the incorporation of oxygen during substrate
functionalization, would provide new opportunities to utilize Oz as a sustainable oxidant in
chemical synthesis. Aldehyde autoxidation chemistry, in which an aldehyde is converted to a
carboxylic acid under the action of O2, is among the earliest examples of aerobic oxidation in
organic chemistry and proceeds via reactive peroxy radicals and peracids. Here, we redirect the
reactive two-electron oxidants that are generated during aldehyde autoxidation to provide access
to a family of hypervalent iodine reagents. The synthesis strategy leverages the intrinsic proclivity
of O3 to participate in radical chain chemistry (i.e., autoxidation) to prepare selective two-electron
oxidants for use in synthesis. The importance of generating hypervalent iodine-based oxidants,
and not utilizing aldehyde autoxidation intermediates directly for substrate oxidation, is
highlighted by the diversity of oxidative substrate functionalization chemistry that can be coupled
to Oz reduction using aryl iodides. We have demonstrated that aryl-iodide-supported oxidase
chemistry and catalysis can be leveraged for aerobic olefin functionalization, carbonyl a-oxidation
to introduce both oxygen and halogen functionality, oxidative dearomatization reactions and
aerobic C—H amination chemistry. We anticipate that aryl-iodide-catalyzed aerobic oxidation
chemistry will provide new opportunities and strategies to directly utilize O in sustainable

chemical synthesis.
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I1.4 Experimental Details
11.4.1 General Considerations

Materials All chemicals and solvents were obtained as ACS reagent grade and used as
received. lodobenzene and styrene were obtained from Beantown Chemical. Acetaldehyde, 2-
iodonitrobenzene, 3-(4-methoxyphenyl)propionic acid, and p-toluenesulfonic acid monohydrate
were obtained from Alfa Aesar. Sodium hydroxide and ethyl acetate were obtained from EMD
Millipore. 2-iodobenzoic acid, 4-iodoanisole, 4-iodotoluene,benzoic acid, 3-bromoiodobenzene,
2,5-dimethyliodobenzene, 1,1,1,3,3,3-hexafluoro-2-phenyl-2-propanol, butylated
hydroxytoluene, acetophenone, 2-methylethyl acetoacetate, 1,2-dichloroethane, 4-fluorostyrene,
borontrifluoride diethyletherate, diethyl ether, methanol, THF, hexanes, acetic acid, and acetic
anhydride were obtained from Sigma Aldrich. Tetrabutylammonium bromide was purchased from
Chem-Impex Int’l Inc. 1,2-Diiodobenzene and silica gel (0.060 — 0.200 mm, 60 A for column
chromatography) were obtained from Acros Organics. CH>Cl> and acetonitrile were obtained from
Fisher Scientific. O-methylhydroxylamine hydrochloride, butyraldehyde, isobutyraldehyde, and
trifluoroacetic acid was obtained from TCI. NMR solvents were purchased from Cambridge
Isotope Laboratories and were used as received. Oz (99.6%) was obtained from Conroe Welding
Supply. All reactions were carried out under ambient atmosphere unless otherwise noted. N-
Methoxy-4-methylbenzenesulfonamine (18),'87 2-(2-iodophenyl)propan-2-ol,'® and 2-tert-

butyliodosylbenzene!?? was prepared according to literature procedures
y Yy prep g p

Characterization Details NMR spectra were recorded on a Mercury-300, an Inova-500, or
an Avance IIT 400 FT NMR spectrometer. 'H acquisitions were referenced against residual proton

resonances in deuterated solvents: CDCls (7.26 ppm, 'H; 77.16 ppm, '3C), DMSO-ds (2.50 ppm,
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'H; 39.52 ppm, '*C) and CD;OD (3.31 ppm, 'H). '"H NMR data are reported as follows: chemical
shift (6, ppm), (multiplicity: s (singlet), d (doublet), t (triplet), m (multiplet), br (broad),

integration).!"!

11.4.2 Synthesis and Characterization Details

CH4CHO, O, AcO
I CoCly6H,0 (1.0 mol%) N 3 M NaOH '\\o
©/ oA T~
AcOH, 23 °C H,0, 23 °C
92% yield 93% yield
Il.1a I.2a 1.3a

Synthesis of iodobenzene diacetate (I1.2a). A 20-mL scintillation vial was charged with
glacial AcOH (2.0 mL), iodobenzene (Il.1a, 82.2 mg, 0.401 mmol, 1.00 equiv), and CoCl>-6H>O
(0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum. The reaction vessel was purged
with O> for 5 min before acetaldehyde (224 uL, 4.07 mmol, 10.2 equiv) was added in one portion.
The reaction mixture was stirred under 1 atm O», delivered by inflated balloon, at 23 °C for 5 h.
The solvent was removed in vacuo and residue was dissolved in CH>Cl,. The organic layer was
washed with distilled water and extracted with CH2Cl> (3 x 7 mL). The organic layer was dried
over MgSO4 and solvent was removed in vacuo to afford 119 mg of iodobenzene diacetate (I1.2a)
as a white solid (92% yield). Characterization of I1.2a: '"H NMR (3, 23 °C, CDCl3): 8.09 (d, J =
7.3 Hz, 2H), 7.63-7.47 (m, 3H), 2.01 (s, 6H). 13C NMR (8, 23 °C, CDCl3): 176.5, 135.0, 131.8,
131.0, 121.7, 20.5. The obtained spectral data are in good agreement with those reported in

literature.!?2

Synthesis of iodosylbenzene (II.3a). A 20-mL scintillation vial was charged with
iodobenzene diacetate (IL.2a, 97.1 mg, 0.301 mmol, 1.00 equiv) and 3 M NaOH (5 mL). The

reaction mixture was stirred for 3 h at 23 °C. The resulting suspension was then filtered to afford
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62 mg of iodosylbenzene (I1.3a) as a yellow solid (93% yield). Characterization of IL.3a: 'H NMR
(3, 23 °C, CD;0OD): 8.04 (dd, J = 7.5, 2.1 Hz, 2H), 7.60-7.56 (m, 3H). These 'H NMR data
correspond to the bis-methoxy adduct of 2a; in the absence of a coordinating solvent I1.3a is an
insoluble polymeric material. 3*C NMR data have not been collected due to poor solubility of I1.3a.
HRMS (ESI*): Calcd. for C¢HsIO [M+H]" m/z 220.9463. Found: 220.9453. The obtained spectral

data are in good agreement with those reported in literature.!*?

CH4CHO, O, AcO

| CoCly6H,0 (1.0 mol%) \ 3 M NaOH Ixo
o o g AT
H3CO AcOH, 23 °C H.CO H20,23°C  H,CO
80% yield 3 91% yield
IL1b 1.2b 1.3b

Synthesis of 4-methoxy-iodobenzene diacetate (I.2b). A 20-mL scintillation vial was
charged with glacial AcOH (2.0 mL), 4-methoxy-iodobenzene ( II.1b, 94.3 mg, 0.402 mmol, 1.00
equiv), and CoClz-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum. The
reaction vessel was purged with O; for 5 min before acetaldehyde (224 pL, 4.07 mmol, 10.1 equiv)
was added in one portion. The reaction mixture was stirred under 1 atm O, delivered by inflated
balloon, at 23 °C for 10 h. The solvent was removed in vacuo and residue was dissolved in CH>Cl,.
The organic layer was washed with distilled water and extracted with CH2Cl> (3 x 7 mL). The
organic layer was dried over MgSO4 and solvent was removed in vacuo to afford 113 mg of 4-
methoxy-iodobenzene diacetate (I1.2b) as a white solid (80% yield). Characterization of IL.2b: 'H
NMR (5, 23 °C, CDCl): 8.01 (d, J=9.0 Hz, 2H), 6.96 (d, J = 9.1 Hz, 2H), 3.86 (s, 3H), 1.99 (s,
6H). 13C NMR (3, 23 °C, CDCl3): 176.4, 162.1, 137.1, 116.6, 111.6, 55.6, 20.4. The obtained
spectral data are in good agreement with those reported in literature.!**

Synthesis of 4-methoxy iodosylbenzene (I1.3b). A 20-mL scintillation vial was charged
with 4-methoxy-iodobenzene diacetate (IL.2b, 104 mg, 0.295 mmol, 1.00 equiv) and 3 M NaOH
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(5 mL). The reaction mixture was stirred for 3 h at 23 °C. The resulting suspension was then
filtered to afford 67 mg of 4-methoxy iodosylbenzene (IL.3b) as a yellow solid (91% yield).
Characterization of IL.3b: '"H NMR (8, 23 °C, CD;0D): 7.95 (d, J=9.1 Hz, 2H), 7.18 (d, J = 9.1
Hz, 2H), 3.89 (s, 3H). These '"H NMR data correspond to the bis-methoxy adduct of IL.3b, which
is generated upon dissolution of II.3b in CD30D. *C NMR data have not been collected due to
poor solubility of II.3b. HRMS (ESI"): Calcd. for C;H7INaO, [M+Na]* m/z 272.9388. Found:
272.9373. Compound IL.3b has been previously described, but 'H NMR data have not been

published.!®?

CH4CHO, 0, AcO
I CoCly-6H,0 (1.0 mol%) Y 3 M NaOH '\\o
I o WS g ST
HsC AcOH, 23 °C G H;0, 23 °C HaC
84% yield 3 87% yield
Il.1c Il.2¢c 11.3c

Synthesis of 4-methyl-iodobenzene diacetate (II.2c). A 20-mL scintillation vial was
charged with glacial AcOH (2.0 mL), 4-methyl-iodobenzene (Il.1¢, 87.2 mg, 0.399 mmol, 1.00
equiv), and CoClz-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum. The
reaction vessel was purged with O; for 5 min before acetaldehyde (224 pL, 4.07 mmol, 10.2 equiv)
was added in one portion. The reaction mixture was stirred under 1 atm O, delivered by inflated
balloon, at 23 °C for 5 h. Solvent was removed in vacuo and the residue was dissolved in CH>Cl,.
The organic layer was washed with distilled water and extracted with CH2Cl> (3 x 7 mL). The
organic layer was dried over MgSQO4 and solvent was removed in vacuo to afford 113 mg of 4-
methyl-iodobenzene diacetate (IL.2¢) as a white solid (84% yield). Characterization of IL.2¢: 'H
NMR (3, 23 °C, CDCls): 7.97(d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 2.44 (s, 3H), 2.00 (s,
6H). 13C NMR (8, 23 °C, CDCl3): 176.2, 142.5, 134.8, 131.6, 118.2, 21.4, 20.2. The obtained

spectral data are in good agreement with those reported in literature.!**
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Synthesis of 4-methyl iodosylbenzene (I1.3¢). A 20-mL scintillation vial was charged
with 4-methyl-iodobenzene diacetate (IL.2¢, 100 mg, 0.298 mmol, 1.00 equiv) and 3 M NaOH (5
mL). The reaction mixture was stirred for 3 h at 23 °C. The resulting suspension was then filtered
to afford 61 mg of 4-methyl iodosylbenzene (IL.3c) as a yellow solid (87% yield). Characterization
of IL.3¢: 'H NMR (3, 23 °C, CD3;0D): 7.90 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 8.2 Hz, 2H), 2.44 (s,
3H). These '"H NMR data correspond to the bis-methoxy adduct of IL.3¢, which is generated upon
dissolution of IL.3¢ in CD3OD. 3C NMR data have not been collected due to poor solubility of
I1.3¢c. HRMS (ESI"): Calcd. for C7HSIO [M+H]* m/z 234.9620. Found: 234.9608. Compound I1.3¢

has been previously described, but "H NMR data have not been published.!”

CH4CHO, O, ACO

I CoCly8H,0 (1.0 mol%) Y 3 M NaOH '\\o
o e o T
E AcOH, 23 °C . H,0, 23 °C F
91% yield 89% yield
I1d I.2d 1.3d

Synthesis of 4-fluoro-iodobenzene diacetate (II.2d). A 20-mL scintillation vial was
charged with glacial AcOH (2.0 mL), 4-fluoro-iodobenzene (I1.1d, 89.1 mg, 0.401 mmol, 1.00
equiv), and CoClz-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum. The
reaction vessel was purged with O; for 5 min before acetaldehyde (224 pL, 4.07 mmol, 10.1 equiv)
was added in one portion. The reaction mixture was stirred under 1 atm O, delivered by inflated
balloon, at 23 °C for 5 h. Solvent was removed in vacuo and the residue was dissolved in CH>Cl,.
The organic layer was washed with distilled water and extracted with CH2Cl> (3 x 7 mL). The
organic layer was dried over MgSQO4 and solvent was removed in vacuo to afford 124 mg of 4-
fluoro-iodobenzene diacetate (I1.2d) as a white solid (91% yield). Characterization of IL.2d: 'H

NMR (8, 23 °C, CDCls): 8.08 (dd, J= 9.1, 4.9 Hz, 2H), 7.18 (t, J = 8.6 Hz, 2H), 2.01 (s, 6H). 3C
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NMR (9, 23 °C, CDCls): 176.3, 164.2 (d, J=253.1 Hz), 137.4 (d, J/=8.7 Hz), 118.4 (d, J=22.6 Hz),
115.4, 20.2. The obtained spectral data are in good agreement with those reported in literature.'®’

Synthesis of 4-fluoro iodosylbenzene (I1.3d). A 20-mL scintillation vial was charged with
4-fluoro-iodobenzene diacetate (IL.2d, 101 mg, 0.298 mmol, 1.00 equiv) and 3 M NaOH (5 mL).
The reaction mixture was stirred for 3 h at 23 °C. The resulting suspension was then filtered to
afford 63 mg of 4-fluoro-iodosylbenzene (I1.3d) as a yellow solid (89% yield). Characterization
of IL.3d: 'H NMR (8, 23 °C, CD;0OD): 8.06 (dd, J = 7.8, 5.4 Hz, 2H), 7.33 (t, J = 8.7 Hz, 2H).
These 'H NMR data correspond to the bis-methoxy adduct of I1.3d, which is generated upon
dissolution of I1.3d in CDsOD. *C NMR data have not been collected due to poor solubility of
I1.3d. HRMS (EST"): Calcd. for CeHsFIO [M+H]*" m/z 238.9369. Found: 238.9357. Compound

I1.3d has been previously described, but 'H NMR data have not been published.

CH3CHO, O, AcO
Br I CoCly6H,0 (1.0 mol%) g, Y 3 M NaOH Br Ixo
o o o
AcOH, 23 °C H,0, 23 °C
91% yield 91% yield
Il.1e Il.2e Il.3e

Synthesis of 3-bromo-iodobenzene diacetate (I1.2e). A 20-mL scintillation vial was
charged with glacial AcOH (2.0 mL), 3-bromo-iodobenzene (Il.1e, 113 mg, 0.399 mmol, 1.00
equiv), and CoClz-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum. The
reaction vessel was purged with O; for 5 min before acetaldehyde (224 pL, 4.07 mmol, 10.2 equiv)
was added in one portion. The reaction mixture was stirred under 1 atm O, delivered by inflated
balloon, at 23 °C for 5 h. Solvent was removed in vacuo and the residue was dissolved in CH>Cl,.
The organic layer was washed with distilled water and extracted with CH2Cl> (3 x 7 mL). The
organic layer was dried over MgSO4 and solvent was removed in vacuo to afford 146 mg of 3-

bromo-iodobenzene diacetate (II.2e) as a white solid (91% yield). Characterization of II.2e: 'H
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NMR (6, 23 °C, CDCls): 8.22 (s, 1H), 8.02 (d, /= 8.1 Hz, 1H), 7.71 (d, /= 8.1 Hz, 1H), 7.37 (d,
J = 8.0 Hz, 1H), 2.02 (s, 6H). *C NMR (8, 23 °C, CDCl3): 176.8, 137.5, 135.1, 133.6, 132.3,
124.1, 121.5, 20.6. The obtained spectral data are in good agreement with those reported in
literature. '

Synthesis of 3-bromo iodosylbenzene (I1.3e). A 20-mL scintillation vial was charged
with 3-bromo-iodobenzene diacetate (I1.2e, 121 mg, 0.302 mmol, 1.00 equiv) and 3 M NaOH (5
mL). The reaction mixture was stirred for 3 h at 23 °C. The resulting suspension was then filtered
to afford 82 mg of 3-bromo-iodosylbenzene (I1.3e) as a yellow solid (91% yield). Characterization
of II.3e: 'H NMR (3, 23 °C, CDs;OD): 8.18 (s, 1H), 8.00 (d, /= 8.0 Hz, 1H), 7.75 (d, J = 8.0 Hz,
1H), 7.53-7.47 (m, 1H). These '"H NMR data correspond to the bis-methoxy adduct of I1.3e, which
is generated upon dissolution of II.3e in CD3OD. 3C NMR data have not been collected due to
poor solubility of II.3e. HRMS (ESI*): Calcd. for CeHsBrlO [M+H]" m/z 298.8568. Found:

298.8556. Compound IL.3e has been previously described, but 'H NMR data have not been

published.
CH3CHO, O, OAc OAc
I CoCly-6H,0 (1.0 mol%) o 3 M NaOH o
FsC AcOH, 23 °C H,0, 23 °C FsC
88% yield FsC CFs 73% yield

I.1f I.2f 11.3f

Synthesis of p-oxo-bis[(acetoxyiodo)-4-trifluoromethylbenzene] (II.2f). A 20-mL
scintillation vial was charged with glacial AcOH (2.0 mL), 4-trifluoromethyl-iodobenzene (IL.1f,
109 mg, 0.402 mmol, 1.00 equiv), and CoCl2-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted
with a rubber septum. The reaction vessel was purged with O> for 5 min before acetaldehyde (224
pL, 4.07 mmol, 10.1 equiv) was added in one portion. The reaction mixture was stirred under 1
atm O3, delivered by inflated balloon, at 23 °C for 5 h. The solvent was removed in vacuo and

residue was dissolved in CH2Cla. The organic layer was washed with distilled water and extracted
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with CH2Cl, (3 x 7 mL). The organic layer was dried over MgSQO4 and solvent was removed in
vacuo to afford 119 mg of the title compound I1.2f as a white solid (88% yield). Characterization
of IL2f: 'H NMR (3, 23 °C, CDCl3): 7.92 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 8.3 Hz, 2H), 1.94 (s,
3H). *C NMR of the sample was not recorded as the compound was unstable over the course of
the NMR acquisition. The obtained spectral data are in good agreement with those reported in
literature. !4

Synthesis of 4-trifluoromethyl iodosylbenzene (IL.3f). A 20-mL scintillation vial was
charged with p-oxo-bis[(acetoxyiodo)-4-trifluoromethyl-benzene] (IL.2f, 78.3 mg, 0.115 mmol,
1.00 equiv) and 3 M NaOH (5 mL). The reaction mixture was stirred for 3 h at 23 °C. The resulting
suspension was then filtered to afford 48 mg of 4-trifluoromethyl iodosylbenzene (IL.3f) as a
yellow solid (73% yield). Characterization of IL3f: 'H NMR (8, 23 °C, CDs0OD): 8.23 (d, /= 8.3
Hz, 2H), 7.90 (d, J = 8.3 Hz, 2H). These 'H NMR data correspond to the bis-methoxy adduct of
I1.3f, which is generated upon dissolution of IL3f in CD3;OD. 13C NMR data have not been
collected due to poor solubility of IL.3f. HRMS (ESI"): Calcd. for C/HsF3IO [M+H]" m/z
288.9337. Found: 288.9324. Compound IL.3f has been previously described, but 'H NMR data

have not been published.!”’

CH4CHO, O, AcO

- % HsC IN
HsC I CoCly-6H,0 (1.0 mol%) HeC ‘|\ 3 M NaOH 3 o
OAc
AcOH, 23 °C H,0, 23 °C
CHs 81% yield CH, 88% yield CHj
I.1g I.2g .39

Synthesis of 3,5-dimethyl-iodobenzene diacetate (I1.2g). A 20-mL scintillation vial was
charged with glacial AcOH (2.0 mL), 3,5-dimethyl-iodobenzene (IL.1g, 93.1 mg, 0.401 mmol,

1.00 equiv), and CoCl,-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum.
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The reaction vessel was purged with Oz for 5 min before acetaldehyde (224 pL, 4.07 mmol, 10.1
equiv) was added in one portion. The reaction mixture was stirred under 1 atm Oa, delivered by
inflated balloon, at 23 °C for 10 h. Solvent was removed in vacuo and the residue was dissolved
in CH2Clz. The organic layer was washed with distilled water and extracted with CH2Cl (3 x 7
mL). The organic layer was dried over MgSO4 and solvent was removed in vacuo to afford 114
mg of 3,5-dimethyl-iodobenzene diacetate (I1.2g) as a white solid (81% yield). Characterization
of IL.2g: '"H NMR (3, 23 °C, CDCls): 7.72 (s, 2H), 7.20 (s, 1H), 2.38 (s, 6H), 2.00 (s, 6H). 1*C
NMR (3, 23 °C, CDCl3): 176.4, 141.1, 133.7, 132.5, 121.3, 21.3, 20.4. The obtained spectral data
are in good agreement with those reported in literature.!**

Synthesis of 3,5-dimethyl iodosylbenzene (I1.3g). A 20-mL scintillation vial was charged
with 3,5-dimethyl-iodobenzene diacetate (I1.2g, 106 mg, 0.303 mmol) and 3 M NaOH (5 mL).
The reaction mixture was stirred for 3 h at 23 °C. The resulting suspension was then filtered to
afford 66 mg of 3,5-dimethyl-iodosylbenzene (IL.3g) as a yellow solid (88% yield).
Characterization of IL.3g: "H NMR (8, 23 °C, CD3;0D): 7.66 (s, 2H), 7.24 (s, 1H), 2.39 (s, 6H).
These 'H NMR data correspond to the bis-methoxy adduct of II1.3g, which is generated upon
dissolution of I1.3g in CD3OD. 3C NMR data have not been collected due to poor solubility of
I1.3g. HRMS (EST"): Calcd. for CsHiolO [M+H]" m/z 248.9776. Found: 248.9763. Compound

I1.3g has been previously described, but 'H NMR data have not been published.??

CHZCHO, O, HO
| CoCly6H,0 (1.0 mol%) N
©/ oTs
p-TSOHH,0
DCE, 23 °C
Il.1a 84% yield .2h

Synthesis of hydroxy(phenyl)-A3-iodaneyl 4-methylbenzenesulfonate (IL.2h). A 20-mL

scintillation vial was charged with DCE (2.0 mL), iodobenzene (Il.1a, 88.1 mg, 0.431 mmol, 1.00
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equiv), and CoClz-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum. The
reaction vessel was purged with O; for 5 min before acetaldehyde (224 pL, 4.06 mmol, 10.2 equiv)
was added in one portion. The reaction mixture was stirred under 1 atm O, delivered by inflated
balloon, at 23 °C for 16 h. At this time, p-TSOH-H>0 (90 mg, 0.475 mmol, 1.10 equiv) dissolved
in minimum amount of acetonitrile was added to the reaction mixture via syringe. The reaction
mixture was stirred for 5h at 23 °C, at which time a white precipitate was isolated by filtration,
washed with hexanes, and dried in vacuo to afford 141 mg of the title compound (II.2h) as a white
solid (84% yield). 'TH NMR (3, 23 °C, CD3;0D): 8.36 (d, J= 8.2 Hz, 2H), 7.87-7.82 (m, 1H), 7.73—
7.66 (m, 4H), 7.23 (d, J = 8.1 Hz, 2H), 2.37 (s, 3H). 3C NMR (3, 23 °C, CD;0D): 143.0, 141.9,
137.0, 134.9, 132.8, 129.8, 126.9, 122.1, 21.3. The obtained spectral data are in good agreement

with those reported in literature.?"!

CF3COOH, CHyCHO, 0> E ¢ (0)00
\

| CoCly8H,0 (1.0 mol%) |
©/ 'OC(O)CF,4
DCE, 23 °C

52% yield
Il.1a 11.2i

Synthesis of phenyl-k3-iodanediy1 bis(2,2,2-trifluoroacetate) (IL.2i). A 20-mL
scintillation vial was charged with glacial AcOH (2.0 mL), iodobenzene (82.2 mg, 0.401 mmol,
1.00 equiv), trifluoroacetic acid (91.1 mg, .799 mmol, 1.99 equiv), and CoCl>-6H>0 (0.9 mg, 0.004
mmol, 1 mol%) and was fitted with a rubber septum. The reaction vessel was purged with O, for
5 min before acetaldehyde (224 pL, 4.07 mmol, 10.2 equiv) was added in one portion. The reaction
mixture was stirred under 1 atm O, delivered by inflated balloon, at 23 °C for 12 h. The solvent
was removed in vacuo and residue was dissolved in CH2Clz. The organic layer was washed with
distilled water, 5% NaHCOs3 solution, and extracted with CH2Clz (3 x 7 mL). The organic layer

was dried over MgSO4 and solvent was removed in vacuo to afford 76mg of iodobenzene
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ditrifluoroacetate (I1.2i) as a microcrystalline white solid (44% yield). 'H NMR (3, 23 °C, CDCl3
with one drop CF;COOH) 88.21 (d, /= 8.2 Hz, 2H), 7.76 (t, J = 7.5 Hz, 1H), 7.64 (d, J = 8.0 Hz,

2H).The obtained spectral data are in good agreement with those reported in literature.

PhCOOH, CHyCHO, 0> ppio)co

| CoCly6H,0 (1.0 mol%) |
©/ '0C(0)Ph
DCE, 23 °C

48% yield
I.1a 11.2j

Synthesis of phenyl-?t3-iodanediyl dibenzoate (IL.2j). A 20-mL scintillation vial was
charged with DCE (2.0 mL), iodobenzene (IL.1a, 82.2 mg, 0.401 mmol, 1.00 equiv), benzoic acid
(PhCOOH, 486 mg, 3.98 mmol, 9.92 equiv), and CoCl»-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and
was fitted with a rubber septum. The reaction vessel was purged with O> for 5 min before
acetaldehyde (224 puL, 4.07 mmol, 10.2 equiv) was added in one portion. The reaction mixture was
stirred under 1 atm O», delivered by inflated balloon, at 23 °C for 12 h. The solvent was removed
in vacuo and residue was dissolved in CH2Clz. The organic layer was washed with distilled water
and extracted with CH>Cl> (3 x 7 mL). The organic layer was dried over MgSQO4 and solvent was
removed in vacuo to afford 85mg of iodobenzene dibenzoate (IL.2j) as a white solid (48% yield).
"HNMR (8, 23 °C, CDCl3) § 8.24 (d, J = 7.9 Hz, 2H), 7.93 (d, ] = 7.2 Hz, 4H), 7.64-7.46 (m, 5H),
7.36 (t, J = 7.6 Hz, 4H). 3C NMR (3, 23 °C, CDCl3) § 171.5, 135.0, 132.6, 131.8, 131.1, 130.3,
130.2, 128.3, 122.5. The obtained spectral data are in good agreement with those reported in

literature.202

40



CHaCHO, O, HO

\

©il CoCly-6H,0 (1.0 mol%) I
o}
CO,H DCE, 23 °C

96% yield
.1k 1.2k

Synthesis of 1-Hydroxy-1,2-benziodoxol-3(1H)-one (IL.2k). A 20-mL scintillation vial
was charged with DCE (2.0 mL), 2-iodobenzoic acid (IL.1k, 50.2 mg, 0.202 mmol, 1.00 equiv),
and CoCl,-6H>0 (0.5 mg, 0.002 mmol, 1 mol%) and was fitted with a rubber septum. The reaction
vessel was purged with O, for 5 min before acetaldehyde (112 pL, 2.03 mmol, 10.1 equiv) was
added in one portion. The reaction mixture was stirred under 1 atm O, delivered by inflated
balloon, at 23 °C for 16 h. The reaction mixture was diluted with hexanes. The precipitate was
isolated by filtration and was washed with 2 mL water. The solid was dried in vacuo to afford 51
mg of the title compound (II.2K) as an off-white solid (96% yield). 'H NMR (8, 23 °C, DMSO-
ds): 8.03 (s, 1H, OH proton exchangeable with D>0O), 8.01-7.98 (m, 1H), 7.95-7.92 (m, 1H), 7.84
(s, 1H), 7.69 (td, J= 7.3, 1.0 Hz, 1H). *C NMR (8, 23 °C, DMSO-dy): 167.8, 134.5, 131.6, 131.2,
130.4, 126.4, 120.5. The obtained spectral data are in good agreement with those reported in

literature.2%3

| CHZCHO, 0, AcQ
CoCly-6H,0 (1.0 mol%) I
OH 0
AcOH, 23 °C oH
HzC CHs 63% yield HsC ~''s
TR1 n.2i

Synthesis of 1,3-Dihydro-1-hydroxy-3,3-dimethyl-1,2-benziodoxole (IL.21). A 20-mL
scintillation vial was charged with glacial AcOH (2.0 mL), 2-(2-iodophenyl)propan-2-ol (IL11,
75.9 mg, 0.290 mmol, 1.00 equiv), and CoCl>-6H>0 (0.7 mg, 0.003 mmol, 1 mol%) and was fitted
with a rubber septum. The reaction vessel was purged with O; for 5 min before acetaldehyde (168
pL, 2.99 mmol, 10.3 equiv) was added in one portion. The reaction mixture was stirred under 1
atm O», delivered by inflated balloon, at 23 °C for 10 h. The solvent was removed in vacuo and

residue was dissolved in CH2Cla. The organic layer was washed with distilled water and extracted
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with CH2Cl, (3 x 7 mL). The organic layer was dried over MgSQO4 and solvent was removed in
vacuo. The obtained residue was washed with hexanes to afford 59 mg of the title compound (I1.21)
as white solid (63% yield). '"H NMR (3, 23 °C, CDCl3): 7.79 (d, J = 7.5 Hz, 1H), 7.50-7.45 (m,
2H), 7.18 (d,J=9.1 Hz, 1H), 2.11 (s, 3H), 1.52 (s, 6H). 3*C NMR (8, 23 °C, CDCl3): 177.4, 149.4,
130.4, 129.95, 129.87, 126.2, 115.7, 84.6, 29.2, 21.5. The obtained spectral data are in good

agreement with those reported in literature.?%*

| CH4CHO, O, AcQ
CoCly6H,0 (1.0 mol%) N
OH 0
AcOH, 23 °C cF
FsC CF3 95% yield FsC 73
I.1m 11.2m

Synthesis of 3,3-bis(trifluoromethyl)-1A3-benzo[d][1,2]iodaoxol-1(3H)-yl acetate
(IL2m). A 20-mL scintillation vial was charged with glacial AcOH (2.0 mL), 1,1,1,3,3,3-
hexafluoro-2-(2-iodophenyl)-propan-2-ol (IL1m, 149 mg, 0.403 mmol, 1.00 equiv), and
CoCl>-6H20 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum. The reaction
vessel was purged with O, for 5 min before acetaldehyde (224 pL, 4.07 mmol, 10.1 equiv) was
added in one portion. The reaction mixture was stirred under 1 atm O, delivered by inflated
balloon, at 23 °C for 5 h and then another portion of acetaldehyde (112 pL, 2.03 mmol, 4.98 equiv)
was added and the reaction mixture was stirred for 5 h at 23 °C. The solvent was removed in vacuo
and residue was dissolved in CH2Cl.. The organic layer was washed with distilled water and
extracted with CH2Cl, (3 x 7 mL). The organic layer was dried over MgSO4 and solvent was
removed in vacuo to afford 164 mg of the title compound (I1.2m) as a white solid (95% yield). 'H
NMR (8, 23 °C, CDCl3): 7.93 (d, J = 8.2 Hz, 1H), 7.61-7.79 (m, 3H), 2.18 (s, 3H). 3*C NMR (3,
23 °C, CDCls): 176.6, 133.4, 131.5, 131.0, 130.2, 129.6 (quintet (qu), J = 2.0 Hz), 123.4 (q, J =
287.7 Hz), 115.7, 85.6, 20.4. The obtained spectral data are in good agreement with those reported
in literature.?%
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CH5CHO, O, AcO

' CoCl,-6H,0 (1.0 mol%) I
- CLp
| AcOH, 23 °C pi
90% yield AcO
I1n I.2n

Synthesis of 1,3-Diacetoxy-1,3-dihydro-1,3,2- benzoiodooxole (IL.2n). A 20-mL
scintillation vial was charged with glacial AcOH (2.0 mL), 1,2-diiodobenzene (IL.1n, 132 mg,
0.400 mmol, 1.00 equiv), and CoCl>-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a
rubber septum. The reaction vessel was purged with O for 5 min before acetaldehyde (224 pL,
4.07 mmol, 10.0 equiv) was added in one portion. The reaction mixture was stirred under 1 atm
0., delivered by inflated balloon, at 23 °C for 10 h. Solvent was reduced in vacuo and hexanes
were added. The observed white precipitate was isolated by filtration, washed with hexanes, and
dried in vacuo to afford 167 mg of the title compound (IL.2n, 90% yield). '"H NMR (8, 23 °C,
CDCls): 8.03 (dd, J = 6.1, 3.4 Hz, 2H), 7.63 (dd, J = 6.1, 3.4 Hz, 2H), 2.09 (s, 6H). 1*C NMR (3,
23 °C, CDCl): 178.1, 135.3, 131.9, 21.6.The obtained spectral data are in good agreement with

those reported in literature. '8’

| CHSCHO, O, O\\I,/o
CoCl,6H,0 (1.0 mol%)
0
SO,'Bu AcOH, 23 °C P~tBu
64% yield 0
Il1o L4

Synthesis of 1-(fert-butylsulfonyl)-2-iodylbenzene (I1.4). A 20-mL scintillation vial was
charged with glacial AcOH (2.0 mL), 1-(fert-butylsulfonyl)-2-iodobenzene(Il.10, 130 mg, 0.401
mmol, 1.00 equiv), and CoClz-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber
septum. The reaction vessel was purged with O for 5 min before acetaldehyde (224 uL, 4.07
mmol, 10.1 equiv) was added in one portion. The reaction mixture was stirred under 1 atm O,

delivered by inflated balloon, at 23 °C for 10 h. The solvent was removed in vacuo and residue
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was treated with 2:1 hexanes:CH:Cl; to induce precipitation of white solid. The precipitate was
isolated by filtration, washed with hexanes, and dried in vacuo to afford 91 mg of the title
compound (IL.4) as a white solid (64% yield). Characterization of IL4: "TH NMR (8, 23 °C, DMSO-
ds): 8.46 (d, J=17.6 Hz, 1H), 8.13 (t, J= 7.1 Hz, 1H), 7.97-7.84 (m, 2H), 1.32 (s, 9H). 3C NMR
(0, 23 °C, DMSO-ds): 148.0, 135.1, 132.0, 131.2, 124.0, 61.2, 23.2. The spectral data are in good

agreement with those reported in literature.!*°

Application of Aerobic Oxidation to Substrate Functionalization

1. O,, CHZCHO, Phl (Il.1a) OAc

N CoCly6H,0 (1 mol%) OAc
E 2. 1.5, BF3-OEt, E
AcOH, Ac,0, 23 °C
1.5 88% yield 1.6

Synthesis of 1-(4-fluorophenyl)ethane-1,2-diyl diacetate (10). A 20-mL vial was charged
with AcOH (0.9 mL), Ac2O (0.1 mL), iodobenzene (I1.1a, 61.0 mg, 0.299 mmol, 1.50 equiv), and
CoCl2'6H20 (0.5 mg, 4 umol, 2 mol%) and fitted with a rubber septum. The reaction vial was
purged with O> for 5 min and then acetaldehyde (168 pL, 3.00 mmol, 15.0 equiv) was added to
the reaction mixture. The reaction mixture was stirred for 6 h at 23 °C under 1 atm O; (supplied
via a balloon). 4-Fluorostyrene (IL.5, 24.0 puL, 0.201 mmol, 1.00 equiv) and 0.202 M BF;'OEt
solution in AcOH (100 pL, 20.2 pmol, 10 mol%) were added and stirred at 23 °C for 6 h. Saturated
aqueous NaHCO; and CH>Cl, were added to the reaction mixture and the aqueous layer was
extracted with CH2Cl, (2 x 3 mL). Solvent was removed in vacuo and the residue was purified
column chromatography on SiO (9:1 hexane:ethyl acetate) to afford 42.4 mg of the title compound
(1.6, 88% yield). 'H NMR (8, 23 °C, CDCl3): 7.37-7.32 (m, 2H), 7.05-7.02 (t, 2H), 4.30-4.27

(m, 2H), 2.11 (s, 3H), 2.05 (s, 3H). '>*C NMR (3, 23 °C, CDCL): 170.5, 169.9, 162.7 (d, J = 274.2
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Hz), 132.4 (d,J=3.3 Hz), 128.6 (d, J=8.3 Hz), 115.6 (d, /= 21.5 Hz), 72.6, 65.9, 21.1, 20.7. 1°F
NMR (5, 23 °C, CDCl3): —112.9 ppm (CsHsF was used as a standard, —113.1 ppm). The obtained

spectral data are in good agreement with those reported in literature.?%

o 0O,, CH3CHO, Phi (ll.1a) o

CoCly6H50 (1 mol%
o 5:6H20 ( o) OTs
3 p-TSOH-H,0, MeCN, 60 °C
74% yield

.7 1.8

Synthesis of 2-tosyl-1-phenylethan-1-one (IL.8). A 50-mL three-neck flask was fitted
with a reflux condenser and a rubber septum and was charged with acetonitrile (8 mL),
acetophenone (I1.7, 62 pL, 0.532 mmol, 1.00 equiv), iodobenzene (Il.1a, 67 pL, 0.600 mmol, 1.13
equiv),” and CoCly-6H>0 (1.2 mg, 0.0050 mmol, 1.0 mol%). Oz was bubbled through the reaction
before acetaldehyde (168 pL, 3.0 mmol, 15.0 equiv) was added in one portion. The reaction
mixture was stirred at 23 °C for 10 min before p-TSOH-H>O (114 mg, 0.599 mmol, 1.12 equiv),
dissolved in acetonitrile (2.0 mL), was delivered to the reaction mixture via syringe. The reaction
mixture was stirred under constant O2 bubbling at 60 °C for 16 h. The reaction mixture was diluted
with CH>Cl,, washed with water, 10% NaHCO3, and dried over MgSQOs. Solvent was removed in
vacuo and the residue was purified by column chromatography (3:1 hexanes:ethyl acetate) to
afford 112 mg of the title compound (IL.8, 74% yield). "H NMR (3, 23 °C, CDCl3): 7.87-7.82 (m,
4H), 7.61 (t, J= 7.4 Hz, 1H), 7.47 (t, J= 7.5 Hz, 2H), 7.35 (d, J = 7.9 Hz, 2H), 5.27 (s, 2H), 2.45
(s, 3H). 3C NMR (3, 23 °C, CDCl3): 190.4, 145.4, 134.3, 133.9, 132.8, 130.1, 129.1, 128.31,
128.15, 70.1, 21.9. The obtained spectral data are in good agreement with those reported in

literature.27

* When 20 mol% PhI was used, compound I1.8 was isolated in 33% yield.
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o o 0,, CH3CHO, Phl (ll.1a) o o

CoCly-6H,0 (1 mol%)
H cuoa H cJ}(lkoa
3 p-TSOH-H,0 3

CH, CH4CN, H,0, 60 °C H,C OTs
61% yield

1.9 .10

Synthesis of ethyl 2-methyl-3-oxo0-2-(tosyloxy)butanoate (I1.10). A 50-mL three-neck
flask was fitted with reflux condenser and a rubber septum and was charged with acetonitrile (8
mL), 2-methyl ethylacetoacetate (I1.9) (86 mg, 0.60 mmol, 1.0 equiv), iodobenzene (67 pL, 0.60
mmol, 1.0 equiv), and CoClz-6H>0 (1.4 mg, 0.0058 mmol, 1.0 mol%). O, was bubbled through
the reaction before acetaldehyde (340 pL, 6.05 mmol, 10.0 equiv) was added in one portion. The
reaction mixture was stirred at 23 °C for 10 min before p-TSOH-H>0 (126 mg, 0.662 mmol, 1.11
equiv), dissolved in acetonitrile (3 ml), was delivered to the reaction mixture via syringe. The
reaction mixture was stirred under constant Oz bubbling, at 60 °C for 16 h. The reaction mixture
was diluted with CH,Cl,, washed with water, 10% NaHCOs3, dried over MgSOa4. Solvent was
removed in vacuo and the residue was purified by column chromatography (3:1 hexanes:ethyl
acetate) to afford 114 mg of the title compound (I1.10, 61% yield). 'H NMR (8, 23 °C, CDCls):
7.84 (d, J= 8.3 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 4.26 (q, J = 7.1 Hz, 2H), 2.44 (s, 3H), 2.29 (s,
3H), 1.85 (s, 3H), 1.29 (t,J=7.2 Hz, 3H). *C NMR (3, 23 °C, CDCls): 200.7, 166.6, 145.2, 135.1,
129.9, 127.7, 90.6, 63.0, 25.4, 21.8, 20.2, 13.9. The obtained spectral data are in good agreement

with those reported in literature.?%
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CH4CHO, O,
1,2-1y-CgHy (20 mol%) (Il.1n)
6 0 CoCly6H,0 (1.0 mol%) 6 0

HscMOEt HacMOEt
[TBAJBr

Br CH
CHs CH3CN:H,0 (9:1), 23 °C, N
1.9 72% yield .11

Synthesis of ethyl 2-bromo-2-methyl-3-oxobutanoate (IL.9). A 20-mL scintillation vial
was charged with MeCN:H>O (9:1, 5 mL), 2-methyl ethylacetoacetate (13) (44.9 mg, 0.311 mmol,
1.00 equiv), 1,2-diiodobenzene (II.1n, 21 mg, 0.064 mmol, 20 mol%)," and CoCl,-6H,0 (0.7 mg,
0.003 mmol, 1.0 mol%) and was fitted with a rubber septum. The reaction vessel was purged with
O for 5 min before acetaldehyde (174 pL, 3.10 mmol, 9.97 equiv) was added in one portion.
[TBA]Br (110 mg, 0.341 mmol, 1.10 equiv) was dissolved in 2 mL MeCN:H>O (9:1) and added
to the reaction mixture via syringe. The reaction mixture was stirred under 1 atm O, delivered by
inflated balloon, at 23 °C for 16 h. Solvent was removed in vacuo and the residue was purified by
column chromatography (9:1 hexanes:diethyl ether) to afford 50 mg of the title compound (I1.11)
as a pale yellow oil (72% yield). '"H NMR (3, 23 °C, CDCls): 4.28 (q, J = 7.1 Hz, 2H), 2.44 (s,
3H), 1.98 (s, 3H), 1.31 (t,J = 7.1 Hz, 3H). 13C NMR (38, 23 °C, CDCls): 198.4, 168.4, 63.3, 62.8,
29.8, 25.9, 25.4, 14.0. The obtained spectral data are in good agreement with those reported in

literature.2%?

CH5CHO, O,
HsCO 1,2-1,-CgH, (I1.1n, 20 mol%)
CoCly-6H50 (1.0 mol% O,
H\ 0Cl,6H,0 (1.0 mol%) OCH,
OCHj N
o) DCE, 23 °C o
77% yield
.12 .13

Synthesis of 1-methoxy-1-azaspiro[4.5]deca-6,9-dien-8-one (II.13). A 20-mL

scintillation vial was charged with DCE (2.0 mL), N-methoxy-3-(4-methoxyphenyl)propanamide

" When 1.0 equivalents of Phl were used, compound IL.11 was isolated in 57% yield.
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(IL12, 42.1 mg, 0.201 mmol, 1.00 equiv), 1,2-diiodobenzene (IL.1n, 14 mg, 0.042 mmol, 20
mol%)," and CoCl,-6H,0 (0.5 mg, 0.002 mmol, 1 mol%) and was fitted with a rubber septum. The
reaction vessel was purged with O; for 5 min before acetaldehyde (112 pL, 2.01 mmol, 10.0 equiv)
was added in one portion. The reaction mixture was stirred under 1 atm O, delivered by inflated
balloon, at 23 °C for 16 h. The reaction mixture was diluted with CH,Cl,, washed with water, 10%
NaHCO3, and dried over MgSOs. Solvent was removed in vacuo and the residue was purified by
column chromatography (1:1 hexanes:ethyl acetate) to afford 30 mg of the title compound (I1.13,
77% yield). 'TH NMR (8, 23 °C, CDCl3): 6.83 (d, J = 8.4 Hz, 2H), 6.37 (d, J = 8.4 Hz, 2H), 3.79
(s,3H), 2.54 (t,J=7.9 Hz, 2H), 2.17 (t,J = 7.9 Hz, 2H). *C NMR (3, 23 °C, CDCls) 184.5, 171.9,
147.4, 131.3, 65.4, 62.1, 29.8, 27.7, 26.1. The obtained spectral data are in good agreement with

those reported in literature. 3% 187

O,, CH3CHO, Ts.. .OMe
1,2-15-CgHy4 (I1.1n,10 mol%) N
H CoCly+6H,0 (1 mol%);
Ts\N,OMe +
H ©/ TFA, DCE, HFIP, 23 °C
78% vyield
.14 .15

Synthesis of N-methoxy-4-methyl-/V-phenylbenzenesulfonamide (IL.15). A 20-mL vial
was charged with DCE (0.25 mL), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 0.25 mL), 1,2-
diiodobenzene (IL.1n, 5.0 mg, 0.015 mmol, 10 mol%)," CoCl,-6H>O (0.4 mg, 3 umol, 2 mol%),

tosyl-N-methoxy amine (IL.14, 30.2 mg, 0.150 mmol, 1.00 equiv), benzene (160 pL, 1.79 mmol,

" When 1.0 equivalents of Phl were used, compound IL.13 was isolated in 76% yield.
T When 1.0 equivalents of 1,2-diiodobenzene were used, compound I1.15 was isolated in 78% yield.
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12.0 equiv), and trifluoroacetic acid (57.4 pL, 0.750 mmol, 5 equiv) and was fitted with a rubber
septum. The reaction vial was purged with O> for 5 min and then acetaldehyde (11 pL, 0.20 mmol,
1.3 equiv) was added to the reaction mixture. The reaction mixture was stirred for 3 h at 23 °C
under 1 atm O; (supplied via a balloon). An additional portion of acetaldehyde (11 puL, 0.20 mmol,
1.3 equiv) was added and the reaction mixture was stirred for 12 h at 23 °C under 1 atm O». Solvent
was removed in vacuo. The residue was dissolved in CH>Cl> (5 mL), excess solid NaHCO3; was
added, the mixture was filtered, and solvent was removed in vacuo. The residue was purified by
column chromatography on SiO; using a 96:4 hexanes:ethyl acetate eluent to afford 32.4 mg of
the title compound (I1.15, 78% yield). 'H NMR (8, 23 °C, CDCl3): 7.43-7.41 (m, 2H), 7.27-7.26
(m, 3H), 7.22-7.21 (m, 2H), 7.13-7.11 (m, 2H), 3.89 (s, 3H), 2.42 (s, 3H) ppm. *C NMR (3, 23
°C, CDCL): 144.7, 140.9, 130.0, 129.6, 129.0, 128.3, 127.5, 123.5, 64.2, 21.7 ppm. The recorded

spectral data are in good agreement with those reported in literature.
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Optimization of Aerobic Oxidation of lodobenzene

RO
I RCHO, O, N
OR
conditions
Il.1a I.2a

Representative Procedure. A 20-mL scintillation vial was charged with DCE (2.0 mL),
iodobenzene (Il.1a, 83.8 mg, 0.411 mmol, 1.00 equiv), and CoCl-6H>0 (0.9 mg, 0.004 mmol, 1
mol%) and was fitted with a rubber septum. The reaction vessel was purged with Oz for 5 min
before acetaldehyde (224 pL, 4.07 mmol, 9.90 equiv) was added in one portion. The reaction
mixture was stirred under 1 atm O, delivered by inflated balloon, at 23 °C for 16 h. Solvent was

removed in vacuo and the crude residue was analyzed by 'H NMR.

Evaluation of Aerobic Oxidation of lodobenzene in the Absence of A Radical Initiator

AcO\
I 0,, CHzCHO N
o (Y o
DCE, 23 °C
42-91% yield
Il.1a 1l.2a

A 20-mL scintillation vial was charged with DCE (2.0 mL) and iodobenzene (83.8 mg,
0.411 mmol, 1.00 equiv) and was fitted with a rubber septum. The reaction vessel was purged with
O, for 5 min before acetaldehyde (224 pL, 4.07 mmol, 9.90 equiv) was added in one portion. The
reaction mixture was stirred under 1 atm O», delivered by inflated balloon, at 23 °C for 16 h.
Removal of the solvent in vacuo afforded the title compound (41-91% yield). "H NMR (8, 23 °C,

CDCls): 8.09 (d, J = 7.3 Hz, 2H), 7.63-7.47 (m, 3H), 2.01 (s, 6H).
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Evaluation of Aerobic Oxidation of Iodobenzene in the Presence of BHT

. CH; OH CH
0,, CHsCHO, BHT P HiC SCH,

| CoCl, - 6H,0 (1.0 mol%) HiC CHjz
©/ no reaction
DCE, 23 °C

' CHj
Il.1a BHT

A 20-mL scintillation vial was charged with DCE (2.0 mL), iodobenzene (Il.1a, 83.8 mg,
0.411 mmol, 1.00 equiv), BHT (89 mg, 4.039 mmol, 10.00 equiv), and CoCl-6H>0 (0.9 mg, 0.004
mmol, 1 mol%) and was fitted with a rubber septum. The reaction vessel was purged with O, for
5 min before acetaldehyde (224 pL, 4.07 mmol, 9.90 equiv) was added in one portion. The reaction
mixture was stirred under 1 atm O, delivered by inflated balloon, at 23 °C for 16 h. Removal of
the solvent in vacuo and '"H NMR analysis indicated that iodobenzene, not iodobenzene diacetate,

was present.

Aerobic Oxidation of Iodobenzene with Air as O; Source

air, CHyCHO ACO\I
I' CoCl,6H,0 (1 mol%)
() S (o
DCE, 23 °C
63% yield
Il.1a 1l.2a

A 20-mL scintillation vial was charged with DCE (2.0 mL), iodobenzene (Il.1a, 83.8 mg,
0.411 mmol, 1.00 equiv), and CoCl>-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a
rubber septum. Then acetaldehyde (224 pL, 4.07 mmol, 9.90 equiv) was added in one portion. The
reaction mixture was stirred under air, delivered by inflated balloon, at 23 °C for 16 h. Solvent was

removed in vacuo and the crude residue was analyzed by '"H NMR (I1.2a, 63% yield).
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Gram-Scale Synthesis of lodobenzene Diacetate (I1.2a)

0,, CH4CHO AcQ
I' CoCly6H,0 (1 mol%) N
OAc
gl. AcOH, 23 °C
97% yield
Il1a I.2a

A 20-mL scintillation vial was charged with glacial AcOH (6 mL), iodobenzene (II.1a,1.04
g, 5.10 mmol, 1.00 equiv), and CoCl,-6H>0 (6.7 mg, 0.028 mmol, 0.50 mol%) and was fitted with
a rubber septum. The reaction vessel was purged with O, for 5 min before acetaldehyde (1.00 mL,
17.8 mmol, 3.54 equiv) was added in one portion. The reaction mixture was stirred under 1 atm
O», delivered by inflated balloon, at 23 °C for 6 h. Then another portion of acetaldehyde (1.00 mL,
17.8 mmol, 3.54 equiv) and CoCl,-6H>0 (6.7 mg, 0.028 mmol, 0.50 mol%) were dissolved in 1
mL glacial AcOH and delivered to the reaction mixture via a syringe. It was then stirred under 1
atm O3, delivered by inflated balloon, at 23 °C for 12 h. The reaction mixture was diluted with
CH:>Cl,, washed with 5% sodium bicarbonate solution, water and brine. The organic layer was
dried over MgSO4 and solvent was removed in vacuo to afford 1.59 g of iodobenzene diacetate

(IL.2a) as a white solid (97% yield). Product was identified with '"H NMR.

10 Gram Scale Synthesis of lodobenzene Diacetate (I1.2a)

| 0,, CHzCHO AcO
CoCly6H,0 (1 mol%) I
() () o
gl. AcOH, 23 °C
63% yield
Il.1a 1l.2a

A 20-mL scintillation vial was charged with glacial AcOH (30 mL), iodobenzene (Il.1a,
10.0 g, 49.0 mmol, 1.00 equiv), and CoCl2:-6H>0 (29.1 mg, 0.122 mmol, 0.25 mol%) and was
fitted with a rubber septum. The reaction vessel was purged with O, for 5 min before acetaldehyde

(10.0 mL, 178 mmol, 3.64 equiv) was added in one portion. The reaction mixture was stirred under
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1 atm O3, delivered by inflated balloon, at 23 °C for 6 h. Then three portions of acetaldehyde (10.0
mL, 178 mmol, 3.64 equiv) and CoCl>-6H>0 (29.1 mg, 0.122 mmol, 0.25 mol%) were dissolved
in 5 mL glacial AcOH each time and delivered to the reaction mixture via a syringe in an interval
of 8h and stirred under 1 atm O», delivered by inflated balloon, at 23 °C. It was then stirred for 6h
more after all addition under 1 atm O, delivered by inflated balloon, at 23 °C. The reaction mixture
was diluted with CH>Cl,, washed with 5% sodium bicarbonate solution, water and brine. The
organic layer was dried over MgSO4 and solvent was removed in vacuo to afford 9.92 g of

iodobenzene diacetate (I1.2a) as a white solid (63% yield). Product was identified with '"H NMR.

Kinetics of lodobenzene Oxidation in CDCl3;

Measurement of aerobic oxidation kinetics of iodobenzene in CDCl; with no added
initiator. A 20-mL scintillation vial was charged with CDCIl3 (4.0 mL) and iodobenzene (Il.1a,
163.2 mg, 0.800 mmol, 1.00 equiv) and was fitted with a rubber septum. The reaction vessel was
purged with O, for 5 min. An aliquot (0.200 mL) was removed and the '"H NMR spectrum was
recorded. Acetaldehyde (450 pnL, 8.04 mmol, 10.1 equiv) was added to the reaction vessel and the
reaction mixture was stirred at 23 °C under 1 atm O», delivered by inflated balloon. Aliquots (0.200
mL) were removed periodically for 'H NMR analysis. Monitoring was continued until the reaction
had reached completion, as evidenced by the disappearance of 'H NMR resonances attributable to

iodobenzene. Data and spectra are collected in Figure II-9.
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Figure II-9. Measurement of aerobic oxidation kinetics of iodobenzene in CDCl; with no
added initiator. (a) Mol fraction of PhI (+), PhI(OAc): (%), and peroxo E (*) as a function of time
for oxidation of Phl in CDCl; at 23 °C without CoCl,-6H-O. (b) Stacked "H NMR spectra obtained
periodically during the oxidation of Phl with signals attributable to Phl (—), PhI(OAc)> (—), and
peroxo E (—) highlighted.

Measurement of aerobic oxidation Kinetics of iodobenzene in CDCl; with initiator. A 20-
mL scintillation vial was charged with CDClz (4.0 mL), iodobenzene (Il.1a, 163.2 mg, 0.800
mmol, 1.00 equiv), and CoCl,-6H>0 (1.0 mg, 7.70 umol, 1 mol%) and fitted with a rubber septum.
The reaction vessel was purged with O for 5 min. An aliquot (0.200 mL) was removed and the 'H
NMR spectrum was recorded. Acetaldehyde (450 pL, 8.04 mmol, 10.1 equiv) was added to the
reaction vessel and the reaction mixture was stirred at 23 °C under 1 atm O, delivered by inflated
balloon. Aliquots (0.200 mL) were removed periodically for 'H NMR analysis. Monitoring was

continued until the reaction had reached completion, as evidenced by the disappearance of 'H

NMR resonances attributable to iodobenzene. Data and spectra are collected in Figure II-10.
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Figure II-10. Measurement of aerobic oxidation kinetics of iodobenzene in CDCl; with
initator. (a) Mol fraction of PhI (+), PhI(OAc): (x), and peroxo E (¥) as a function of time for
oxidation of PhI in CDCl; at 23 °C in the presence of CoCl>-6H,0 (1 mol%). (b) Stacked 'H NMR

spectra obtained periodically during the oxidation of Phl with signals attributable to Phl (—),
PhI(OAc): (—), and peroxo E (—) highlighted.

Kinetics of 4-Iodotoluene Oxidation in CDCl;

Measurement of aerobic oxidation kinetics of 4-iodotoluene in CDCl3 with no added
initiator. A 20-mL scintillation vial was charged with CDCIl3 (4.0 mL) and 4-iodotoluene (Il.1c,
174.4 mg, 0.800 mmol, 1.00 equiv) and was fitted with a rubber septum. 1,4-Dibromobenzene
(94.4 mg, 0.400 mmol) was added to the reaction mixture as internal standard. The reaction vessel
was purged with O for 5 min. An aliquot (0.200 mL) was removed and the '"H NMR spectrum
was recorded. Acetaldehyde (450 pL, 8.04 mmol, 10.1 equiv) was added to the reaction vessel and
the reaction mixture was stirred at 23 °C under 1 atm O, delivered by inflated balloon. Aliquots

(0.200 mL) were removed periodically for 'TH NMR analysis. Monitoring was continued until the
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reaction had reached completion, as evidenced by the disappearance of 'H NMR resonances

attributable to 4-iodotoluene. Data and spectra are collected in Figure II-11.
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Figure II-11. Kinetics experiments for aerobic oxidation of 4-iodotoluene with no added
initiator. (a) Mol fraction of 4-iodotoluene (+), I1.2¢ (x), and peroxo E (%) as a function of time
for oxidation of 4-iodotoluene in CDCl3 at 23 °C in the presence of CoCly-6H20 (1 mol%). (b)
Stacked '"H NMR spectra obtained periodically during the oxidation of 4-iodotoluene with signals
attributable to 4-iodotoluene (—), PhI(OAc), (—), and peroxo E (—) highlighted; * = 1,4-
dibromobenzene added as internal standard.

Measurement of aerobic oxidation kinetics of 4-iodotoluene in CDCl; with initiator.
A 20-mL scintillation vial was charged with CDCI3 (4.0 mL), 4-iodotoluene (Il.1¢, 174.4 mg,
0.800 mmol, 1.00 equiv), and CoCl>-6H>0 (1.0 mg, 7.70 umol, 1 mol%) and was fitted with a
rubber septum. 1,4-Dibromobenzene (94.4 mg, 0.400 mmol) was added to the reaction mixture
as internal standard. The reaction vessel was purged with O2 for 5 min. An aliquot (0.200 mL)

was removed and the 'H NMR spectrum was recorded. Acetaldehyde (450 uL, 8.04 mmol, 10.1

equiv) was added to the reaction vessel and the reaction mixture was stirred at 23 °C under 1 atm
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O, delivered by inflated balloon. Aliquots (0.200 mL) were removed periodically for '"H NMR
analysis. Monitoring was continued until the reaction had reached completion, as evidenced by
the disappearance of "H NMR resonances attributable to 4-iodotoluene. Data and spectra are

collected in Figure II-12.
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Figure 1I-12. Measurement of aerobic oxidation Kinetics of 4-iodotoluene in CDCl; with
initiator. (a) Mol fraction of 4-iodotoluene (+), II.1¢ (x), and peroxo E (%) as a function of time
for oxidation of 4-iodotoluene in CDCl3 at 23 °C in the presence of CoCly-6H20 (1 mol%). (b)
Stacked '"H NMR spectra obtained periodically during the oxidation of 4-iodotoluene with signals
attributable to 4-iodotoluene (—), PhI(OAc), (—), and peroxo E (—) highlighted; * = 1,4-
dibromobenzene added as internal standard.
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Kinetics of lodobenzene Oxidation in AcOH-d/

Measurement of aerobic oxidation kinetics of iodobenzene in AcOH-d; with no added
initiator. A 20-mL scintillation vial was charged with AcOH-d, (4.0 mL) and iodobenzene (Il.1a,
163.2 mg, 0.800 mmol, 1.00 equiv) and was fitted with a rubber septum. Mesitylene (50 pL, 0.359
mmol) was added to the reaction mixture as internal standard. The reaction vessel was purged with
O for 5 min, and an aliquot (0.200 mL) was removed and '"H NMR spectroscopy was recorded.
Acetaldehyde (450 puL, 8.04 mmol, 10.1 equiv) was added to the reaction vessel and the reaction
mixture was stirred at 23 °C under 1 atm O, delivered by inflated balloon. Monitoring was

continued up to 10 h. Data are collected in Figure I1-13.
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Figure II-13. Kinetics experiments for aerobic oxidation of iodobenzene with no added
initiator. (a) Mol fraction of PhI (+), PhI(OAc)2 (%), and peroxo E (¥) as a function of time for
oxidation of Phl in AcOH-d, at 23 °C without CoCl,-6H>O (1 mol%). Under these conditions,
oxidation of Phl is not observed.

Measurement of aerobic oxidation Kinetics of iodobenzene in AcOH-d, with initiator. A
20-mL scintillation vial was charged with AcOH-d, (4.0 mL), iodobenzene (IL.1a, 163.2 mg, 0.800
mmol, 1.00 equiv), and CoCl>-6H>0O (1.0 mg, 7.70 pmol, 1 mol%) and was fitted with a rubber

septum. Mesitylene (50 pL, 0.359 mmol) was added to the reaction mixture as internal standard.
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The reaction vessel was purged with O for 5 min, and an aliquot (0.200 mL) was removed and 'H
NMR spectroscopy was recorded. Acetaldehyde (450 pL, 8.04 mmol, 10.1 equiv) was added to
the reaction vessel and the reaction mixture was stirred at 23 °C under 1 atm O», delivered by
inflated balloon. Monitoring was continued until the reaction had reached completion, as
evidenced by the disappearance of 'H NMR resonances attributable to iodobenzene. Data and

spectra are collected in Figure 1I-14.
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Figure I1-14. Measurement of aerobic oxidation kinetics of Phl in AcOH-d, with initiator. (a)
Mol fraction of PhlI (+), PhI(OAc): (x), and peroxo E (k) as a function of time for oxidation of Phl
in AcOH-d, at 23 °C in the presence of CoCly'6H>0 (1 mol%). (b) Stacked 'H NMR spectra
obtained periodically during the oxidation of Phl with signals attributable to Phl (—), PhI(OAc)>
(—), and peroxo E (—) highlighted.
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Characterization of Peroxo Intermediate E

Figure II-15. NMR spectrum collected during aerobic oxidation of Phl with the peaks
attributable to peroxo E highlighted in red. The highlighted peaks are coincident with a
spectrum obtained by combining AcOOH with CH3CHO.
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Analysis by Mass Spectrometry

In situ characterization during iodobenzene Oxidation. A 20-mL scintillation vial was
charged with CHCI3 (1.50 mL), iodobenzene (41.0 mg, 0.201 mmol, 1.00 equiv), and CoCl>-6H>O
(0.3 mg, 2.31 umol, 1 mol%) and was fitted with a rubber septum. The reaction vessel was purged
with Oa for 5 min. Acetaldehyde (115 pL, 2.06 mmol, 10.2 equiv) was added to the reaction vessel
and the reaction mixture was stirred at 23 °C under 1 atm O, delivered by inflated balloon, for 1.5
h which the peroxo E was in the maximum concentration determined by kinetics measurement. At
this time, the crude reaction mixture was injected for HRMS analysis. HRMS (ESI"): calcd. for
C4HsNaO4 [M+Na]* m/z 143.0320. Found: 143.0318. Data is summarized in Figure II-16a.

Characterization of E from autoxidation with iodobenzene present. A 20-mL
scintillation vial was charged with CHCI3 (1.50 mL) and CoCl>-6H>O (0.3 mg, 2.31 umol, 1 mol%)
and was fitted with a rubber septum. The reaction vessel was purged with O, for 5 min.
Acetaldehyde (115 pL, 2.06 mmol, 10.2 equiv) was added to the reaction vessel and the reaction
mixture was stirred at 23 °C under 1 atm O, delivered by inflated balloon, for 1.5 h which the
peroxo E was in the maximum concentration determined by kinetics measurement. At this time,
the crude reaction mixture was injected for HRMS analysis. HRMS (ESI"): calcd. for C4sHsNaO4

[M+Na]* m/z 143.0320. Found: 143.0318. Data is summarized in Figure II-16b.
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Figure II-16. Mass spectrometry analysis of (a) the reaction mixture of CH;CHO, Phl,
CoCl;'6H,0, and O: and (b) the reaction mixture of CH3;CHO, CoCl;-6H,0, and O:. The
presence of Baeyer-Villiger intermediate E is evident in both analyses.
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Irradiation at 5.41 ppm
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Irradiation at 9.72 ppm
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Figure I1-17. '"H NMR plots of magnetization transfer experiment that demonstrates that
acetaldehyde and intermediate E are in rapid equilibrium on the NMR time scale. Top:
Irradiation of the methine signal of compound E (resonance at 5.41 ppm) results in selective
enhancement of the aldehydic proton signal of acetaldehyde (9.72 ppm). Bottom: Irradiation of the
aldehydic signal of acetaldehyde (resonance at 9.72 ppm) results in selective enhancement of the
methine proton signal of compound E (5.41 ppm).

62



Spectra of New Compounds
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Figure I1-18. 'TH NMR spectrum of compound I1.3b recorded in CD30OD at 23 °C. The solvent signal has been truncated to zoom in
on peaks of interest. In CD30D, compound IL.3b is likely converted to a bis-methoxy iodinane; most iodosylbenzene derivatives are

insufficiently soluble for '"H NMR spectroscopy in the absence of coordinating solvents.
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Figure I1-19. 'H NMR spectrum of compound I1.3¢ recorded in CD30D at 23 °C. The solvent signal has been truncated to zoom in
on peaks of interest. In CD3;0D, compound IlL.3c is likely converted to a bis-methoxy iodinane; most iodosylbenzene derivatives are
insufficiently soluble for 'H NMR spectroscopy in the absence of coordinating solvents.
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Figure I1-20. 'H NMR spectrum of compound I1.3d recorded in CD30OD at 23 °C. The solvent signal has been truncated to zoom in
on peaks of interest. In CD30D, compound I1.3d is likely converted to a bis-methoxy iodinane; most iodosylbenzene derivatives are
insufficiently soluble for 'H NMR spectroscopy in the absence of coordinating solvents.
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Figure I1-21. 'H NMR spectrum of compound I1.3e recorded in CD30D at 23 °C. The solvent signal has been truncated to zoom in
on peaks of interest. In CD3;0D, compound Il.3e is likely converted to a bis-methoxy iodinane; most iodosylbenzene derivatives are
insufficiently soluble for 'H NMR spectroscopy in the absence of coordinating solvents.
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Figure I1-22. 'H NMR spectrum of compound IL.3f recorded in CD30D at 23 °C. The solvent signal has been truncated to zoom in
on peaks of interest. In CD30D, compound IL3f is likely converted to a bis-methoxy iodinane; most iodosylbenzene derivatives are
insufficiently soluble for 1H NMR spectroscopy in the absence of coordinating solvents.
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Figure I1-23. 'TH NMR spectrum of compound I1.3g recorded in CD30D at 23 °C. The solvent signal has been truncated to zoom in
on peaks of interest. In CD30D, compound IL.3g is likely converted to a bis-methoxy iodinane; most iodosylbenzene derivatives are
insufficiently soluble for 1H NMR spectroscopy in the absence of coordinating solvents.
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CHAPTER III
OXIDATION CATALYSIS BY AN AEROBICALLY GENERATED DESS-MARTIN

PERIODINANE ANALOGUE"

ITI.1 Introduction

O is a conceptually ideal oxidant for synthesis,'’> 12!- 122 but challenges such as 1) the
proclivity of O: to participate in unselective single-electron transfer chemistry, 2) the kinetic
barriers associated with reaction of the triplet ground state of O, with singlet organic molecules,*
4 and 3) the difficulty in choreographing four-electron O, reduction with two-electron substrate
oxidation, often prevent application of O as a selective reagent in organic synthesis.> © In some
cases, redox mediators—small molecules that participate in predictable oxidation chemistry with
O>—have enabled O: reduction to be coupled to substrate oxidation chemistry. For example, the
hydroquinone—quinone redox couple has been exploited to couple O, reduction with a variety of
Pd-catalyzed processes.!?% 210 In the absence of general strategies to utilize O, directly, an array of
synthetic two-electron oxidants, such as hypervalent iodine reagents, have been developed.
Generally, these reagents are not directly derived from O and use of these reagents results in the
formation of stoichiometric quantities of chemical waste. The need for more sustainable methods

for oxidation chemistry demands the development of new strategies and methods for O- utilization.

* Data, figures, and text in this chapter were adapted with permission from reference Maity, A.; Hyun, S.-M.; A. K.
Wortman; Powers, D. C. Angew. Chem. Int. Ed. 2018, 57, 7205 —7209, Copyright © 2018 the John Wiley and Sons,
Inc. Maity, A.; Cardenal, A. D.; Gao, W.-Y.; Ashirov, R.; Hyun, S.-M.; Powers, D. C. Inorg. Chem. 2019, 58, 10543—
10553, Copyright © 2019, American Chemical Society.
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iodobenzenes (lll.1) iodosylbenzenes (1l.2) iodylbenzenes (1ll.3)
-olefin functionalization +alcohol and glycol
carbonyl a-oxidation oxidation
*C-H amination -, f-desaturation

Figure III-1. Rapid disproportionation of aerobically generated iodosylbenzenes can enable
aerobic oxidation via iodylbenzene intermediates.

We recently reported the aerobic oxidation of aryl iodides (II1.1) to iodosylbenzenes (I11.2)
using strong oxidants generated during aldehyde autoxidation and applied the aerobically
generated I(IIT) reagents to olefin functionalization, carbonyl a-oxidation, and N-H arylation.!®?
Contemporaneously, Miyamoto and Uchiyama et al. reported iodoarene-catalyzed aerobic glycol
cleavage reactions and Hofmann rearrangements under similar aldehyde-promoted aerobic
oxidation conditions.?!! We reasoned that the scope of aerobic oxidation chemistry that can be
achieved via hypervalent iodine intermediates would be substantially expanded if the aerobic
oxidation of iodobenzenes could be extended to the synthesis of I(V) reagents (iodylbenzenes,
IIL.3). I(V) reagents, '8 212217 guch as Dess—Martin periodinane (DMP)?!'%:21° and 2-iodoxybenzoic
acid (IBX),?2° display complementary substrate oxidation chemistry as compared to
iodosylbenzenes (IIL.2), and have been applied to the oxidation of primary and secondary
alcohols,??!:222 1,2-220.223 and 1,4-diols,*?** 22> and amines,?*% 2?7 as well as the dehydrogenation of
carbonyl compounds to generate o,B-unsaturated carbonyls,??®23% and benzylic C-H bond
oxidation.?*! Currently, iodylbenzenes are prepared by the action of strong chemical oxidants, such
as periodate, hypochlorite, dimethyldioxirane, or Oxone, in strongly acidic conditions,'% or by the
metal-catalyzed* or high-temperature* disproportionation of iodosylbenzenes. The harsh reaction
conditions and strong oxidants typically employed in the synthesis of I(V) reagents limit the utility

of I(V) intermediates in catalysis.?*>>3® Herein, we demonstrate that aerobic oxidation of I(I) to
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generate I(III) compounds can be coupled with facile disproportionation of I(IIl) to enable

oxidation catalysis via iodylbenzene intermediates.?*”

I11.2 Results and Discussions
I11.2.1 Aerobic Synthesis of I(V) Reagents

During our initial investigation of the aerobic oxidation of iodobenzenes (IIL.1) to
iodosylbenzenes (IIL.2), we noted that oxidation of 2-(tert-butylsulfonyl)iodobenzene (IIl.1a)
afforded iodylbenzene IIL.3a, rather than the corresponding I(III) derivative IIL.2a.!%3 183
Chelating substituents in the 2-position are frequently employed in hypervalent iodine chemistry
to enhance solubility by breaking up I-O—I-O polymers that are common for iodosylbenzenes.?*?

To achieve reproducible aerobic oxidation chemistry, these investigations were carried out in the

presence of CoClz (I mol%), which serves as an initiator of aldehyde autoxidation (Figure III-

2) 163, 241
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Figure I1I-2. Role of Co(II) salt in aerobic oxidation of aryl iodides. Mole fraction of Phl (—),

PhI(OAc): (——), and 1-hydroxyethyl ethaneperoxoate (E, —) as a function of time for oxidation
of Phl in CDCI3 with acetaldehyde at 23 °C (a) without CoCl,-6H,0O (b) with CoCl>-6H-O.
Without any initiator, irreproducible induction period for oxidation of aryl iodides is observed.

With interest in developing an aerobic synthesis of soluble I(V) reagents, we have

investigated the aerobic oxidation of a family of iodobenzenes bearing potentially chelating
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substituents in the 2-position (Figure III-3). Oxidation of 2-fert-butylsulfonyl-, 2-nitro-, and 2-(2'-
pyridyl)iodobenzene (IIl.1a—c) with O> in the presence of acetaldehyde afforded iodylbenzenes
II1.3a—c in good yield. Attempts to generate IBX by aerobic oxidation of 2-iodobenzoic acid
(ITL.1d) have not been productive; I(II) derivative II1.2d is the exclusive product of aerobic
oxidation. We have also examined the aerobic oxidation of iodobenzene derivatives bearing
substituents at the 3- or 4-positions. While iodosylbenzenes I11.2e—i are obtained by aldehyde-
promoted aerobic oxidation of iodobenzenes Ill.1e—i in AcOH, at long reaction times in 1,2-

dichloroethane (DCE) or nitromethane, iodylbenzenes II1.3e—i are obtained.

O,, CHsCHO Q
R X | CoCl, - 6H,0 (1 mol%) R{j/l\\o
F DCE, 23 °C F
1.1 ns3

ll.3a, 76% 11.3b, 88%
o) lll.3e, R= 4-CHg, 68%
I HO 111.3f, R= 4-F, 66%
0 N 11.3g, R= 4-CF3, 36%
N o) 1II.3h, R= 3,5-CHg, 72%
s 111.3i, R=3-Br, 61%
Z o]
lIl.3c, 60% lll.2d, 96%

no I(V) observed
Figure III-3. Aldehyde-promoted aerobic oxidation can provide access to a variety of
iodylbenzene derivatives.
111.2.2 Aerobic Oxidation Catalysis via I(V) Reagents
With a family of aerobically generated iodylbezenes in hand, we turned our attention to
evaluating these reagents as potential oxidants in synthetic chemistry. Initial experiments
evaluated the impact of reaction temperature and solvent on the oxidation of cyclohexanol (I11.4a)
to cyclohexanone (II1.5a) (Table III-1). These optimization experiments identified iodylbenzene

ITL.3a in MeNO; at 70 °C as efficient conditions for alcohol oxidation (95% yield, entry 5). Other
72



aerobically generated iodylbenzenes such as III.3b and III.3e were found to be less efficient
reagents for cyclohexanol oxidation (entries 6 and 7, 0% and 66% yield of cyclohexanone,
respectively).

To characterize the reactivity profile of IIl.3a as an oxidant for organic substrate
functionalization, we canvassed the reactivity II1.3a in a variety of reactions that are typical of
IBX and DMP. While IIl.3a efficiently oxidizes secondary alcohols (Figure I1I-4a), it does not
effect the dehydrogenation of the resulting carbonyl compounds to generate o,p-unsaturated
carbonyls: Addition of excess IIl.3a to the oxidation of cyclohexanol, or treatment of
cyclohexanone with IIl.3a, did not result in dehydrogenation to afford 2-cyclohexenone, even in
the presence of additives such as dimethyl sulfoxide (DMSO) or N-oxides, which have previously

been used to promote I(V)-mediated desaturation chemistry.??8

Treatment of primary alcohols,
such as benzyl alcohol (IIl.6a) and geraniol (IIL.6b), resulted in the corresponding aldehydes
IIL.7a and IIL7b in 99% and 81% yield, respectively (Figure I11-4b). Compound I1L.3a effects
oxidative cleavage of 1,2-diols—oxidation of hydroxybenzoin (IIL.8) with IIl.3a results in
oxidative C—C cleavage to generate benzaldehyde (II1.9) in 86% yield (Figure I1I-4c)—which is
characteristic of the chemistry of DMP.??} In contrast, IBX typically provides access to
dicarbonyls.?** I11.3a effects the oxidation of 1,4-diol ITI.10 to lactone ITI.11 in 60% yield, based
on recovered starting materials. Compound IIL.3a does not promote benzylic C—H oxidation (for
example, oxidation of ethylbenzene), which has been observed for some I(V) derivatives, but

I11.3a can be applied to the oxidative dehydrogenation of amines to generate imines (II1.13a and

I11.13b), oximes (I11.13¢), and N-heterocycles (II1.13d); see Figure I11-4d.
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Table III-1. Optimization table for I(V) mediated cyclohexanol oxidation. lodylbenzene
derivative I11.3a was found to efficiently oxidize cyclohexanol in stoichiometric reactions, and
iodobenzene IIl.1a is a competent oxidation catalyst.

Conditions A

(Ol Arl (1.0 equiv) o
solvent, temperature
Conditions B é
O,, n-PrCHO, Arl (cat.)
liL.4a initiator (1.0 mol%) l.5a
MeNO,, 70 °C
Initiator
Entry Conditions Solvent T (°C) Arl (equiv) Yield
(1.0 mol%)
1 A DMSO 23 IIL3a (1.0) - 0%
2 A DMSO 50 II1.3a (1.0) - 5%
3 A DMSO 70 IIL3a (1.0) - 25%
4 A MeCN 70 II1.3a (1.0) - 0%
5 A MeNO; 70 IIL3a (1.0) - 95%
6 A MeNO; 70 II1.3b (1.0) - 0%
7 A MeNO; 70 I1L.3e (1.0) - 66%
II1.1a ] o
8 B MeNO; 70 (15 mol%) CoCl2'6H,O  86%
II1.1a 0
9 B MeNO; 70 (15 mol%) - 22%
II1.1a Cu(OAc),- o
10 B MeNO; 70 (15 mol%) H,0 30%
II1.1a Mn(OAc),- o
11 B MeNO; 70 (15 mol%) 4H,0 35%
II1.1a _ 0
12 B MeNO; 70 (15 mol%) CoCl2'6H,O  77%
II1.1a _ 0
13 B MeNO; 70 (15 mol%) CoCl2'6H,O  57%
14 B MeNO; 70 - CoCl2'6H, O  15%
II1.1e _ 0
15 B MeNO; 70 (15 mol%) CoCl2'6H,O  24%
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a. Oxidation of Secondary Alcohols c. Oxidation of Diols

o n.3 i
Ph -oa
Ph)\( - . Ph)J\H
OH CH3NO,, 70 °C

OH .3a ©¢o " 86% yield m.e

[ j CHgNO,, 70 °C {

L4 95% yield .52 (:COH = ()v\(/o
OH CH3NO,, 70 °C

i a
.10 60% yield .11
b. Oxidation of Primary Alcohols d. Oxidation of Amines
o)
ll.3a
ll.3a
gOH - 5 H P NTPh 2 L e NP
CHgNO,, 70 °C H DMSO. 70 °C

99% yield ’.

l.6a °y .7a l.12a 75% yield l.13a

ll.3a

SN s Y eSO a0
Me Me CHgNO,, 70 °C Me Me O _N Ph” N
81% yield

ll.6b I.7b l1.13b, 70% 1ll.13c, 62% .13d, 77%P

Figure III-4. Oxidation chemistry scope of aerobically generated iodylbenzene reagent
ITI.3a. Compound IIlI.3a oxidizes (a) secondary alcohols to ketones, (b) primary alcohols to
aldehydes, (c) mediates glycol cleavage to aldehydes, oxidizes 1,4-diols to lactols, and (d)
accomplishes dehydrogenative amine oxidation. *yield based on recovered starting material. ®from
2-phenyl-4,5-dihydro-1H-imidazole.

Iodylbenzene-mediated oxidation reactions typically rely on stoichiometric amounts of
I(V) reagents and we hypothesized that the strong oxidants (such as Oxone) typically needed to
generate I(V) derivatives limit application of I(V) derivatives in catalysis. Further, we
hypothesized that facile generation of I(V) derivatives (IIL.3) under our aerobic oxidation
chemistry could be extended to I(V) oxidation catalysis and we turned our attention to the
application of iodylbenzene I11.3a as an intermediate in aerobic oxidation catalysis (Figure III-5
and III-6). To accomplish in situ aerobic oxidation at the elevated temperatures required for
substrate oxidation (70 °C), acetaldehyde (bp = 20.2 °C) was replaced with n-butyraldehyde (bp =
74.8 °C). Examination of the impact of IIl.1a loading on the efficiency of cyclohexanol oxidation

led us to pursue the following experiments with 15 mol% of IIl.1a as catalyst (Table III-1, Entry

8). With 15 mol% IIl.1a, cyclohexanol (II1.4a) oxidation proceeds in 86% yield (for optimization
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experiments see Table I1I-1). Alcohol oxidation catalysis can be achieved using air in place of pure
O»; using air, cyclohexanol oxidation is accomplished in 66% yield. In the absence of IIl.1a, 15%
yield of cyclohexanone (IIl.5a) was obtained, which arises from background Co(Il)-catalyzed
alcohol oxidation (for background reactions for all substrates reported see Experimental Details
section).?** 24 Using IIl.1a as catalyst, we have investigated the oxidation chemistry of a series
of secondary alcohols (Figure III-5). Substituted aryl and heteroaryl ethanols participate in alcohol
oxidation to afford the corresponding acetophenone derivatives (IIL.Sb—1). Notably, electron-
deficient (IIL.5e and II1.5g) and electron-rich (IIL.5d, IIL.5j, and IIL.51) derivatives are tolerated,
as well as heteroaryl substituents (IIL.5i). Oxidation of methoxy-substituted alcohol ITL4f affords
acetophenone derivative IIL.5f in low yield, which may be because of the background reaction of
weak C-H bonds with reactive oxidants during aldehyde autoxidation. Oxidation of aliphatic
alcohols also generates ketones; cyclopentanone (IILSm), cyclohexanone (IIL.5a),
cycloheptanone (IIL.Sn), and 2-hexanone (IIL.50) are all accessed by oxidation of the
corresponding alcohol. a,a-Disubstituted acetophenone IIL.5Sk was accessed in 64%yield, but the
presence of larger a-substituents results in diminished oxidation efficiency (a,o-diphenyl ketone
ITL5p is generated in 33% yield). Oxidation of benzoin (IIL.4q), an a-hydroxycarbonyl, affords
dicarbonyl IIL1.5q in 60% yield. Olefinic substrates are tolerated in the aerobic oxidation catalysis.
As examples, 2-cyclohexenone (IIL.5r) is generated from the oxidation of 2-cyclohexenol (I11.4r)

and cholesterol (II1.4s) participates in aerobic oxidation to afford ITLSs in 57% yield.
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\HL Me Ph)l\[(
Ph (0]
11l.5p, 33% 111.5q, 69% lIl.5r, 40%
from benzoin from 2-cyclohexenol

Figure III-5. Aerobic oxidation secondary alcohols catalyzed by IIl.1a provides access to a
wide variety of ketones. n-PrCHO = n-butryaldehyde.

Application of the optimized reaction conditions to iodoarene-catalyzed oxidation of
primary alcohols results in the formation of carboxylic acids (Figure I1I-6a). Benzyl alcohols I11.6a
and IIl.6¢, heteroaromatic benzyl alcohol I11.6d, as well as long-chain aliphatic alcohols III.6e
and IIL.6f, participate in aerobic oxidation to afford the corresponding carboxylic acids in good
yield. The observation of carboxylic acids in catalytic reactions, but aldehydes in stoichiometric
reactions, is likely the result of initial oxidation of primary alcohol to the corresponding aldehyde,
followed by subsequent autoxidation to the corresponding carboxylic acid under the reaction
conditions used to generate iodylbenzenes. The reactive intermediates of autoxidation also likely
interfere with application of the developed aerobic oxidation catalysis to geraniol (IIL.6b);
exposure of II1.6b to the developed catalytic conditions results in a mixture of products. Aryl-
iodide-catalyzed aerobic oxidation of 1,2-diol II1.8 affords benzoic acid II1.9 in 79% yield (Figure

II1-6b) and oxidation of 1,4-diol II1.10 generates lactone I1.11 in 73% yield (Figure III-6c¢).
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Figure I1I-6. Application of IIl.1a in aerobic alcohol oxidation catalysis. (a) Oxidation of
primary alcohols and (b) 1,2-diols results in the formation of carboxylic acids and oxidation of (c)
1,4-diols affords lactones under aerobic I(V) catalysis. The overoxidation in the catalytic reaction
arises from autoxidation of the initially formed products under the aerobic conditions. n-PrCHO =
n-butryaldehyde.
111.2.3 Proposed Mechanism of Aerobic Oxidation Catalysis via I(V) Reagents

Initially, we proposed that the observation of I(V) reagent II1.3a under aerobic oxidation
conditions was due to AcOH-promoted disproportionation of an initially formed iodosylbenzene
intermediate (IIL.2a) based on the following observations: 1) In situ monitoring of the oxidation
of iodoarene IIl.1a revealed that IIL.1a and I(V) compound IIl.3a were the only observable
iodine-containing species and that I(III) compound IIL.2a (or bis-acetate adduct I11.2a") was not
present in the reaction mixture (Figure III-7); and 2) disproportionation of independently
synthesized iodosylarene IIl.2a to generate equimolar amount of I(I) and I(V) was observed upon
addition of AcOH (Figure II1-8). The proposed acid-promoted disproportionation was consistent
with literature detailing O-bridged intermediates in disproportionation reactions in acidic media.**

245,246 During subsequent investigations of the reaction chemistry of III.2a with AcOH, we have

observed that in contrast to the observed disproportionation, diacetate III.2a' formed in the
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presence of AcOH and this species appears to be resistant to disproportionation. To clarify the

divergent results regarding the disproportionation of II1.2a, we have pursued the following series

of experiments.**’
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Figure III-7. Aerobic oxidation kinetics of 2-(zert-butylsulfonyl)iodobenzene in CDCls. Mol
fraction of IIl.1a (+), IIL.2a (x), and IIL.3a (%) as a function of time for oxidation of IIl.1a in
CDClI; at 23 °C in the presence of CoCl>-6H20 (1 mol%).
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Figure I11-8. '"H NMR experiment for addition of AcOH to ITI.2a. Addition of 1.0 equivalents
of AcOH to a sample of III.2a in CDCl; led to the immediate disproportionation to equimolar
amounts of I1I.1a and II1.3a.

For the NMR experiment illustrated in Figure III-8, compound IIl.2a was prepared
according to the literature procedure based on treatment of IIl.1a with KCIO3 and HCI, followed
by hydrolysis with NaOH to provide analytically pure sample (Figure I11-9a, Method A).!33 We
speculated that the unpredictable disproportionation rates displayed by independently synthesized
I11.2a may be due to the presence of a trace impurity from the preparation that is not detected by
combustion analysis. Samples of IIl.1a prepared by Method A exhibited substantial variation with
respect to disproportionation rate: In a series of 'H NMR experiments using mesitylene as an
internal standard, half-lives ranging from less than a minute to six hours have been observed. To
evaluate the potential presence of impurities in the samples of IIl.1a, we have pursued EPR and

mass spectrometry-based experiments. Exposure of a sample of IIl.1a prepared by KCIO3/HCI

method to N-tert-butyl-a-phenylnitrone (PBN), which is a commonly used EPR spin trap,?*® in
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CDCI; results in the EPR spectrum shown in Figure I1I-9b, which can be fit as the admixture of
the spectrum of oxidized PBN as well as the spectrum of the PBN adduct of hydroxy radical

(Figure III-9c¢).
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Figure III-9. Analysis of impurity in independently synthesized I11.2a via EPR studies. (a)
IIL.2a was synthesized following literature method (A) and a modified method (B). (b) EPR
spectra obtained following PBN addition to IIl.2a prepared by Method B (—), and with added
KCIO3 (—), I1.2a prepared by Method A (—), and KCIO3 (—); * this signal is from the resonator
background. (c) Simulated EPR components: Experimentally obtained spectrum following PBN
addition to I1I.2a prepared by Method B with added KC1O3 (—), spectral simulation as admixture
of oxidized PBN and hydroxy radical adduct (—), simulated PBN-adduct of hydroxyl radical (—
), and simulated spectrum for oxidized PBN (—).

The intensity of the spectral features increases upon exposure of the sample to ambient
light and an identical EPR spectrum can be obtained from KCIO; in CDCl; (See Experimental
Details section for additional data). These observations are consistent with the presence of a trace
quantity of chlorate that was not removed despite extensive washing; UV irradiation of chlorate
has been reported to promote a variety of radical-generating processes.?*’ Dissolution of the
sample of III.2a prepared by Method A in HNO; and analysis by ICP-MS indicated the presence
of K*. Chlorate is not detectable by IR analysis, however, negative-mode ESI-MS of IIl.2a
prepared by Method A indicates the presence of C103™ (m/z = 82.953 (expt); 82.954 (calc)) (Figure
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Figure I11-10. Mass spectrometry analysis of II1.2a prepared by Method A. (a) Negative-mode
ESI-MS of IIl.2a synthesized by Method B demonstrating the presence of ClO3;™ (m/z = 82.953
(expt); 82.954 (calc)). (b) Expansion of the chlorate region of the mass spectrum.

We suspected that the source of the observed potassium is the KC1O3 used to prepare I11.2a.
Based on the hypothesis that trace impurities associated with KClO; were leading to the
irreproducible disproportionation behavior of IIl.2a, we modified the synthetic protocol as
follows: Cl» was bubbled through a solution of IIl.1a in CCls, the resulting solid was isolated, and
was then treated with 5SM NaOH solution (Figure I1I-9a, Method B). The resulting samples of
II1.2a display reproducible disproportionation chemistry. Exposure of material prepared by
Method B to PBN did not give rise to an observable EPR signal (Figure I1I-9b). Addition of KC1O3
to the sample of I11.2a prepared from Method B led to the evolution of an EPR spectrum that
overlays the spectrum obtained from Method A (Figure I1I-9b) and the intensity of the signal
increased upon exposure to light (see Experimental Details section for additional data). In addition,
ICP-MS analysis of II1.2a prepared by Method B did not show the presence of any trace metal

ions.

Regarding the formation of iodylarene I11.3a by aldehyde-promoted aerobic oxidation, the
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above experimental data suggest that our original proposal of acid-promoted disproportionation of
I11.2a was based on the irreproducible disproportionation kinetics of material prepared by Method
A. Following experiments were carried out to better understand the aerobic synthesis of I(V)
reagents:

(1) While the oxidation of 4-iodotoluene (IIl.1e) to the corresponding iodylbenzene
(ITL.3e) under the action of O,, CH3CHO, and Co(Il) proceeds via the initial formation of 4-
iodotoluene diacetate (II1.2e') followed by subsequent oxidation of I(III) to I(V) as illustrated in
Figure III-11, oxidation of iodoarene IIl.1a affords iodylarene III.3a without the observation of

iodosylarene I11.2a or bis-acetate I11.2¢' (Figure I11-7).2%°

CHaCHO, O,

o}
/©/' CoClp-6H,0 (1 mol%) /©/|(OAC)2 N
_— S0
HsC HsC /©/

CDCly, 23 °C 3

lil.1e 1il.2e’ 1ll.3e

mol fraction Arl

time/h

Figure I1I-11. Measurement of aerobic oxidation kinetics of 4-iodotoluene (II1.1e) in CDCls.
Mol fraction of IIl.1e (+) and IIL.2e' (x) as a function of time for oxidation of 4-iodotoluene
(ITL.1e) in CDCI; at 23 °C in the presence of CoCly:6H>O (1 mol%). Poor solubility of II1.3e
prevents determination of the concentration of this species.

(2) Addition of the isolable reaction components of aldehyde-promoted aerobic oxidation,

including acetaldehyde, acetic acid, CoCl,, and Co(OAc)s (see Experimental Details section for

additional data), does not induce disproportionation of bis-acetate I11.2a’.
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(3) Exposure of an independently prepared sample of I(III) compound II1.2a to aldehyde-
promoted aerobic oxidation (O, CH;CHO, and Co(II) in AcOH- d4) resulted in the observation of
both iodylarene IT1.3a and iodoarene III.1a by 'H NMR (Figure I11-12). The presence of iodoarene
I11.1a during the aerobic oxidation of II1.2a suggests that a disproportionation mechanism may be

operative, although the mechanism of disproportionation is still unclear.

(€]
Q I(OAC) creeto: 0z O“l’/o
2 . o, N
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Figure I11-12. Measurement of aerobic oxidation kinetics of II1.2a in AcOH- d4. Mol fraction
of IIl.1a ( x), IIL.2a (x) and I1L.3a (x) as a function of time for oxidation of IIl.2a in AcOH-d at
23 °C in presence of acetaldehyde and CoCl>-6H>O (1 mol%).

Taking into consideration all the observations outlined above, we propose that substrate
oxidation proceeds via the catalytic cycles pictured in Figure I1I-13. Initial oxidation of aryl iodide
IIl.1a generates iodosylbenzene IIl.2a. Facile disproportionation of IIl.2a under autoxidation
conditions generates equimolar quantities of IIl.1a and IIL.3a. Substrate oxidation by IIL.3a
generates I11.2a, which, following disproportionation, affords IIl.1a that is poised to participate
in subsequent aldehyde-promoted aerobic oxidation. The critical role of I(V) intermediates in
substrate oxidation chemistry is revealed by comparison of the chemistry of iodosylbenzenes that

participate in facile disproportionation with those that do not rapidly disproportionate. Hence,
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iodobenzene IIl.1a could be utilized for aerobic I(V) catalysis as it participates in facile

disproportionation.

| \\I‘ O\\I‘//O
_tBu @[S//O @[S//O
A i ~t-Bu 7 >t-Bu
ke o ‘
TRESN 2a’ IIi.3a

Figure III-13. Proposed catalytic cycle for I(V) mediated aerobic oxidation catalysis.

Density functional theory (DFT) calculations—carried out with the M06-2X?%° functional
(basis sets: LANL2DZ?%!*253 for I and 6-31G(d,p)*>* 2% for other atoms) and the solvation model
based on density (SMD)?*—indicate that disproportionation of III.2a to generate III.1a and I11.3a
is thermodynamically favored (AG= -8.8 kcal/mol™!; see computational details part in
Experimental Details section). In contrast to II1.2a, iodosylbenzene III.2e does not participate in
facile disproportionation; in situ monitoring of the oxidation of IIl.1e by '"H NMR spectroscopy
indicates that initial oxidation affords the I(III) derivative II1.2e', which subsequently converts
slowly to the I(V) derivative II1.3e (Figure I1I-11). Independently prepared I11.3e effects oxidation
of cyclohexanol in 66% yield, whereas IIl.1e (which generates the iodosylbenzenes derivative
I11.2¢' that does not rapidly disproportionate) is an ineffective oxidation catalyst (24% yield of
cyclohexanone from cyclohexanol; for comparison, the Co-catalyzed background provides a 15%
yield). These data indicate that the efficiency of aerobic oxidation catalysis is significantly

compromised when facile disproportionation of I(IIl) is not available.
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I11.3 Conclusions

In conclusion, we have reported the first acrobically generated I(V) reagents that participate
in substrate oxidation chemistry. By coupling aerobic oxidation of I(I) to I(III) with facile
disproportionation of the initially formed I(III) reagents, efficient access to I(V) is accomplished.
The I(V) reagent generated in this protocol is functionally analogous to DMP and provides a
platform to couple O reduction with oxidation of alcohols, diols, and amines. /n situ generation
of iodylbenzene intermediates supports aerobic oxidation catalysis and we have demonstrated that
efficient catalysis requires access to the I(V) oxidation state. These studies add to the growing field
of aerobically generated oxidants that underpin development of sustainable oxidation chemistry.
We anticipate that development of new strategies to couple Oz reduction to iodobenzene oxidation,
without the intermediacy of reactive aldehyde autoxidation intermediates, will engender broadly

applicable hypervalent-iodine-catalyzed aerobic oxidation chemistry.
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I11.4 Experimental Details
111.4.1 General Considerations

Materials All chemicals and solvents were obtained as ACS reagent grade and used as
received. lodobenzene and cyclohexanol were obtained from Beantown Chemical. Acetaldehyde,
geraniol, and 2-iodonitrobenzene were obtained from Alfa Aesar. Sodium hydroxide and ethyl
acetate were obtained from EMD Millipore. CoCl,-6H>0, 2-iodobenzoic acid, 4-iodoanisole, 4-
iodotoluene, 3-bromoiodobenzene, 2,5-dimethyliodobenzene, 2-adamantanol, benzoin,
cyclopentanol, cyclopentanone, cycloheptanone, 4'-nitroacetophenone, 4'-
(trifluoromethyl)acetophenone, 2,2-dimethyl-1-propanol, 4'-bromoacetophenone, 4'-
methylacetophenone, 2-cyclohexen-1-ol, 1-heptanol, 1-nonanol, 4-chromanol, 1-phenylethanol,
cholesterol, dibenzylamine, N-hydroxybenzylamine hydrochloride, benzophenone, 1,2,3,4-
tetrahydroisoquinoline, 2-phenyl-2-imidazoline, cyclohexanone, 2-hexanol, sodium borohydride,
1,2-diiodobenzene, 1,2-dichloroethane (DCE), diethyl ether, methanol, tetrahydrofuran (THF),
hexanes, and acetic acid were obtained from Sigma Aldrich. Silica gel (0.060 — 0.200 mm, 60 A
for column chromatography) was obtained from Acros Organics. CH2Cl; and acetonitrile were
obtained from Fisher Scientific. Butyraldehyde was obtained from TCI. NMR solvents were
purchased from Cambridge Isotope Laboratories and were used as received. Oz (99.6%) was
obtained from Conroe Welding Supply. Substituted phenyl ethyl alcohols (I11.4) were prepared
from the corresponding ketones (II1.5) by NaBHj reduction according to literature methods.?” All

reactions were carried out under ambient atmosphere unless otherwise noted.

Characterization Details NMR spectra were recorded on Mercury 300 FT NMR for 'H

acquisitions and were referenced against solvent signals: CDCl; (7.26 ppm, 'H; 77.16 ppm, '3C),
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D20 (4.79 ppm, 'H) and DMSO-ds (2.50 ppm, 'H)."°! 'H NMR data are reported as follows:
chemical shift (8, ppm), (multiplicity: s (singlet), d (doublet), t (triplet), m (multiplet), br (broad),
integration). '*C NMR data are reported as follows: chemical shift (5, ppm). Mass spectrum was
recorded on Q Exactive™ Focus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer from
ThermoFisher Scientific. GC experiments were conducted on ThermoFisher Scientific Trace 1310
Gas Chromatograph. Melting points (mp) were measured using MelTemp II from Laboratory
Devices Inc. For reports of melting points (mp), decomp stands for decomposition and expl stands

for explosion.
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111.4.2 Synthesis and Characterization Details

CH3CHO, O, Q0
C[l CoCly6H,0 (1.0 mol%) ©i'
,0
S0,Bu DCE, 23 °C S<tBuU
76% yield

lil.1a lll.3a

Synthesis of 1-(tert-butylsulfonyl)-2-iodobenzene (II1.3a). A 20-mL scintillation vial
was charged with glacial AcOH (2.0 mL), 1-(fert-butylsulfonyl)-2-iodobenzene (IIl.1a, 130 mg,
0.401 mmol, 1.00 equiv), and CoCl>-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a
rubber septum. The reaction vessel was purged with O for 5 min before acetaldehyde (224 pL,
4.07 mmol, 10.1 equiv) was added in one portion. The reaction mixture was stirred under 1 atm
0., delivered by inflated balloon, at 23 °C for 10 h. The solvent was concentrated to 1 mL under
reduced pressure and residue was treated with 2:1 hexanes:CH2Cl; to induce precipitation of white
solid. The precipitate was isolated by filtration, washed with hexanes, and dried in vacuo to afford
108 mg of the title compound III.3a as a white solid (76% yield). Characterization of II1.3a: 'H
NMR (9, 23 °C, DMSO-ds): 8.46 (d, J=7.6 Hz, 1H), 8.13 (t, /= 7.1 Hz, 1H), 7.97-7.84 (m, 2H),
1.32 (s, 9H). 1*C NMR (3, 23 °C, DMSO-ds): 148.0, 135.1, 132.0, 131.2, 124.0, 61.2, 23.2. mp

169-170 °C (expl). The spectral data are in good agreement with those reported in literature. !

o)
| CH4CHO, 0, W20
©i CoCl,-6H,0 (1.0 mol%) ©i 0 °
N
NO, DCE, 23 °C 8
li.1b 88% yield I11.3b

Synthesis of 2-nitroiodylbenzene (II1.3b). A 20-mL scintillation vial was charged with
DCE (2.0 mL), 2-nitroiodobenzene (IIL.2b, 51.2 mg, 0.205 mmol, 1.00 equiv), and CoCl>-6H>O
(0.5 mg, 0.002 mmol, 1 mol%) and was fitted with a rubber septum. The reaction vessel was purged
with O> for 5 min before acetaldehyde (112 pL, 2.03 mmol, 10.0 equiv) was added in one portion.
The reaction mixture was stirred under 1 atm O, delivered by inflated balloon, at 23 °C, for 16 h.
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The solvent was concentrated to 1 mL under reduced pressure and the resulting solution was
diluted with 5 mL hexane to induce precipitation. The precipitate was filtered off to afford 50 mg
of the title compound IIL.3b as a pale-yellow solid (88% yield). Characterization of IIL.3b: 'H
NMR (5, 23 °C, DMSO-dy): 8.37 (dd, J=8.1, 1.1 Hz, 1H), 8.30 (dd, J=7.7, 1.3 Hz, 1H), 8.19 (td,
J=17.5,1.0Hz, 1H), 7.89 (td,J=7.7, 1.1 Hz, 1H). 3C NMR (8, 23 °C, DMSO-ds): 5 144.5, 144.2,
137.1,133.4, 125.5, 125.3. mp 196-199 °C. HRMS (ESTI"): Calcd. for CsHsNINaO4 [M+Na]" m/z

303.9083. Found: 303.9078.

_N CH4CHO, O, | _N

| CoClz6H,0 (1.0 mol%) o
S
DCE, 23 °C ©
60% yield
i.1c I1.3¢

Synthesis of 2-(2-iodylphenyl)pyridine (IIL.3¢c). A 20-mL scintillation vial was charged
with acetic acid (2.0 mL), 2-(2-iodophenyl)pyridine (IIL.2¢, 79.5 mg, 0.283 mmol, 1.00 equiv),
and CoCl,-6H>0 (0.7 mg, 0.003 mmol, 1 mol%) and was fitted with a rubber septum. The reaction
vessel was purged with O, for 5 min before acetaldehyde (149 uL, 2.71 mmol, 10.0 equiv) was
added in one portion. The reaction mixture was stirred under 1 atm O, delivered by inflated
balloon, at 23 °C, for 16 h. The solvent was concentrated to 1 mL under reduced pressure and
residue was treated with 2:1 hexanes:CHCl; to induce precipitation. The precipitate was then
filtered off and washed with hexane to afford 53 mg of the title compound IIl.3¢ as an off-white
solid (60% yield). Characterization of IIL.3¢: '"H NMR (8, 23 °C, D>0): 8.69 (dd, J= 5.1, 0.8 Hz,
1H), 8.37-8.30 (m, 2H), 8.24 (d, J = 8.2 Hz, 1H), 8.13 (td, /= 7.8, 1.4 Hz, 1H), 7.87 (td, J = 7.6,

1.7 Hz, 2H), 7.59 (ddd, J = 7.5, 5.2, 1.1 Hz, 1H). 3C NMR (3, 23 °C, D,0): 149.3, 144.8, 142.3,
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140.9, 134.1, 132.6, 132.0, 127.3, 125.4, 124.0, 120.5. mp 170-172 °C (decomp). HRMS (ESI"):

Calcd for C11HINNaO> [M+Na]" m/z 335.9497. Found: 335.9487.

CH3CHO, O, HO

©:' CoCly6H,0 (1.0 mol%) I,
o)
COOH DCE, 23 °C ©;<
00 i | O

m.1d 96% yield in.2d

Synthesis of 1-Hydroxy-1,2-benziodoxol-3(1H)-one (III.2d). Compound IIL.3d was
prepared according to literature reported method.'®* A 20-mL scintillation vial was charged with
DCE (2.0 mL), 2-iodobenzoic acid (II1.1d, 50.2 mg, 0.202 mmol, 1.00 equiv), and CoCl>-6H>O
(0.5 mg, 0.002 mmol, 1 mol%) and was fitted with a rubber septum. The reaction vessel was purged
with O> for 5 min before acetaldehyde (112 pL, 2.03 mmol, 10.1 equiv) was added in one portion.
The reaction mixture was stirred under 1 atm O, delivered by inflated balloon, at 23 °C, for 16 h.
The reaction mixture was diluted with hexane and the solid residue was filtered off, washed with
2 mL water. The solid left was dried in vacuo to afford 51 mg of the title compound IIL.2d as an
off-white solid (96% yield). Characterization of IIL.2d: '"H NMR (8, 23 °C, DMSO-dp): 8.03 (s,
1H, OH proton exchangeable with D,0), 8.01-7.98 (m, 1H), 7.95-7.92 (m, 1H), 7.84 (s, 1H), 7.69
(td,J=7.3, 1.0 Hz, 1H). *C NMR (3, 23 °C, DMSO-dy): 167.8, 134.5, 131.6, 131.2, 130.4, 126.4,

120.5. mp 247-250 °C (lit. 250-252 °C).

o)
| CH3CHO, 0, i
/©/ CoCly-6H,0 (1.0 mol%) /@/ 0
HsC DCE, 23 °C HsC
68% yield

lil.1e lll.3e

Synthesis of p-methyliodylbenzene (II1.3e). A 20-mL scintillation vial was charged with
DCE (2.0 mL), 4-iodotoluene (IIl.1e, 87.1 mg, 0.399 mmol, 1.00 equiv), and CoCl>-6H>0O (0.9
mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum. The reaction vessel was purged

with O> for 5 min before acetaldehyde (224 uL, 4.07 mmol, 10.0 equiv) was added in one portion.
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The reaction mixture was stirred under 1 atm O», delivered by inflated balloon, at 23 °C, for 16 h.
The solvent was concentrated to 1 mL under reduced pressure and the resulting solution was
diluted with 5 mL hexane. The precipitate was filtered off to afford 67 mg of the title compound
as IIL.3e a yellow-white powder (68% yield). Characterization of IIL.3e: '"H NMR (3, 23 °C,
DMSO-ds): 7.83 (d, J = 8.2 Hz, 2H), 7.39 (d, J = 7.9 Hz, 2H), 2.38 (s, 3H). 3C NMR (3, 23 °C,
DMSO-ds): 141.4,136.9, 131.5,129.4, 126.5,20.9. HRMS (ESI"): Calcd for C7H7INaO; [M+Na]*
m/z 272.9388. Found: 272.9387. mp 190-192 °C (decomp) lit. 213 °C (decomp). The spectral data

are in good agreement with those reported in literature.*?

CH4CHO, O, 0
/©/| CoCly6H,0 (1.0 mol%) /©/|\\ o
F DCE, 23 °C E
n.1f 66% yield 1.3f

Synthesis of p-fluoroiodylbenzene (II1.3f). A 20-mL scintillation vial was charged with
DCE (2.0 mL), 4-fluoroiodobenzene (IIL.1f, 89.3 mg, 0.401 mmol, 1.00 equiv), and CoCl>-6H>O
(0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum. The reaction vessel was purged
with O> for 5 min before acetaldehyde (224 uL, 4.07 mmol, 10.0 equiv) was added in one portion.
The reaction mixture was stirred under 1 atm O, delivered by inflated balloon, at 23 °C, for 16 h.
The solvent was removed in vacuo and the residue was washed with hexanes twice. The residue
was dried in vacuo to afford 66 mg of the title compound ITL.3f as a yellow-white powder (66%
yield). Characterization of IIL3f: '"H NMR (3, 23 °C, DMSO-dp): 6 8.05-8.00 (m, 2H), 7.46-7.40
(m, 2H). 3C NMR (8, 23 °C, DMSO-ds): 6 165.8, 162.5, 129.7 (d, J= 36 Hz), 116.2 (d, J= 90 Hz).
mp 210-212 °C (expl) lit. 234 °C (decomp). HRMS (ESI"): Calcd for CsHsFINaO, [M+Na]" m/z
276.9138. Found: 276.9133. The spectral data are in good agreement with those reported in

literature.*?
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CH4CHO, O, 0

/©/| CoCly6H,0 (1.0 mol%) /©/'\‘o
FsC DCE, 23 °C FsC

3
li.1g 36% yield l.3g

Synthesis of p-trifluoromethyliodylbenzene (II1.3g). A 20-mL scintillation vial was
charged with DCE (2.0 mL), 4-trifluoromethyliodobenzene (IIL.1g, 109 mg, 0.401 mmol, 1.00
equiv), and CoClz-6H>0 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum. The
reaction vessel was purged with O; for 5 min before acetaldehyde (224 pL, 4.07 mmol, 10.0 equiv)
was added in one portion. The reaction mixture was stirred under 1 atm Oz, delivered by inflated
balloon, at 23 °C, for 16 h. The solvent was removed in vacuo and the residue was washed with
hexanes twice. The residue was dried in vacuo to afford 43 mg of the title compound II1.3g as a
yellow-white powder (36% yield). Characterization of ITL.3g: 'H NMR (3, 23 °C, DMSO-d): 8.17
(d, J=7.6 Hz, 2H), 7.95 (d, J= 8.0 Hz, 2H). HRMS (ESI"): Calcd for C;H4F3INaO, [M+Na]" m/z
326.9106. Found: 326.9102. mp 232-234 °C (decomp) lit. 213-216 °C (decomp). The spectral data

are in good agreement with those reported in literature.*?

o)
Me | CH3CHO, O, Me 'll
\©/ CoCly6H,0 (1.0 mol%) S0
DCE, 23 °C
Me 72% yield Me
l.1h iI.3h

Synthesis of 3,5-dimethyliodylbenzene (II1.3h). A 20-mL scintillation vial was charged
with DCE (2.0 mL), 3,5-dimethyliodobenzene (IIL.1h, 93.2 mg, 0.401 mmol, 1.00 equiv), and
CoCl>-6H20 (0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum. The reaction
vessel was purged with O, for 5 min before acetaldehyde (224 uL, 4.07 mmol, 10.1 equiv) was
added in one portion. The reaction mixture was stirred under 1 atm O, delivered by inflated

balloon, at 23 °C, for 16 h. The solvent was removed in vacuo and the residue was washed with
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hexane twice. The residue was dried in vacuo to afford 76 mg of the title compound IIL.3h as an
off-white solid (72% yield). Characterization of IIL3h: '"H NMR (8, 23 °C, DMSO-ds): 7.55 (s,
2H), 7.19 (s, 1H), 2.35 (s, 6H). mp 196-198 °C (decomp) lit. 217 °C (expl). The spectral data are

in good agreement with those reported in literature.'%

CH5CHO, O, 0
I CoCl,-6H,0 (1.0 mol%) "\o
©/ DCE, 23 °C ©/
Br 61% yield Br
A 1.3

Synthesis of 3-bromoiodylbenzene (IIL.3i). A 20-mL scintillation vial was charged with
DCE (2.0 mL), 3-bromoiodobenzene (IIL.1i, 113 mg, 0.399 mmol, 1.00 equiv), and CoCl>-6H>O
(0.9 mg, 0.004 mmol, 1 mol%) and was fitted with a rubber septum. The reaction vessel was purged
with O> for 5 min before acetaldehyde (224 uL, 4.07 mmol, 10.2 equiv) was added in one portion.
The reaction mixture was stirred under 1 atm O, delivered by inflated balloon, at 23 °C, for 16 h.
The solvent was removed in vacuo and the residue was washed with hexane twice. The residue
was dried in vacuo to afford 77 mg of the title compound IIL.3i as an off-white powder (61%
yield). Characterization of IIL3i: '"H NMR (8, 23 °C, DMSO-ds): 8.08 (s, 1H), 7.95 (d, J = 7.9 Hz,
1H), 7.74 (dt,J=7.9, 0.9 Hz, 1H), 7.54 (t,J= 7.8 Hz, 1H). *C NMR (8, 23 °C, DMSO-ds): 153.2,
133.9, 131.1, 128.9, 125.5, 121.7. mp 204-206 °C (decomp). HRMS (ESI"): Calcd for

CsH4IBrNaO; [M+Na]" m/z 336.8337. Found: 336.8332.
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Application of Aerobic Oxidation to Organic Oxidation Chemistry

Stoichiometric Oxidation Chemistry

.3a )
N, atmosphere
Ph” OH Ph)LH
MeNO,, 70 °C
lil.6a 99% yield II.7a

Oxidation of Benzyl Alcohol (IIL.6a). A 10-mL round-bottom flask was charged with
MeNO; (2.0 mL), 1-(tert-butylsulfonyl)-2-iodylbenzene (II1.3a, 85 mg, 0.238 mmol, 1.16 equiv),
and benzyl alcohol (IIL.6a, 22.2 mg, 0.205 mmol, 1.00 equiv) and capped with a rubber septum.
The reaction mixture was bubbled with nitrogen for 10 min and stirred under nitrogen atmosphere
at 70 °C for 24 h. Then the reaction mixture was concentrated under reduced pressure and analyzed
by 'H NMR with mesitylene as internal standard to afford benzaldehyde in 99% yield. The reaction
when carried out under ambient atmosphere, benzoic acid was formed due to facile autoxidation

of benzaldehyde.

MGW\(\/OH 1Il.3a MGY\/Y\H/H

Me Me MeNO,, 70 °C Me Me O

81% yield

l11.6b l.7b

Oxidation of Geraniol (IIL.6b). A 20-mL scintillation vial was charged with MeNO, (2.0
mL), 1-(tert-butylsulfonyl)-2-iodylbenzene (I1L.3a, 85 mg, 0.238 mmol, 1.16 equiv), and geraniol
(6b, 31.3 mg, 0.204 mmol, 1.00 equiv) and was tightly capped. The reaction mixture was stirred
at 70 °C for 24 h. Then it was diluted with 5 mL ethyl acetate and sequentially washed with 10%
NaHCOs; and sat. aq. NaCl. The organic layer was dried anhydrous MgSOs, concentrated and
purified by silica-gel column chromatography (5% ethyl acetate in hexanes) to afford 25 mg (81%)

of the titled compound IIL.7b as a pale-yellow oil. '"H NMR (8, 23 °C, CDCl3): 9.99 (d, J = 8.1
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Hz, 1H), 5.90-5.86 (m, 1H), 5.09-5.04 (m, 1H), 2.27-2.20 (m, 4H), 2.16 (s, 3H), 1.68 (s, 3H), 1.61

(s, 3H). The spectral data are in good agreement with those reported in literature.?®

OH

Ph ll.3a 0
N, atmosphere
Ph)\( 2
oA

H
OH  MeNO,, 70 °C
n.s 86% yield 1.9

Oxidation of hydroxybenzoin (IIL.8). A 10-mL round-bottom flask was charged with
MeNO; (2.0 mL), 1-(tert-butylsulfonyl)-2-iodylbenzene (IIL.3a, 51 mg, 0.143 mmol, 1.37 equiv),
and hydroxybenzoin (IIL.8, 22.3 mg, 0.104 mmol, 1.00 equiv) and capped with a rubber septum.
The reaction mixture was bubbled with nitrogen for 10 min and stirred at 70 °C for 24 h. Then the
reaction mixture was concentrated under reduced pressure and analyzed by 'H NMR with
mesitylene as internal standard to afford benzaldehyde (IIL.9) in 86% yield. The reaction when
carried out under ambient atmosphere, benzoic acid was formed due to facile autoxidation of

benzaldehyde.

lll.3a

e}
(I:OH N, atmosphere o
—_—
OH  MeNO,, 70 °C
60% yield
.10 .11

Oxidation of benzene-1,2-dimethanol (II1.10). A 10-mL round bottomed flask was
charged with MeNO> (2.0 mL), 1-(fert-butylsulfonyl)-2-iodylbenzene (II1.3a, 105 mg, 0.294
mmol, 1.46 equiv), and benzene-1,2-dimethanol (II1.10, 28.1 mg, 0.202 mmol, 1.00 equiv) and
capped with a rubber septum. The reaction mixture was bubbled with nitrogen for 10 min and
stirred under nitrogen atmosphere at 70 °C for 24 h. Then the reaction mixture was concentrated
under reduced pressure and analyzed by '"H NMR with mesitylene as internal standard to afford

the title compound IIL.11 in 30% yield (60% based on recovered starting material), with 20% of
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the corresponding lactol, and 50% starting material. When 2 equiv of oxidant was used, o-

phthalaldehyde was formed in 39% yield.

I.3a
Ph" >N"Ph ————— Ph"N"Ph
H dDMSO, 70 °C
.12a 75% yield .13a

Oxidation of dibenzylamine (IIL.12a). A 20-mL scintillation vial was charged with
DMSO-ds (1.0 mL), 1-(tert-butylsulfonyl)-2-iodylbenzene (II1.3a, 142 mg, 0.398 mmol, 1.96
equiv), and dibenzylamine (III.12a, 40.1 mg, 0.203 mmol, 1.00 equiv) and was tightly capped.
The reaction mixture was stirred at 70 °C for 24 h. Then it was analyzed by 'H NMR with

mesitylene as internal standard. Yield 75%.

lIL.3a
_—
©©\IH ds-DMSO, 70 °C QQ“

70% yield
ll.12b .13b

Oxidation of 1,2,3,4-tetrahydroisoquinoline (III.12b). A 20-mL scintillation vial was
charged with DMSO (2.0 mL), 1-(fert-butylsulfonyl)-2-iodylbenzene (IIL.3a, 141 mg, 0.396
mmol, 2.02 equiv), and 1,2,3,4-tetrahydroisoquinoline (II1.12b, 26.1 mg, 0.196 mmol, 1.00 equiv)
and was tightly capped. The reaction mixture was stirred at 70 °C for 24 h. Then it was diluted
with 5 mL ethyl acetate and washed with 10% NaHCOs3 and Brine solution. The organic layer was
dried anhydrous MgSQs, concentrated and purified by silica gel chromatography (50% ethyl
acetate / hexanes) to afford 19 mg (70%) of the titled compound III.13b as a yellow oil. "H NMR
(0, 23 °C, CDCl3): 8.33 (bs, 1H), 7.39-7.28 (m, 3H), 7.16 (d, J= 7.1 Hz, 1H), 3.80-3.74 (m, 2H),

2.75 (t,J="7.7 Hz, 2H). The spectral data are in good agreement with those reported in literature.?>
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_OH ll.3a
PR N = PhAN'OH
dg-DMSO, 70 °C
l.12¢ 62% yield .13c

Oxidation of N-benzylhydroxylamine (III.12¢). A 20-mL scintillation vial was charged
with DMSO-ds (1.0 mL), 1-(tert-butylsulfonyl)-2-iodylbenzene (I1L.3a, 145 mg, 0.407 mmol, 2.06
equiv) and N-hydroxybenzylamine (I1L.12¢, 24.3 mg, 0.197 mmol, 1.00 equiv) and was tightly
capped. The reaction mixture was stirred at 70 °C for 24 h. Then it was analyzed by 'H NMR with

mesitylene as internal standard. Yield 62%.

N l.3a N7
)':> )l:r}
ph” N dgDMsO,70°c  PhT
H
77% yield
m.12d 111.13d

Oxidation of 2-phenyl-4,5-dihydro-1H-imidazole (II1.12d). A 20-mL scintillation vial
was charged with DMSO (2.0 mL), 1-(tert-butylsulfonyl)-2-iodylbenzene (I1L.3a, 149 mg, 0.418
mmol, 2.11 equiv), and 2-phenyl-2-imidazoline (II1.12d, 29.2 mg, 0.198 mmol, 1.00 equiv) and
was tightly capped. The reaction mixture was stirred at 70 °C for 24 h. Then it was diluted with 5
mL ethyl acetate and washed sequentially with 10% NaHCOj sat. aq. NaCl. The organic layer was
dried anhydrous MgSOQOs, concentrated, and purified by silica gel column chromatography (50%
ethyl acetate / hexanes) to afford 22 mg (77%) of the titled compound I11.13d as a white solid. 'H
NMR (3, 23 °C, CDCl3): 7.86 (dd, J = 8.2, 1.4 Hz, 2H), 7.43-7.34 (m, 3H), 7.16 (s, 2H). mp 141-
144 °C (lit. 142-148 °C). The spectral data are in good agreement with those reported in

literature.26°
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Arl-Catalyzed Aerobic Oxidation of Secondary Alcohols

O,, n-PrCHO

lll.1a (15 mol%)
OH CoCly-6H,0 (1 mol%) o]
R "R MeNO, , 70 °C R™ "R
.4 n.s

Method A. A 25-mL three-neck flask fitted with condenser (5 °C) was charged with
nitromethane (5 mL), 1-(fert-butylsulfonyl)-2-iodobenzene (IIl.1a, 32.4 mg, 0.100 mmol, 15.0
mol%), and CoCl,-6H>0 (1.70 mg, 0.007 mmol, 1.04 mol%). Oz was bubbled through the reaction
before butyraldehyde (90 pL, 1.0 mmol, 1.5 equiv) was added in one portion and stirred at 23 °C
for 20 min. Then subsequent alcohol (IIL.4, 0.667 mmol, 1.0 equiv) was dissolved in 1.0 ml
nitromethane (CH>Cl> was used where the alcohol was insoluble in nitromethane) and delivered
via syringe to the reaction mixture. The reaction mixture was stirred under constant O2 bubbling
(at the approximate flow rate of 30-35 mL/min), at 70 °C. Three more portions of butyraldehyde
(90.0 uL, 1.00 mmol, 1.49 equiv) was added at an interval of 2h and the reaction was stirred for
14h in total. Then the solvent was concentrated under reduced pressure and reaction mixture was
diluted with dichloromethane, washed with water followed by satd. NaHCO3 solution and dried
over anhyd. MgSQOs. The solvent was concentrated under reduced pressure, purified by column

chromatography to afford corresponding ketone (I1L.5).

(0]

©)\CH3

Acetophenone (II1.5b). Purified by silica-gel column chromatography (10% ethyl acetate
in hexanes). Yield: 64 mg (80%). '"H NMR (8, 23 °C, CDCls): 7.96 (dd, J = 8.4, 1.3 Hz, 2H), 7.59-
7.53 (m, 1H), 7.44-7.49 (m, 2H), 2.61 (s, 3H). The spectral data are in good agreement with those

reported in literature.?S!
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0
Br

4-Bromoacetophenone (IIl.5¢). Purified by silica-gel column chromatography (10% ethyl

acetate in hexanes). Yield: 121 mg (91%)."H NMR (8, 23 °C, CDCl3): 7.82 (d, J = 7.4 Hz, 2H),

7.60 (d, J = 7.2 Hz, 2H), 2.58 (s, 3H). mp 50-53 °C (lit. 49-51 °C). The spectral data are in good

agreement with those reported in literature.?6?

(0]

H;C

4-Methylacetophenone (I11.5d). Purified by silica-gel column chromatography (10% ethyl
acetate in hexanes). Yield: 71 mg (79%)."HNMR (8, 23 °C, CDCls): 7.86 (d, J = 8.1 Hz, 2H), 7.26
(d, J=6.7 Hz, 2H), 2.58 (s, 3H), 2.42 (s, 3H). The spectral data are in good agreement with those

reported in literature.?6®

(0]

o
FsC

4-Trifluoromethylacetophenone (IIl.5e). Purified by silica-gel column chromatography (10%
ethyl acetate in hexanes). Yield: 113 mg (90%). 'H NMR (8, 23 °C, CDCls): 8.07 (d, J = 8.0 Hz,
2H), 7.74 (d, J = 8.0 Hz, 2H), 2.65 (s, 3H). mp 33-35 °C (lit. 30-33 °C). The spectral data are in

good agreement with those reported in literature.2%

O

HaCO

4-Methoxyacetophenone (IIL.5f). Purified by silica-gel column chromatography (20%
ethyl acetate in hexanes). Yield: 10 mg (9%). "H NMR (8, 23 °C, CDCl3): 7.94 (d, J = 8.9 Hz, 2H),
6.93 (d, J=9.0 Hz, 2H), 3.87 (s, 3H), 2.56 (s, 3H). mp 50-53 °C (lit. 49-51 °C). The spectral data
are in good agreement with those reported in literature.?%
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(0]

O,N

4-Nitroacetophenone (I11.5g). Purified by silica-gel column chromatography (10% ethyl
acetate in hexanes). Yield: 95 mg (86%). 'H NMR (3, 23 °C, CDCls): 8.29 (d, J = 6.6 Hz, 2H),
8.10 (d, J = 6.6 Hz, 2H), 2.66 (s, 3H). mp 77-80 °C (lit. 75-78 °C). The spectral data are in good

agreement with those reported in literature.?%

o

Benzophenone (I11.5h). Purified by silica-gel column chromatography (10% ethyl acetate
in hexanes). Yield: 103 mg (85%)."H NMR (3, 23 °C, CDCl3): 7.86 (d, J= 7.1 Hz, 4H), 7.67-7.51
(m, 6H). mp 46-48 °C (lit. 47-51 °C). The spectral data are in good agreement with those reported

in literature.2%3

o
Ny CH,

2-Acetylpyridine (I11.5i). Purified by silica-gel column chromatography (25% ethyl acetate

in hexanes). Yield: 37 mg (45%). '"H NMR (8, 23 °C, CDCl3): 8.68-8.67 m (1H), 8.04-8.02 m

(1H), 7.84-7.80 m (1H), 7.48-7.45 m (1H), 2.72 s (3H). The spectral data are in good agreement

with those reported in literature.>

(@]
a-Tetralone (I11.5j). Purified by silica-gel column chromatography (10% ethyl acetate in
hexanes). Yield: 69 mg (73%). 'H NMR (8, 23 °C, CDCl3): 8.03 (d, J= 7.8 Hz, 1H), 7.46 (td, J =
7.5, 1.4 Hz, 1H), 7.32-7.22 (m, 2H), 2.96 (t, J = 6.1 Hz, 2H), 2.65 (t, J = 6.5 Hz, 2H), 2.14 (t,J =

6.4 Hz, 2H). The spectral data are in good agreement with those reported in literature.?¢’
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O
Phenylcyclohexyl ketone (IIL.5k). Purified by silica-gel column chromatography (10%
ethyl acetate in hexanes). Yield: 79 mg (64%). '"H NMR (3, 23 °C, CDCl3): 7.97 (d, J = 8.1 Hz,
2H), 7.56 (t,J=7.2 Hz, 1H), 7.48 (t,J = 7.6 Hz, 2H), 3.33-3.24 (m, 1H), 1.94-1.86 (m, 4H), 1.79-
1.74 (m, 1H), 1.59-1.27 (m, 5H). mp 56-58 °C (lit. 55-57 °C). The spectral data are in good

agreement with those reported in literature.?®

0
)

4-Chromanone (I11.51). Purified by silica-gel column chromatography (10% ethyl acetate

in hexanes). Yield: 59 mg (60%). 'H NMR (8, 23 °C, CDClz): 7.89 (dd, J = 8.1, 1.5 Hz, 1H), 7.50-

7.42 (m, 1H), 7.04-6.94 (m, 2H), 4.53 (t, J = 6.6 Hz, 2H), 2.80 (t, J = 6.6 Hz, 2H). mp 37-40 °C

(lit. 35-38 °C). The spectral data are in good agreement with those reported in literature.?¢”

CHj
SR

Diphenylacetone (II1.5p). Purified by silica-gel column chromatography (10% ethyl
acetate in hexanes). Yield: 46 mg (33%).'H NMR (3, 23 °C, CDCl3): 7.33-7.18 (m, 10H), 5.08 (s,
1H), 2.21 (s, 3H). mp 60-62 °C (lit. 59-63 °C). The spectral data are in good agreement with those
reported in literature.%

o
Sa
Benzil (II1.5q). Purified by silica-gel column chromatography (10% ethyl acetate in

hexanes). Yield: 97 mg (69%). '"H NMR (8, 23 °C, CDCls): 7.98 (d, J = 7.0 Hz, 4H), 7.66 (t,J =
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7.4 Hz, 2H), 7.52 (t,J = 7.8 Hz, 4H). mp 91-93 °C (lit. 94-95 °C). The spectral data are in good

agreement with those reported in literature.?”

CHs

Cholest-5-ene-3-one (II1.5s). Purified by silica-gel column chromatography (10% ethyl
acetate in hexanes). Yield: 146 mg (57%). mp 126-128 °C (lit. 129 °C). The spectral data are in

good agreement with those reported in literature.?”!

Method B. A 25-mL Schlenk tube was charged with nitromethane (1.0 mL), 1-(fert-
butylsulfonyl)-2-iodobenzene (I1L.1a, 32.4 mg, 0.100 mmol, 15.0 mol%), and CoCl,-6H-0O (1.70
mg, 0.007 mmol, 1.04 mol%). O, was bubbled through the reaction before butyraldehyde (250 pL,
2.78 mmol, 4.14 equiv) was added in one portion and stirred at room temperature for 20 min. Then
subsequent alcohol (II1.4, 0.670 mmol, 1.00 equiv) was dissolved in 1.0 ml nitromethane and
delivered via syringe to the reaction mixture. The reaction mixture was stirred under O atmosphere

at 70 °C for 12h. Then the crude reaction mixture was analyzed by GC.

o
Cyclohexanone (II1.5a). Yield: 86% (bp = 155 °C), crude reaction mixture was measured
from GC with mesitylene as internal standard.
o
Cyclopentanone (II1.5m). Yield: 77% (bp = 130.6 °C), crude reaction mixture was

measured in GC with mesitylene (bp = 164.7 °C) as internal standard.
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o8
Cycloheptanone (IIL5n). Yield: 91% (bp = 181.0 °C), crude reaction mixture was

measured in GC with mesitylene (bp = 164.7 °C) as internal standard.

[0}

H3C\/\)I\CH

3
2-Hexanone (I11.50). Yield: 71% (bp = 127 °C), crude reaction mixture was measured in
GC with mesitylene (bp = 164.7 °C) as internal standard.
o
Cyclohex-2-ene-1-one (IIL5r). Yield: 40% (bp = 173.0 °C), crude reaction mixture was

measured in GC with mesitylene (bp = 164.7 °C) as internal standard.

Analysis of Co-Catalyzed Background Reaction

O,, n-PrCHO
OH CoCly-6H,0 (1 mol%) 0
R” "R MeNO, , 70 °C R™ "R
.4 n.s

A 25-mL Schlenk tube was charged with nitromethane (2.0 mL) and CoCl,-6H>O (1.70
mg, 0.007 mmol, 1.04 mol%). O, was bubbled through the reaction before butyraldehyde (250 pL,
2.78 mmol, 4.14 equiv) was added in one portion and stirred at 23 °C for 20 min. Then, alcohol
(0.67 mmol, 1.00 equiv) was dissolved in 1.0 ml nitromethane and delivered via syringe to the
reaction mixture. The reaction mixture was stirred under O (at the approximate flow rate of 30-
35 mL/min) atmosphere at 70 °C for 12 h. Then the crude reaction mixture was analyzed by GC.

All the results are tabulated in Table I1I-2.
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Table III-2. Co-catalyzed background reactions.

Product Yield  YieldwioArl ~ YieldwoArl&
CoCl,
Cyclohexanone 86 15% Trace
Acetophenone 80 22 15
4-Methylacetophenone 79 44 2
4-bromoacetophenone 91 62 5
2-acetyl pyridine 45 22 9
cyclopentanone 77 46 n.d.
Tetralone 72 34 n.d.
Cyclohex-2-ene-1-one 40 6 4
4-trifluoromethylacetophenone 90 40 n.d.
4-nitroacetophenone 86 34 n.d.
2-hexanone 71 15 n.d.
Cycloheptanone 91 44 n.d.
Benzil (from benzoin) 69 Benzoic acid (44%.)_ No reaction
trace amt. of benzil
Phenyl cyclohexyl ketone 64 31 n.d.
Benzoic acid (from benzyl alcohol) 81 51 14 (benzaldehyde)
m-CBA (from 3-cholorbenzyl 36 2 nd.
alcohol)
Nonanoic acid 63 Trace No reaction
Heptanoic acid 59 Trace No reaction
Lactol (from benzene-1,2- . No reaction
. 79 No reaction
dimethanol)
Benzoic acid (from
hydroxybenzoin) & - -
Chromanone 60 20 n.d.
Cholest-5-ene-3-one 57 No reaction n.d.
Benzophenone 85 23 n.d.

n.d. — not determined
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Catalytic Oxidation of Cyclohexanol in Presence of Air

air, n-PrCHO

OH IIl1a (15 mol%) 0
© CoCly - 6H,0 (1.0 mol%)
MeNO,, 70 °C
66% yield
IiL4a IiL.5a

A 25-mL Schlenk tube was charged with nitromethane (1.0 mL), 1-(zert-butylsulfonyl)-2-
iodobenzene (IIl.1a, 32.4 mg, 0.100 mmol, 15.0 mol%), and CoCl,-6H>0 (1.70 mg, 0.007 mmol,
1.04 mol%). Air was bubbled through the reaction before butyraldehyde (250 pL, 2.78 mmol, 4.14
equiv) was added in one portion and stirred at room temperature for 20 min. Then cyclohexanol
(67.1 mg, 0.671 mmol, 1.00 equiv) was dissolved in 1.0 ml nitromethane and delivered via syringe
to the reaction mixture. The reaction mixture was stirred under air (with flow rate of 30-35
mL/min) at 70 °C for 12h. Then the crude reaction mixture was analyzed by GC with the yield

determined to be 66%.
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ArlI-Catalyzed Aerobic Oxidation of Primary Alcohols

O,, n-PrCHO

(0]
ll.1a (15 mol%),
R7OH RJ\OH
CoCl, + 6Ho0 (1 mol%)
111.6 CH3NO,, 70 °C 1.7

Method A. A 25-mL three-neck flask fitted with condenser (5 °C) was charged with
nitromethane (5 mL), 1-(fert-butylsulfonyl)-2-iodobenzene (IIl.1a, 32.4 mg, 0.100 mmol, 15.0
mol%), and CoCl,-6H>0 (1.70 mg, 0.007 mmol, 1.04 mol%). O was bubbled through the reaction
before butyraldehyde (90 puL, 1.0 mmol, 1.5 equiv) was added in one portion and stirred at room
temperature for 20 min. Then, alcohol (IIL.6, 0.667 mmol, 1.00 equiv) was dissolved in 1.0 ml
nitromethane (CH>Cl> was used where the alcohol was insoluble in nitromethane) and delivered
via syringe to the reaction mixture. The reaction mixture was stirred under constant O, bubbling
(at the approximate flow rate of 30-35 mL/min), at 70 °C. Three more portions of butyraldehyde
(90.0 uL, 1.00 mmol, 1.49 equiv) was added at an interval of 2 h and the reaction was stirred for

14 h in total. Then the solvent was reduced and crude reaction mixture was analyzed.

(0]

©)LOH

Benzoic acid (I11. 7a). Purified by silica-gel column chromatography (10% ethyl acetate in
hexanes). Yield: 66 mg (81%). 'H NMR (8, 23 °C, CDCls): 8.12 (d, J = 7.0 Hz, 2H), 7.65-7.60
(m, 1H), 7.48 (t, J= 7.5 Hz, 2H). mp 124-126 °C (lit. 121-125 °C). The spectral data are in good

agreement with those reported in literature.?’?

(0]

c'\@)‘\OH

3-Chlorobenzoic acid (IIl.7¢). Purified by silica-gel column chromatography (10% ethyl

acetate in hexanes). Yield: 90 mg (86%). 'H NMR (3, 23 °C, CDCls): 8.10 (t, J = 1.8 Hz, 1H),
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8.02 (t,J=1.3 Hz, 1H), 7.60 (ddd, J= 8.0, 2.1, 1.1 Hz, 1H), 7.43 (t, J=7.9 Hz, 1H). mp 150-153

°C (lit. 153-157 °C). The spectral data are in good agreement with those reported in literature.?%

(0]

I\ OH
N .~

4-Picolinic acid or Isonicotinic acid (II1.7d). The general procedure for Method B was
modified for this substrate in that the reaction was carried out on a 0.34 mmol scale. Purified by
silica-gel column chromatography (5% MeOH in CH>Cl,). Yield: 26 mg (61%). 'H NMR (8, 23
°C, DMSO-dq): 8.78 (d, J= 6.0 Hz, 2H), 7.82 (d, J = 6.0 Hz, 2H). mp >300 °C (lit. >300 °C). The

spectral data are in good agreement with those reported in literature.?’

Method B. A 25-mL Schlenk tube was charged with nitromethane (1.0 mL), 1-(tert-
butylsulfonyl)-2-iodobenzene (IIl.1a, 32.4 mg, 0.100 mmol, 15.0 mol%) and CoCl>-6H>O (1.70
mg, 0.007 mmol, 1.04 mol%). O, was bubbled through the reaction before butyraldehyde (250 pL,
2.78 mmol, 4.14 equiv) was added in one portion and stirred at room temperature for 20 min. Then
subsequent alcohol (6, 0.667 mmol, 1.00 equiv) was dissolved in 1.0 ml nitromethane and
delivered via syringe to the reaction mixture. The reaction mixture was stirred under O atmosphere

at 70 °C for 12h. Then the crude reaction mixture was analyzed by GC.

(e}

n—CGHw)J\OH

Heptanoic acid (I1l.7e). Yield: 59% (bp = 223.0 °C), crude reaction mixture was measured

in GC with mesitylene (bp = 164.7 °C) as internal standard.

n-CgH,7 OH
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Nonanoic acid (7f). Yield: 63% (bp = 269.0 °C), crude reaction mixture was measured in GC with

mesitylene (bp = 164.7 °C) as internal standard.

Arl-Catalyzed Aerobic Oxidation of Diols

O,, n-PrCHO

oH ll.1a (15 mol%) e
Ph : >
Ph)\( Ph)J\OH
OH CoCl, - 6H,0 (1 mol%)
.8 CH3NO,, 70 °C 1.9
79% yield

Oxidation of hydroxybenzoin (IIL.8). A 25-mL three-neck flask fitted with condenser (5
°C) was charged with nitromethane (5 mL), hydroxybenzoin (IIL8, 143 mg, 0.67 mmol, 1.0
equiv), 1-(tert-butylsulfonyl)-2-iodobenzene (IIl.1a, 32 mg, 0.10 mmol, 15 mol%), and
CoCl-6H20 (1.70 mg, 0.007 mmol, 1.04 mol%). O, was bubbled through the reaction before
butyraldehyde (90 pL, 1.0 mmol, 1.5 equiv) was added in one portion and stirred at room
temperature for 20 min. The reaction mixture was then heated at 70 °C and stirred under constant
O>bubbling (at the approximate flow rate of 30-35 mL/min). Three more portions of butyraldehyde
(90 pL, 1.0 mmol, 1.5 equiv) was added at an interval of 2 h and the reaction was stirred for 14 h
in total. Then crude reaction mixture was concentrated under reduced pressure and purified by
silica-gel column chromatography (20% ethyl acetate in hexanes) to afford 130 mg (79%) of the
title compound II1.9 as a white solid. "H NMR (8, 23 °C, CDCls): 8.12 (d, J = 7.0 Hz, 2H), 7.65-
7.60 (m, 1H), 7.48 (t, J= 7.5 Hz, 2H). mp 126-129 °C (lit. 121-125 °C). The spectral data are in

good agreement with those reported in literature.?°!
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Oy, n-PrCHO o

I.1a (15 mol%),
OH  CoCl, - 6H,0 (1 mol%)
CHZNO,, 70 °C
.10 73% yield .11

Oxidation of benzene-1,2-dimethanol (II1.10). A 25-mL three-neck flask fitted with
condenser (5 °C) was charged with nitromethane (5 mL), 1,2-benzenedimethanol (I11.10, 92.5 mg,
0.67 mmol, 1.0 equiv), 1-(tert-butylsulfonyl)-2-iodobenzene (IIL.1a, 32 mg, 0.10 mmol, 15
mol%), and CoCl,-6H>0 (1.7 mg, 0.007 mmol, 1.04 mol%). O> was bubbled through the reaction
before butyraldehyde (90 pL, 1.0 mmol, 1.5 equiv) was added in one portion and stirred at 23 °C
for 20 min. The reaction mixture was then heated at 70 °C and stirred under constant O bubbling
(at the approximate flow rate of 30-35 mL/min). Three more portions of butyraldehyde (90 pL,
1.0 mmol, 1.5 equiv) was added at an interval of 2 h and the reaction was stirred for 14 h in total.
The crude reaction mixture was concentrated under reduced pressure and purified by silica gel
column chromatography (10% ethyl acetate in hexanes) to afford 66 mg (73%) of the title
compound ITI.11 as white solid. "H NMR (8, 23 °C, CDCl3): 7.93 (d, J= 7.4 Hz, 1H), 7.69 (t,J =
7.5 Hz, 1H), 7.56-7.49 (m, 2H), 5.33 (s, 2H). mp 73-75 °C (lit. 75-76 °C). The spectral data are in

good agreement with those reported in literature.?’*

Measurement of Oxygen Flow for Catalysis Reaction

A 1000-mL measuring cylinder was filled with deionized water to the brim and submerged

upside down in a water bucket. Then a needle with constant oxygen flow rate was inserted into

measuring cylinder and water displacement by oxygen was recorded. The experiment was repeated

four times with flow rate determined to be 30-35 mL/min.
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Role of CoCl2:6H20 in Catalysis Reaction

Aldehyde autoxidation occurs via radical chain propagation mechanism which requires
initiation step.!”” Previously, we have evaluated various metal salts as initiators, and CoCl,-6H>O
was found to be the best for oxidation of iodobenzene to diacetoxyiodobenzene. The initiation of
autoxidation is evidence by the data summarized in Figure III-2. The Co-mediated initiation likely
proceeds via reaction of Co(II) with O to generate a superoxide intermediate®’> that serves to

initiate the autoxidation radical chain.

For the reported catalytic condition in this manuscript, autoxidation of n-butyraldehyde
requires CoClz-6H2O to act as radical chain initiator. From control reaction, modest Co-catalyzed
background reactions were observed for some substrates (Table I11-2). To further clarify the role
of CoCl2-6H;0 in the catalytic reaction condition, background reactions for all the substrates were

carried out and yields for background reactions were found to be lower than the catalytic condition.

NaBr additives have been reported to be needed to increase the rate of Co(Il) induced
alcohol oxidation in presence of peracetic acid and Co-catalyzed oxidation of primary aliphatic
alcohols have been reported to not proceed. 276 In the present investigation, both 1-heptanol and 1-
nonanol were oxidized to corresponding carboxylic acids in catalytic reaction condition with 59%

and 63% yield respectively.
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Reaction Profile for Cyclohexanol Oxidation by II1.3a with and without Co(II)

A 20-mL scintillation vial was charged with nitromethane (3 mL), 1-(zert-butylsulfonyl)-
2-iodylbenzene (I1L.3a, 77.4 mg, 0.217 mmol, 1.01 equiv), and cyclohexanol (IIl.4a, 21.7 mg,
0.217 mmol, 1.00 equiv)) and was tightly capped (Sample 1). Another 20-mL scintillation vial was
charged with nitromethane (3 mL), 1-(tert-butylsulfonyl)-2-iodylbenzene (IIL.3a, 87.1 mg, 0.244
mmol, 1.00 equiv), cyclohexanol (I1L.4a, 24.4 mg, 0.244 mmol, 1.00 equiv), and CoCl>-6H>O (3a,
0.500 mg, 0.002 mmol, 1.00 mol%) and was tightly capped (Sample 2). Both the reaction mixtures
were stirred at 70 °C and aliquot of 100uL reaction mixture were taken out from both for GC
analysis against an internal standard at regular time intervals. The kinetics data (Figure I1I-14) for
both with and without CoCl,-6H20 is plotted below and demonstrates that addition of CoCl-6H2O

to the reaction mixture does not accelerate alcohol oxidation.
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Figure III-14. Reaction Profile for Cyclohexanol Oxidation by IIl.3a with and without
Co(II). % Yield of sample 1(—) and sample 2(—) as a function of time for the oxidation of
cyclohexanol by compound IIl.3a in stoichiometric condition. Sample 1 was without CoCl>-6H>O
and Sample 2 was charged with CoCl2:6H20 (1 mol%).

Kinetics Data
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Measurement of aerobic oxidation kinetics of 2-(fert-butylsulfonyl)iodobenzene in
CDCls. A 20-mL scintillation vial was charged with CDCl3 (4.0 mL), 2-(tert-
butylsulfonyl)iodobenzene (1a, 0.130 g, 0.401 mmol, 1.00 equiv), and CoCl>-6H>O (1.0 mg, 4.20
pmol, 1 mol%), and fitted with a rubber septum. 1,1,2,2-tetrachloroethane (20 puL, 0.189 mmol)
was added to the reaction mixture as internal standard. The reaction vessel was purged with O for
5 min. An aliquot (0.200 mL) was removed and the "H NMR spectrum was recorded. Acetaldehyde
(245 pL, 4.03 mmol, 10.0 equiv) was added to the reaction vessel and the reaction mixture was
stirred at 23 °C under 1 atm O, delivered by inflated balloon. Aliquots (0.200 mL) were removed
periodically for 'H NMR analysis. Monitoring was continued until the reaction had reached
completion, as evidenced by the disappearance of 'H NMR resonances attributable to iodobenzene.

Data and spectra are collected in Figure III-15.
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Figure III-15. Measurement of aerobic oxidation Kkinetics of  2-(tert-
butylsulfonyl)iodobenzene in CDCls. Mol fraction of IIl.1a (+), IIL.2a (x), and IIL.3a (X) as a
function of time for oxidation of III.1a in CDCl;3 at 23 °C in the presence of CoCl>-6H>O (1 mol%).
(b) Stacked '"H NMR spectra obtained periodically during the oxidation of IIl.1a with signals
attributable to la (—), 2a (—), and 3a (—) highlighted. Poor solubility of II1.3a accounts for the
apparent decreasing concentration at longer reaction times.
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Measurement of aerobic oxidation kinetics of 4-iodotoluene in CDClz. A 20-mL
scintillation vial was charged with CDCl; (4.0 mL), 4-iodotoluene (1e, 174.4 mg, 0.800 mmol,
1.00 equiv), and CoCl-6H>0 (1.0 mg, 7.70 pmol, 1 mol%) and was fitted with a rubber septum.
1,4-Dibromobenzene (94.4 mg, 0.400 mmol) was added to the reaction mixture as internal
standard. The reaction vessel was purged with O for 5 min. An aliquot (0.200 mL) was removed
and the '"H NMR spectrum was recorded. Acetaldehyde (450 pL, 8.04 mmol, 10.1 equiv) was
added to the reaction vessel and the reaction mixture was stirred at 23 °C under 1 atm O», delivered
by inflated balloon. Aliquots (0.200 mL) were removed periodically for 'H NMR analysis.
Monitoring was continued until the reaction had reached completion, as evidenced by the
disappearance of '"H NMR resonances attributable to IIl.1e. Data and spectra are collected in

Figure III-16.

(b)

/‘Kva“—M_g._‘ 5.00 h

Ldt“‘*—’“ 0.42h
J L e 0.00 h

95 90 85 80 75 70 65 60 55 50 45 40 ppm

/’wL——JUMW 400h
(@) M {
0l 4150
1.0 | ] ] JJ j W 3.00h
T 08| 140 3 U
c =
S 06 130 8 J WJLJ Uu 2.50h
Q r 1 5
£ 04 420 S L
5 q us)
€ 02 410 = J W,WJ‘LJ b 2.00h
0.0 -4 0.0 ‘) "
s LJ 142 h
time /h J L
L\—FJ U PO 0.92h

Figure I11-16. Measurement of aerobic oxidation of 4-iodotoluene in CDClz. Mol fraction of
IIl.1e (+), IIL.2e (x), and Baeyer-Villiger intermediate 1-hydroxyethyl ethaneperoxoate (%) as a
function of time for oxidation of 4-iodotoluene (IIl.1e) in CDCl3 at 23 °C in the presence of
CoCl>-6H,0 (1 mol%). (b) Stacked '"H NMR spectra obtained periodically during the oxidation of
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le with signals attributable to IIl.1e (—), IIL.2e (—), and the Baeyer-Villiger intermediate (—)
highlighted; * = 1,4-dibromobenzene added as internal standard. Poor solubility of III.3e prevents
determination of the concentration of this species.

Computational Details

Calculations were performed using the Gaussian 09, Revision D.01 suite of software.?”’
Various basis sets and functionals were evaluated for geometry optimization and results were
compared against crystallographically determined structures of II1.2a and IT1.3a.2*° In each case,
stationary points were characterized with frequency calculations using the same basis set and
functional used for the geometry optimization. M062X geometries (LANL2DZ basis set for I, 6-
31+G** for other atoms) reproduced experimental metrical parameters. Optimizations and
frequency calculations were carried out using an SMD solvation model. Both dichloromethane and
nitromethane solvation were evaluated and the identity of the solvent was found to have negligible

impact on the resulting geometries and disproportionation thermodynamics.

Gas-phase geometry optimizations and TD-DFT calculations were carried out using an
SDD basis set for Rh and 6-31G* for all other atoms.?*?”® Single-point solvent corrections (THF)
were carried out using a Polarizable Continuum Model using the integral equation formalism
variant. B3LYP geometries well reproduced experimental metrical parameters, obtained by X-ray
crystallography (tabulated in Tables III-3 and I1I-4) and provided similar structural parameters as

optimizations carried out with either M06%% 27° or M06-L28° functionals.
P
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Geometry comparison

Table III-3. Comparison of experimental metrical parameters for I(III) compound III.2a
with optimized structures using various basis sets and functionals. The best agreement
between experiment and theory was obtained using the M062X functional, LANL2DZ basis set

o
R
Lo
Pt u
for I, and 6-31+G** for all other atoms. 8o
Bonds Expt. Conditions Conditions Conditions Conditions
A’ Bf Ct D3
[-0(1) 1.848(6) 1.9363 1.90703 1.87669 1.85825
I-0(2) 2.707(5) 2.8089 2.80428 2.81286 2.80589
I-C 2.128(7) 2.1913 2.17896 2.14103 2.11909
S-0O(2) 1.441(5) 1.4935 1.49378 1.47950 1.45396
S-0(3) 1.425(5) 1.4801 1.48018 1.46691 1.44234
C-1-O(1) 94.8(3) 95.6986 95.90032 95.16019 97.31658

0(2)-1-0(1) 167.3(2) 167.7664 168.04528 167.28958 169.58619

* Conditions A: B3LYP with sdd for I and 6-31+G** for other atoms. Similar computations have previously been
utilized to compute hypervalent iodine geometries and energies: Ling, L.; Liu, K.; Li, X.; Li, Y. ACS Catal. 2015, 5,
2458-2468.

¥ Conditions B: B3LYP with LANL2DZ for I and 6-31+G** for other atoms.

f Conditions C: M062X with LANL2DZ for I and 6-31+G** for other atoms.

$ Conditions D: M062X with (aug-)cc-pVTZ for 1, (aug-)cc-pV(X+d)Z for S, and (aug)cc-pVTZ for other atoms.
Similar computations have previously be utilized to compute hypervalent iodine geometries and energies: Jiang, H.;
Sun, T.-Y.; Wang, X.; Xie, Y.; Zhang, X.; Wu, Y.-D.; Schaefer, H. F. IIl. Org. Lett. 2017, 19, 6502—6505.
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Table I1I-4. Comparison of experimental metrical parameters for I(V) compound I11.3a with
optimized structures using various basis sets and functionals. The best agreement between
experiment and theory was obtained using the M062X functional, LANL2DZ basis set for I, and

Qo
‘,;‘o<s>
//S\t-Bu
6-31+G** for all other atoms. oW
Bonds Expt. Conditions A Conditions B Conditions C Conditions D
I-0(1) 1.796(2) 1.8482 1.82929 1.79914 1.79913
I-0(2) 1.822(2) 1.8439 1.82738 1.79715 1.79649
I-0(3) 2.693(2) 2.8024 2.78872 2.73815 2.76880
I-C 2.140(4) 2.2359 2.21555 2.15551 2.13711
S-0(3) 1.455(3) 1.4862 1.49441 1.48109 1.45548
S-0(4) 1.439(3) 1.4706 1.47830 1.46494 1.44081
C-1-0O(1) 95.1 93.0508 94.06264 93.85952 95.70322
0(2)-1-0(1) 166.1 155.4518 163.45711 166.0360 163.99788

Computed Structure-Dependent Disproportionation Thermodynamics

N [ Is
: g — O - g

AH = -20.7 kcal/mol
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Figure I1I-17. Structure-dependent disproportionation thermodynamics. The thermodynamic
parameters reported below are derived from DFT calculations carried out with Conditions C

(M062X with LANL2DZ for I and 6-31+G** for other atoms).
Table III-5. Coordinates for optimized geometry of Phl using SMD solvation model
(CH:CL).
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Atom X Y Z
C —3.344652 0.000000 —0.000002
C —2.645423 —1.206382 —0.000002
C —1.249524 —1.214042 —0.000001
C —0.566395 0.000002 0.000000
C —1.249525 1.214042 0.000000
C —2.645427 1.206380 —0.000002
H —4.430301 —0.000003 —0.000003
H —3.182607 —2.150206 —0.000003
H —0.706760 —2.153797 —0.000001
H —0.706766 2.153801 0.000000
H —3.182609 2.150205 —0.000002
| 1.554995 0.000000 0.000001

Table III-6. Coordinates for optimized geometry of PhlO using SMD

solvation model

(CH:CL).
Atom X Y Z
C 3.483889 0.022108 0.134418
C 2.782692 1.220705 0.002784
C 1.393408 1.209752 —0.122477
C 0.728843 —0.014493 —0.116653
C 1.412839 —1.220209 0.019773
C 2.802633 —1.194811 0.140783
H 4.565065 0.036788 0.232548
H 3.313205 2.167881 —0.000370
H 0.843037 2.139808 —0.224947
H 0.876240 -2.163716 0.029878
H 3.347561 —2.127862 0.246134
| —1.384242 —0.034968 —0.247850
(0] —1.900761 0.207766 1.562631
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Table III-7. Coordinates for optimized geometry

of PhIO; using SMD solvation model

(CH:CL).
Atom X Y Z
C 3.573311 0.032900 0.111449
C 2.851764 1.226515 0.132362
C 1.461380 1.205867 0.010822
C 0.839046 —0.025399 —0.128379
C 1.529456 —1.230348 —0.155215
C 2918074 —1.191312 —0.031610
H 4.654148 0.055474 0.211367
H 3.365600 2.175230 0.251111
H 0.875294 2.120274 0.045597
H 1.007027 —2.177735 —0.255531
H 3.483850 —2.117522 —0.040312
I —1.277465 —0.046000 —0.230201
(0] —1.521322 1.582480 0.508263
(0] —1.568488 —1.298362 1.035720
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Table III-8.Coordinates for

optimized geometry of IIl.1a using SMD

solvation model

(CH:CL).
Atom X Y Z
C 0.726764 2.412046 —0.304257
C 0.242902 1.097638 —0.321072
C -1.087228 0.836802 0.030703
C —1.902969 1.904466 0.416929
C -1.411445 3.206614 0.444436
C —0.094069 3.465954 0.076918
H 1.753998 2.596456 —0.600812
H —2.935815 1.713764 0.688149
H —2.068680 4.016463 0.745635
H 0.294550 4.478750 0.082735
| -2.055217 —1.051291 —0.003107
S 1.473066 —0.129050 —0.817082
(0] 2.466127 0.597831 —1.623741
(0] 0.801403 —1.281112 -1.429769
C 2317727 —0.684268 0.718356
C 3.394979 —1.659747 0.236214
H 3.921288 —2.036803 1.118645
H 2.958222 —2.510785 —0.293518
H 4.121109 —1.164831 —0.414107
C 1.308801 —1.379495 1.625245
H 0.853445 —2.244325 1.135837
H 1.843763 —1.726463 2.515469
H 0.518479 —0.697140 1.954340
C 2.942584 0.528526 1.403318
H 3.602153 1.078384 0.726328
H 3.541414 0.165208 2.244713
H 2.184986 1.209569 1.801901
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Table III-9. Coordinates for optimized geometry of IIl.2a using SMD

solvation model

(CH:CL).
Atom X Y Z
C —1.008420 2.430924 —0.319947
C —0.482769 1.137608 —0.330532
C 0.856727 0.922554 —0.020216
C 1.672528 1.984609 0.342600
C 1.139630 3.273978 0.375558
C —0.193064 3.500956 0.036407
H —2.047086 2.589467 —0.595306
H 2.715098 1.788465 0.586232
H 1.778014 4.106022 0.655760
H —0.598247 4.507208 0.044782
| 1.864058 —0.964941 —0.101790
S —1.582266 —0.197263 —0.777477
(0] —0.706803 —1.317252 —1.187478
(0] —2.556972 0.321337 —1.743300
C —2.482466 —0.708070 0.737721
C —3.434413 —1.813549 0.272901
H —3.968126 —2.183151 1.153848
H —4.168690 —1.434612 —0.442568
H —2.891833 —2.650573 —0.175364
C —3.253289 0.492708 1.280857
H —3.896944 0.938916 0.517356
H —3.890520 0.137791 2.097061
H —2.585501 1.257629 1.687381
C —1.467976 —1.232937 1.748789
H —0.939487 —2.110929 1.368123
H —2.016360 —1.526154 2.649685
H —0.740420 —0.466143 2.036174
(0] 3.475321 —0.327650 0.619092
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Table III-10. Coordinates for optimized geometry of II1.3a using SMD

solvation model

(CH:CL).
Atom X Y Z
C —1.239045 2401194 —0.436195
C —0.640275 1.146903 —0.345548
C 0.680849 1.027907 0.074338
C 1.415412 2.149765 0.420937
C 0.814111 3.408165 0.341140
C —0.503514 3.534260 —0.091216
H -2.265014 2.485861 —0.782250
H 2.446249 2.034879 0.749074
H 1.386640 4.290242 0.609178
H -0.963242 4.514120 —0.166328
| 1.800091 —0.813989 0.104857
S -1.617721 —0.286919 —0.768901
(0] —0.631448 —1.360761 —1.029206
(0] —2.553109 0.091115 —1.831064
C —2.570911 —0.769462 0.722086
C —3.392818 —1.983515 0.278814
H —3.948390 —2.343125 1.150243
H —4.109395 —1.715341 —0.501833
H —2.753853 —2.794803 —0.080820
C —3.473020 0.391945 1.128723
H —4.102756 0.720635 0.297236
H —4.127307 0.040809 1.932758
H —2.899659 1.241703 1.510341
C —1.578871 —1.134439 1.822094
H —0.948780 —1.979335 1.529500
H -2.152113 —1.429002 2.706580
H —0.947620 —0.285207 2.106779
(0] 3.191316 —0.095637 0.991068
(0] 2.342295 —0.895422 —1.606610
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Table III-11. Coordinates for optimized geometry of p-sulfone I(I) using SMD solvation

model (CH,Cl,).
Atom X Y Z
C 0.321344 1.216110 —0.442563
C —1.058081 1.216170 —0.247405
C —1.732778 —0.000018 —0.147606
C —1.058087 -1.216221 —-0.247273
C 0.321329 -1.216202 —0.442437
C 0.994487 —0.000057 —-0.529975
H 0.863175 2.152454 -0.537027
H —1.595437 —2.156356 —0.180917
H 0.863126 —2.152578 -0.536761
I —3.823263 0.000015 0.162520
S 2.761859 —0.000043 —0.784767
(0] 3.108362 —1.266895 —1.448927
(0] 3.108359 1.266702 —1.449159
C 3.544451 0.000056 0.875622
C 3.119411 1.263131 1.619804
H 3.652828 1.285806 2.575549
H 3.380847 2.165389 1.060217
H 2.046646 1.267985 1.835318
C 5.050736 0.000007 0.601718
H 5.356791 0.891159 0.047076
H 5.566814 —0.000087 1.566800
H 5.356652 —0.891098 0.046953
C 3.119378 —1.262862 1.620024
H 2.046616 —1.267603 1.835572
H 3.652882 —1.285407 2.575721
H 3.380736 —2.165242 1.060581
H —1.595414 2.156311 —0.181147
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Table III-12. Coordinates for optimized geometry of p-sulfone I(III) using SMD solvation

model (CH,Cl,).
Atom X Y Z
C -0.571155 —1.387275 —0.191980
C 0.806878 —1.415464 0.008657
C 1.515516 -0.226076 —0.114043
C 0.918110 0.985097 —0.427904
C -0.461031 1.008135 -0.631339
C —1.184467 —0.175288 —0.504450
H —1.160018 -2.296591 —0.119417
H 1.523989 1.884230 -0.517752
H -0.963601 1.933455 —0.897788
I 3.620468 —0.179088 0.167369
S -2.951852 —0.146457 -0.770137
(0] -3.236259 0.956726 —1.700929
o -3.357047 —1.511432 —1.147164
C -3.728707 0.248608 0.848159
C -3.320320 -0.823719 1.853508
H -3.861777 —0.637978 2.786844
H —3.581343 —1.825338 1.500344
H -2.249317 —0.786567 2.074492
C —5.235427 0.211934 0.579567
H —5.557908 —0.778524 0.247747
H -5.749617 0.446646 1.516536
H -5.527136 0.953981 —0.169145
C -3.274614 1.637780 1.287344
H —2.203600 1.665965 1.509296
H —3.809849 1.893067 2.207509
H -3.506513 2.393285 0.531947
(0] 3.830250 1.674222 —0.115633
H 1.307294 -2.349195 0.245734
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Table III-13. Coordinates for optimized geometry of p-sulfone I(V) using SMD solvation

model (CH,Cl,).
Atom X Y Z
C 0.676903 1.203052 —-0.427500
C —0.696628 1.194927 —0.189857
C —1.326067 —-0.030742 —0.030428
C —0.665361 —1.249068 —0.105784
C 0.707107 —1.237760 —0.348447
C 1.354471 —-0.012005 -0.491639
H 1.208193 2.138152 —0.575037
H —1.196835 -2.190441 —-0.001349
H 1.260536 -2.167667 —0.437280
I -3.417121 -0.013718 0.335879
S 3.119584 0.003836 —-0.802752
(0 3.451028 —1.257931 —1.481474
(0] 3.428354 1.276592 —1.471346
C 3.943060 0.005021 0.837337
C 3.504919 1.247993 1.607452
H 4.060826 1.271243 2.550252
H 3.730871 2.163647 1.054198
H 2.437829 1.224184 1.849062
C 5.441411 0.047257 0.523976
H 5.711739 0.955316 —-0.021400
H 5.980860 0.042503 1.476091
H 5.755330 —0.826427 —-0.053759
C 3.570215 —1.277860 1.575651
H 2.506232 —1.308350 1.829502
H 4.137354 —1.302654 2.511582
H 3.830141 2.166098 0.993681
(0] -3.875016 —1.384357 —0.740982
(0 -3.757914 1.536288 -0.516831
H —1.260785 2.122633 —0.152618
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NMR Spectra:
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Figure I11-18. 'H NMR of compound ITI.3b measured in DMSO-d; at 23 °C.
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Figure IT1-19. 13C NMR of compound ITI.3b measured in DMSO-d; at 23 °C.
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Figure I11-20. 'H NMR of compound III.3¢ measured in D0 at 23 °C.
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Figure I11-21. 13C NMR of compound ITI.3¢ measured in D;O at 23 °C.
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Figure I11-22. 'H NMR of compound III.3i measured in DMSO-d; at 23 °C.
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Figure I11-23. 13C NMR of compound ITI.3i measured in DMSO-d; at 23 °C.
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CHAPTER IV
ELECTROCATALYTIC C-H AMINATION VIA ANODICALLY GENERATED

HYPERVALENT IODINE INTERMEDIATES"

IV.1 Introduction

Electrochemistry is an attractive approach to sustainable synthesis that obviates the need

for stoichiometric redox reagents and, thus, generation of the attendant waste streams.?8!-288

Because of its inherent tunability and scalability, electrosynthesis could impact the enormous
variety of organic transformations in which electrons are added to, or removed from, substrates.
In practice, challenges such as (1) the sluggish interfacial electron transfer rates for many organic
molecules, which necessitate application of substantial overpotential to achieve practical current

9

densities,”® and (2) the need to couple the single-electron events that are typical of

electrochemistry with the multielectron events required for bond-breaking and -making in organic
reactions, can limit direct electrosynthesis (Figure IV-1).2%" Indirect electrocatalysis, in which
small molecule redox catalysts (i.e., electrocatalysts) convey applied potential from the working
electrode to the bulk reaction medium, has emerged as an important strategy in selective organic
electrocatalysis.?”!?* Soluble electrocatalysts facilitate interfacial electron transfer, circumvent

unselective side reactions, and can couple a diverse array of substrate functionalization

295,296

mechanisms to the electrochemical stimulus. Important methods based on quinone-, amine-

297-299 1- 300-306
b b

nitroxyl radica and transition metal-redox catalysts3?’-3!4 have been disclosed.

* Data, figures, and text in this chapter were adapted with permission from reference Maity, A.; Frey, B. L.; Hoskinson,
N. D.; Powers, D. C. Electrocatalytic C-N Coupling via Anodically Generated Hypervalent lodine Intermediates. J.
Am. Chem. Soc. 2020, 142, 4990-4995, Copyright © 2019, American Chemical Society and Hyun, S.-M.; Yuan, M.;
Maity, A.; Gutierrez, O.; Powers, D. C. Chem 2019, 5, 2388-2404, Copyright © 2019 Elsevier Inc.
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Figure IV-1. Strategies for electrosynthetic chemistry. The generation of soluble redox
mediators, such as hypervalent iodine intermediates, provides the opportunities to couple a diverse
set of substrate functionalization mechanisms to a common interfacial electron transfer event.

Hypervalent iodine reagents are a class of organic oxidants that have been deployed in a
wide variety of substrate functionalization reactions.?% 33 120, 159, 213,315 Flectrochemical oxidation
of aryl iodides typically requires substantial overpotential;*!® thus, hypervalent iodine
electrochemistry has largely been limited to ex cell applications,?® 88 92-94.317 in which aryl iodides
are electrolyzed in the absence of substrate and subsequently used as stoichiometric reagents, or
implemented in the context of flow systems 82 °7-98.318-321 iy cel] methods require stoichiometric
generation of hypervalent iodine species, which obviate many of the potential advantages of
electrochemistry vis-a-vis sustainability, and fail to address the central challenge of hypervalent
iodine electrocatalysis, which is achieving selective oxidation of aryl iodides in the presence of
substrates.

During the development of aerobic hypervalent iodine catalysis,'%* 23° we proposed that
the aerobic generation of hypervalent iodine compounds proceeded through the intermediacy of

acetate-stabilized iodanyl radicals (i.e., I(IT) species; Figure IV-2).3?2 We hypothesized that anodic

oxidation of aryl iodides in acetate-rich media could provide access to the same acetate-stabilized
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iodanyl radicals and thus enable the development of hypervalent iodine electrocatalysis. Here, we
report that acetate-dependent anodic oxidation of aryl iodides enables hypervalent iodine
electrocatalysis of both intra- and intermolecular C-H/N—H coupling reactions. Further, we report
a series of mechanistic studies that demonstrate the importance of transient iodanyl radical

intermediates in electrocatalysis.??
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Figure IV-2. Proposed mechanism of aldehyde-promoted aerobic autoxidation of aryl
iodides.
IV.2 Results and Discussion

We chose the intramolecular C—H/N—H coupling of N-([1,1'-biphenyl]-2-yl)acetamide
(IV.1a) to afford N-acetylcarbazole (IV.2a) as an initial reaction target to evaluate hypervalent
iodine electrochemistry because this transformation has important precedent both with
stoichiometric hypervalent iodine promoters and hypervalent iodine catalysis in the presence of
peracid terminal oxidants.?*326 We initiated our investigations of hypervalent iodine

electrocatalysis by examining the onset potential for variously substituted iodoarenes by cyclic
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voltammetry (CV, see Experimental Details Section) and identified 4-iodoanisole (IV.3a) as an
attractive initial catalyst target (onset potential ~1.40 V vs. Ag+/Ag).

Table IV-1. Optimization of intramolecular C-H amination, varying solvent and
temperature. Reaction conditions: 0.20 mmol of substrate, 0.05 mmol of catalyst, 0.40 mmol
[TBA]OACc, 0.2 M [TBA]PFg, 5.0 mL of solvent, glassy carbon anode, Pt cathode, and AgNO3/Ag
reference electrode.

O Arl (IV.3)
0.2M [TBAJPF4

H‘Ac CPE:(;?gs/it\i/Zn:g*/Ag Ec
IV.1a IV.2a
Additive
Entry Arl T (°C) Solvent Yield (%)
(2 equiv)
4-iodoanisole
1 ) - 23 HFIP 0
(1 equiv)
4-iodoanisole
2 _ [TBA]JOACc 23 HFIP 61
(2 equiv)
3 - [TBA]JOACc 23 HFIP 0
4-iodoanisole
4 [TBA]JOACc 23 HFIP 76
(25 mol%)
4-iodoanisole
5 [TBA]JOACc 23 HFIP 56
(20 mol%)
4-iodoanisole
6 [TBA]JOACc 23 HFIP 40
(15 mol%)
6 4-iodotoluene [TBA]JOACc 23 HFIP 0
7 iodobenzene [TBA]JOACc 23 HFIP 0

Constant potential electrolysis (CPE) of a 1:1 mixture of IV.1a and IV.3a in 1,1,1,3,3,3-

hexafluoroisopropanol (HFIP) with 0.2 M [TBA]PFs as supporting electrolyte resulted in no C—N
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bond- forming chemistry (Table IV-1, entry 1) and partial decomposition of the starting material
(87% of TV.1a was recovered following electrolysis; TBA = tetrabutylammonium).>?’ Based on

322 we

the hypothesis that acetate ligands can stabilize initially generated iodanyl radicals,
examined the electrolysis of a mixture of I'V.1a and IV.3a with added [TBA]OAc and found that
2.0 equiv of [TBA]JOAC, with respect to substrate, promotes electrochemical C—N coupling in 61%
yield (Table IV-1, entry 2). No C—N coupled product was obtained in absence of aryl iodide (Table
IV-1, entry 3). The loading of IV.3a can be lowered; we find that 25 mol% affords 76% yield.
Following intramolecular C—N bond-forming chemistry, analysis of the crude reaction mixture by
'H NMR indicates <5% catalyst decomposition. Examination of other solvents, reaction
temperatures, N-protecting groups, and electrode materials did not result in substantively better
reaction efficiency (See Experimental Details section for additional data). Redox balance in the

observed chemistry is achieved by proton reduction (presumably of HFIP) to generate H», which

was observed by GC analysis of the reaction headspace (Figure IV-3).

H
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Figure IV-3. Gas chromatogram of the headspace of 4-iodotoluene oxidation in HFIP
indicating the evolution of H: at the cathode. The oxygen (O>) peak is from air; the reaction was
set up under ambient conditions. A 10-mL glass vial was charged with 4-iodotoluene (43.1 mg,
0.197 mmol, 1.00 equiv), tetrabutylammonium acetate (121 mg, 0.401 mmol, 2.03 equiv),
tetrabutylammonium hexafluorophosphate (390 mg, 1.01 mmol, 5.02 equiv), and HFIP (5.0 mL).
The reaction vessel was fitted with glassy carbon anode, platinum cathode, and a Ag'/Ag reference
electrode. A constant potential of 1.8 V vs. Ag*/Ag was applied to the reaction mixture and stirred
at 23 °C until ~80 C charge (~4.15 F/mol) is passed. The headspace of the reaction mixture was
analyzed by gas chromatography to determine the products of the cathodic half of the reaction.
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1V.2.1 Electrocatalytic Intramolecular C—H Amination

With the optimized conditions in hand (Table IV-1, entry 4), we evaluated the scope of
intramolecular C—N bond-forming chemistry (Figure IV-4). Reactions were run until 80 C of
charge was passed (4.15 F/mol), which typically resulted in reaction times of 6—12 h. Using 4-
iodoanisole (IV.3a) as catalyst, we found that both 5- and 4'-halogenation are well tolerated
(IV.2b—g), as is the introduction of weakly electron withdrawing groups like 5-formyl (IV.2h) or
4'-phenyl (I'V.2i). Under these conditions, substrates with more electron-withdrawing substituents,
such as 5-nitro (IV.2j) and 5-methylcarboxylate (IV.2k), did not afford the expected carbazole.
Based on the hypothesis that these more electron-deficient substrates may require a more oxidizing
hypervalent iodine catalyst, we employed 2,2'-diiodo-4,4',6,6'-tetramethyl-1,1"-biphenyl
(IV.3b)*?% as catalyst (onset potential for oxidation is 1.68 V vs. Ag+/Ag for IV.3b compared to
the onset potential of IV.3a which is 1.40 V vs. Ag+/ Ag). The more oxidizing conditions allowed
both I'V.2j and I'V.2k to be accessed (43% and 71% yields, respectively). Electron donating groups
were tolerated in the 4’-position (i.e., IV.2l and IV.2m). In contrast, introduction of methyl and
methoxy groups at the 5-position (i.e., IV.1n and IV.10) led to starting material decomposition
and trace amount of carbazole. We speculate that the presence of electron donating substituents at
the 5- position decreases the onset potential of the substrate below that of the aryl iodide catalyst
and thus leads to direct and unselective substrate activation. Consistent with this hypothesis, CPE
of 5-tert-butyl acetamide (IV.1p) in the absence of aryl iodide catalyst afforded IV.2p in 65%
yield (background reactions of the other substrates in Figure IV-4 indicate that only IV.1p and
IV.1v participate in appreciable C—N coupling chemistry in the absence of 3, see Experimental
Details section for additional data). The broader tolerance for substitution in the 4’-position than

the 5-position is consistent with the smaller impact of substituents in this position on the onset
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potential for direct substrate oxidation. Intramolecular cyclization is also tolerant to substitution at
the 2'- (IV.2q) and 3-positions (IV.2r and IV.2s) and can be accomplished in multifunctional

substrates, as highlighted by the synthesis of IV.2v, a precursor to anti-HIV natural product
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Figure IV-4. Intramolecular C-H / N-H coupling via hypervalent iodine electrocatalysis.
Standard conditions: catalyst ITI.3a, CPE at 1.5 V vs. Ag"/Ag for 80 C, undivided cell, glassy
carbon anode, platinum-plated cathode, and Ag’/Ag reference electrode. “Catalyst I11.3b, CPE at
1.9 V vs. Ag'/Ag for 80 C. *Catalyst II1.3a, constant current electrolysis (CCE) at 5 mA for 5
F/mol. “CPE in the absence of catalyst. HFIP=1,1,1,3,3,3-hexafluoroisopropanol.

1V.2.2 Electrocatalytic Intermolecular C—H Amination
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Hypervalent iodine electrocatalysis can also be applied to intermolecular C—N bond-
forming chemistry. Catalyst IV.3b was used as the aryl iodide mediator due to its previously
reported success in furnishing intermolecular C—H amination reactions.**! CPE of a CH>CL/HFIP
solution of hydrazine derivative IV.4 and 10 equiv of benzene in the presence of 1 equiv of IV.3b
affords 81% yield of N-phenylated compound IV.5a (Table IV-2). The catalyst loading can be
decreased to 25 mol% without significantly compromising the yield (71% of isolated product).
Similar to the above-described intramolecular C—N bond- forming chemistry, no C—N coupling
products are observed in the absence of either aryl iodide or [TBA]OAc.

Table IV-2. Optimization of intermolecular C—H amination. Reaction conditions: 0.20 mmol

of substrate, 0.05 mmol of catalyst, 0.40 mmol [TBA]OAc, 0.2 M [TBA]PFs, 5.0 mL of solvent
(CH2Cl/HFIP : 5/1) , glassy carbon anode, Pt cathode, and AgNO3/Ag reference electrode.

O Arl (IV.3), CgHg O
Ac [TBAJOAC, [TBA]PFg, TFA Ac
N-N N-N
H CH,Cl,, HFIP, 40 °C Ar
0

(6}
CPE 2.0 V vs. Ag*/Ag

Iv.4 IV.5
Entry Arl Arl Loading  Yield (%)
1 4-iodoanisole 1 equiv 0
2 Iodobenzene 1 equiv 0
3 4-iodotoluene 1 equiv 0
4 1,2-diiodobenzene 1 equiv 65
5 2,2'-diiodo-4,4',6,6'-tetramethyl-1,1'-biphenyl 1 equiv 81
6 2,2'-diiodo-4,4',6,6'-tetramethyl-1,1'-biphenyl 25 mol% 71
7 2,2'-diiodo-4,4',6,6'-tetramethyl-1,1'-biphenyl 20 mol% 59
8 - - 0
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Amine derivatives that feature onset potentials for direct oxidation below that of IV.3b
(i.e., 2.0 V vs. Agt+/Ag), such as TsNHOMe, TrocNHOMe, and acetanilide did not engage in

intermolecular C—N coupling (Figure IV-5).
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Figure IV-5. Cyclic voltammograms of various amines for intermolecular chemistry.
acetanilide (—), TrocNHOMe (—), TsNHOMe (—) and N-(1,3-dioxoisoindolin-2-yl)acetamide
(IV.4, —). CV conditions: 0.2 M [TBA]PFs solution of HFIP, glassy carbon working electrode,
and Pt counter electrode. Troc= 2,2,2-trichloroethoxycarbonyl.

With the optimized condition in hand, scope of intermolecular C—H amination reaction was
examined (Figure IV-6a). The intermolecular C—H amination reactions with halogenated aryl
group were accomplished in 35—82% yields (IV.5b—f). Positional selectivity for difunctionalized
arenes (i.e., IV.5f—i) is consistent with electrophilic aromatic substitution preferences. Electron-
rich hydrocarbons like toluene, xylene, and naphthalene were not viable substrates in the intermo-
lecular N—H arylation. Hydrogenolysis of the N—N bond in compounds IV.S leads to N-acyl
aniline derivatives (IV.6), which can be challenging to synthesize by transition-metal-catalyzed
cross-coupling reactions due to the stability of ammonia adducts of many transition metals (Figure
IV-6b).33 Alternately, compounds IV.5 can be elaborated to the corresponding arylhydrazines
(IV.7), which are useful precursors to various heterocyclic compounds, by treatment with

hydrazine(Figure IV-6b).333
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Figure IV-6. (a) Intermolecular C—H / N-H coupling via hypervalent iodine electrocatalysis.
Standard conditions: catalyst IV.3b, CPE for 80 C, 2.0 V vs. Ag"/Ag, undivided cell, glassy carbon
anode, platinum-plated cathode, and Ag'/Ag reference. “CPE at 1.8 V. ?5 equiv of ArH.
HF1P=1,1,1,3,3,3-hexafluoroisopropanol. (b) Products of intermolecular C—H amination could be
derivatized to afford acetanilides (IV.6) and phenyl acetyl hydrazines (IV.7)
1V.2.3 Electrocatalytic C—H Amination Mechanism

With interest in gaining deeper understanding of the observed acetate-dependent
hypervalent iodine electrocatalysis, we considered two potential anodic oxidation mechanisms
(Figure IV-7). The initial interfacial electron transfer could be between the working electrode and
the aryl iodide to generate an I(II) intermediate (IV.8), which would then be trapped by exogenous
acetate ion to generate acetoxy iodanyl radical IV.9 (Figure IV-7, path a). Subsequent oxidation
chemistry would ultimately lead to I(III) compound IV.10. Alternatively, the observed acetate-

34

dependent chemistry might arise from an interrupted Kolbe electrolysis®** in which initially
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formed acetoxy radicals add to aryl iodides to generate iodanyl radical intermediates (9), which
would subsequently undergo further oxidation to I(III) compound IV.10 (Figure IV-7, path b).

Available evidence, summarized below, is most consistent with the former mechanistic scenario.

o=

| V.8 . ACQI
A - N
R—- _ R—©/ OAc OAc” R—:()/ OAc
_67
V.3 V.9 IV.10
*OAc T
path b

Figure 1V-7. Potential mechanisms for the observed acetate-dependent hypervalent iodine
electrocatalysis. a) Interfacial electron transfer with aryl iodide would initially generate a I(II)
cation. b) Interfacial electron transfer with acetate would initially generate acetoxy radicals.
Examination of the CV of IV.3a as a function of scan rate in HFIP indicates that while the
oxidation is irreversible at low scan rates (i.e., < 100 mV/s), electrochemical reversibility emerges
at higher scan rates (>250 mV/s, Figure IV-8a). Addition of [TBA]OAc to a CV experiment of
IV.3a in HFIP results in both the loss of reversibility and the substantial increase in the anodic
current (Ipa), indicating that the electrochemically generated species is trapped by added acetate
(Figure IV-8b). The measured peak potential is linearly correlated with the square root of scan
rate, which indicates electron transfer from a solution-borne, not surface adsorbed, species (Figure
IV-8¢).33% 336 Trapping of electrochemically generated iodanyl radicals is not limited to acetate. A
variety of common hypervalent iodine ligands including pyridine, cyanide, trifluoroacetate, and

fluoride all give rise to the same enhanced current and suppressed reversibility that is diagnostic

of trapping the electrochemically generated species.
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Figure IV-8. Cyclic voltammograms studies of 4-iodoanisole. (a) Increasing reversibility of
IV.3a oxidation in HFIP is observed in CVs collected with increasing scan rate: 0.05 (—), 0.1,
0.25,0.50, 0.75,1.0,and 1.2 V/s (—).(b) CVs of IV.3a in a 0.2 M [TBA]PFs solution of HFIP (—

) and in presence of 2.0 equivalents of [TBA]JOAc (—). (c) Plot of peak anodic current (Ips) of
IV.3a vs. square root of scan rate [R?= 0.99].

Regarding the potential that the reported hypervalent iodine chemistry arises from an
interrupted Kolbe electrolysis, we observed that electrolysis of CH3CN solutions containing
[TBA]OAc and [TBA]PFg results in the products expected of Kolbe electrolysis: ethane, methane,
and CO; (observed by GC analysis of reaction headspace, Figure IV-9). In contrast, acetate
oxidation is suppressed in HFIP, the solvent in which the chemistry is (uniquely) effective (no

volatiles are observed in headspace analysis as well as no oxidation peak in the CV, Figure V-

10).
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Figure IV-9. Electrolysis and headspace analysis of [TBA]JOAc in acetonitrile. (a) Gas
chromatogram of headspace of [TBA]OACc electrolysis in acetonitrile. Anodic oxidation of acetate
leads to decarboxylation of initially formed acetoxy radical and produces methane (CH4), carbon
dioxide (CO») and ethane (C>Hs). Hydrogen gas is observed as the product of cathodic half-cell
reaction. The oxygen (O2) peak is due to the ambient conditions used for reaction set-up. (b)
Comparison of cyclic voltammograms of 0.2 M [TBA]PFs solution in acetonitrile: before (—) and
after addition of [TBA]JOAc (—). CV conditions: 10 mM[TBA]OAc, glassy carbon working
electrode, Pt counter electrode, scan rate 0.1 V/s. A 10-mL glass vial was charged with
tetrabutylammonium acetate (120 mg, 0.401 mmol, 1.00 equiv), tetrabutylammonium
hexafluorophosphate (390 mg, 1.01 mmol, 2.52 equiv), and acetonitrile (5.0 mL) and was fitted
with glassy carbon anode, platinum cathode, and Ag*/Ag reference electrode. A constant potential
of 1.8 V vs. Ag'/Ag was applied to the reaction mixture and stirred at 23 °C until ~80 C charge
(~2.07 F/mol) was passed. The headspace of the reaction mixture was then analyzed by gas
chromatography.
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Figure IV-10. Electrolysis and headspace analysis of [TBA]JOAc in HFIP. (a) Gas
chromatogram of headspace of [TBA]JOAc electrolysis in HFIP. In HFIP, anodic oxidation of
acetate is suppressed and no products derived from decarboxylation are observed. The oxygen (Oz)
peak is due to the ambient conditions used for reaction set-up. (b) Comparison of cyclic
voltammograms of 0.2 M [TBA]PFs solution in acetonitrile: before (—) and after addition of
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[TBA]JOAc (—). CV conditions: 10 mM [TBA]OAc, glassy carbon working electrode, Pt counter
electrode, scan rate 0.1 V/s. A 10-mL glass vial was charged with tetrabutylammonium acetate
(120 mg, 0.401 mmol, 1.00 equiv), tetrabutylammonium hexafluorophosphate (390 mg, 1.01
mmol, 2.52 equiv), and HFIP (5.0 mL) and was fitted with glassy carbon anode, platinum cathode,
and a Ag"/Ag reference electrode. A constant potential of 1.8 V vs. Ag"/Ag was applied to the
reaction mixture and the reaction was stirred at 23 °C for 12 h. No significant current was observed
during this period and only ~2 C of charge was passed. The headspace of the reaction mixture was
analyzed by gas chromatography.

The suppression of Kolbe electrolysis is consistent with strong hydrogen bonding of acetate
to the acidic O—H of HFIP (pKa = 9.3).37 Consistent with this hypothesis, NMR analysis of
solutions containing both HFIP and [TBA]OACc reveals a significant downfield shift in the methine
resonance (Figure IV-11). As shown in Figure IV-11, the resonance of the methine proton
(adjacent to OH group) was shifted upfield as the mole fraction of [TBA]JOAc was increased. The
Job plot, shown in Figure IV-12, was obtained plotting yurip X Adppm With yurip, indicating a 1:1
complex stoichiometry. NMR analysis provides an equilibrium constant for association of 0.767

(see Experimental Details section for additional data).
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Figure IV-11. 'H NMR spectra of HFIP titration with [TBA]JOAc in CD3CN. In this plot,
change of chemical shift of 3° proton adjacent to OH group is measured as a function of [ TBA]JOAc
concentration. Stock solutions (10 mM) of HFIP and [TBA]OAc were prepared separately in
CD3CN. Ten NMR samples were prepared with different proportions of the HFIP and [TBA]JOAc
solution so that the total concentration of ([HFIP] + [[TBA]OACc]) for each sample was 10 mM
(Table IV-3). Each NMR sample was run at 23 °C and the sample was allowed to equilibrate in
the magnet for 5 min before the 'H NMR spectrum was recorded.

Table IV-3. Data for the Job plot performed by 'H NMR titration in CD3;CN.

Entry HFIP [TBA] OAc HFIP [TBA] OAc A HFIP b Ad AHFIP X
(hL) (hL) (mM) (mM) (ppm)  (PPmM)  Adppm

1 1000 0 10 0 1 4.70 0 —
2 900 100 9 1 0.9 4.77 0.07 0.063
3 800 200 8 2 0.8 4.83 0.13 0.102
4 700 300 7 3 0.7 4.87 0.17 0.119
5 600 400 6 4 0.6 4.95 0.25 0.150
6 500 500 5 5 0.5 5.03 0.33 0.165
7 400 600 4 6 0.4 5.09 0.39 0.156
8 300 700 3 7 0.3 5.15 0.45 0.135
9 200 800 2 8 0.2 5.24 0.54 0.108
10 100 900 1 9 0.1 5.29 0.58 0.058
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Figure IV-12. Job plot constructed from the 'H NMR data shown in Figure IV-11. The
maximum at ~0.5 indicates a 1:1 interaction between HFIP and [TBA]OAc.

1V.2.4 Robustness Analysis

Robustness analysis is utilized to scope out functional group tolerance of a particular
reaction where external additive are introduced in the reaction mixture to measure its effect on
reaction yield and how much additive is recovered after the reaction.’*® Hypervalent iodine
catalyzed C—N bond forming chemistry is most often accomplished with peracid terminal
oxidants.32832% 31'While recently developed aerobic hypervalent iodine chemistry proceeds
through a distinct one-electron mechanism, the autoxidation chemistry used to couple O> reduction
to aryl iodide oxidation, produces a significant steady state concentration of peracid. For this
reason, the developed aerobic oxidation conditions display substrate scope limitations similar to
those displayed by peracid conditions when assayed by robustness analysis.*?? 33 We were
interested in evaluating the robustness of the developed hypervalent iodine electrocatalysis to
evaluate if a broader functional group tolerance may be achieved by avoiding the use or evolution
of peracids. Figure IV-13 displays both the impact of a variety of small-molecule additives on the
yield of intramolecular C—-H/N-H coupling as well as the amount of recovered additive following
the electrochemical reaction. The efficiency of electrocatalytic C—N coupling is superior to aerobic

conditions for all additives and similar to that of peracetic acid. The electrochemical conditions
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display higher additive recovery, in particular when challenged against oxidatively labile

functional groups, such as alkynes and olefins (96% and 92%, respectively).

i) Aerobic Conditions
! O i) Peracid Conditions 1 00

N’AC iii) Electrochemical Conditions l}l L
H Ac
80
NV1a IV.2a -
® 60
S~
o L
Q 40 |
£ 40
a b. c. L
(0] o) 20 -
none O :jr “H -
O N 1 1 1 1 1 1 1 1 1 1
. . abcdef gh i ]
i) 50. % (=) i) 43% (99%) i) 34% (100%) .
i) 91% (-) ii) 54% (99%) ii) 64% (75%) Additives
iii) 76% (-) iii) 79% (99%) iii) 70% (99%)
d e f. g h i .
0
H
H N._Cl OH
OMe A~ = P N A
n-CgH OH =z n-CeHis™ X Ac
MeO. 817 n—CaH13/ e ©/ l %
0
i) 42% (78%) i) 43% (80%) i) 35% (53%) i) 23% (0%) i) 18% (89%) i) 44% (84%) i) 0% (0%)
i) 74% (100%) i) 73% (99%) i) 73% (46%) i) 64% (0%) i) 45% (96%) ii) 71% (99%) ii) 8% (0%)
iii) 69% (100%) iii) 66% (75%) iii) 65% (92%) iii) 62% (96%) iii) 31% (68%) iii) 70% (99%) iii) 0% (82%)

Figure IV-13. Summary of the results of robustness analysis. Reaction yield for aerobic
conditions (—), m-CPBA conditions (—), and electrochemical conditions (—) are illustrated in
the graph. The functional group tolerance for electrochemical conditions is superior than aerobic
conditions and comparable with peracid conditions.
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IV.3 Conclusions

In summary, we report the first example of hypervalent iodine electrocatalysis for C—H
amination chemistry. The developed chemistry is applicable to both intra- and intermolecular C—N
bond-forming reactions. Mechanistic experiments indicate the critical role of acetate to stabilize
initially generated iodanyl radical intermediates. Given the breadth of the synthetic chemistry
available to hypervalent iodine intermediates and the number of reports of hypervalent iodine
electrosynthesis, demonstration of strategies to facilitate facile electrochemical generation of
hypervalent iodine species promises to significantly impact the sustainable use of hypervalent

iodine intermediates in synthesis.
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1V.4 Experimental Details
1V.4.1 General Considerations

Materials All chemicals and solvents were obtained as ACS reagent grade and used as
received. 2-Bromoaniline, 4-fert-butylphenylboronic acid, 2,4-dimethylphenylboronic acid, 3-
bromo-5-methylanisole, tetrabutylammonium hexafluorophosphate ([TBA]PFe),
tetrabutylammonium acetate ([TBA]OAc), pyridine, and benzoyl chloride (BzCl) were obtained
from Tokyo Chemical Industry (TCI). 2-Bromo-4-fluoroaniline, 2-bromo-p-anisidine, 2-bromo-4-
nitroaniline, 4-fluorophenylboronic acid, 4-chlorophenylboronic acid, 4-
trifluoromethylphenylboronic acid, 2-chlorophenylboronic acid, trifluoroacetic acid, 4-
trifluoromethyliodobenzene, and 1,1,1,3,3,3-hexafluoro-2-phenyl-2-propanol were obtained from
Matrix Scientific. 1,1,1,3,3,3-Hexafluoro-2-isopropanol (HFIP) was acquired from Oakwood
Chemicals. Palladium acetate (Pd(OAc).) was acquired from Strem Chemicals. 2-Bromo-p-
toluidine, methyl-4-amino-3-bromobenzoate, 4-biphenylboronic acid, 1,2-diiodobenzene, and
trimethyl borate were obtained from Alfa Aesar. 2-Bromo-4-chloroaniline, 1,2-diiodobenzene,
boron trifluoride diethyl etherate, [1,1’-biphenyl]-2-amine (IV.S1a), and silica gel (0.060 — 0.200
mm, 60A for column chromatography) were obtained from Acros Organics. Tetrabutylammonium
bromide ([TBA]Br), 4-methoxyphenylboronic acid, methanesulfonyl chloride (MsCl), and 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) were obtained from Chem-Impex Int’l Inc.
Iodobenzene, 4-iodoanisole, 4-iodotoluene, 4-fluoroiodobenzene, 2,6-dimethoxyiodobenzene,
ethyl 3-iodobenzoate, 4-bromophenylboronic acid, 2,6-dibromoaniline, 2-iodobenzoic acid,
Pd(PPh3),Cl,, Raney Ni, hydrazine monohydrate, tosyl chloride (TsCl), tetrahydrofuran (THF),
hexanes, ethyl acetate, dichloromethane, N,N-dimethylformamide (DMF), acetic acid, acetic

anhydride, and trifluoroacetic anhydride were obtained from Sigma Aldrich. Hydrochloric acid
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(36.5%), N-bromosuccinimide (NBS), anhydrous magnesium sulfate, anhydrous sodium
carbonate, and anhydrous potassium carbonate were obtained from VWR. Sodium hydroxide was
obtained from EMD Millipore. Acetonitrile and ethanol (200 proof) were obtained from Fischer
Scientific. NMR solvents were purchased from Cambridge Isotope Laboratories and were used as
received. All reactions were carried out under ambient atmosphere unless otherwise noted. 2-(2-
Iodophenyl)propan-2-01,>*°  2,2°-diiodo-4,4’,6,6-tetramethyl-1,1°-biphenyl,3% 1,1,1,3,3,3-
hexafluoro-2-(2-iodophenyl)propan-2-01,**° N-(1,3-dioxoisoindolin-2-yl)-N-phenylacetamide,**!

4-amino-3-bromobenzaldehyde,**? 2,4-dimethoxyiodobenzene,*** and Pd(PPh3)4*** were prepared

according to literature procedures.

Characterization Details 'H and '*C NMR spectral acquisitions were recorded on an
Inova 500 FT NMR (Varian), a VNMRS 500 FT NMR (Varian), or an Acsend™ 400 NMR
(Bruker) and were referenced against residual proteo solvent signals: CDCls (7.26 ppm, 'H; 77.16
ppm, 13C) and acetonitrile-ds (1.94 ppm, 'H).!"°! 'H NMR data are reported as follows: chemical
shift (6, ppm), (multiplicity: s (singlet), d (doublet), t (triplet), m (multiplet), br (broad),
integration). '3C NMR data are reported as follows: chemical shift (8, ppm). Mass spectrometry
data was recorded on either Orbitrap Fusion™ Tribrid™ Mass Spectrometer or Q Exactive™
Focus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer from ThermoFisher Scientific. An
Agilent Trace 1300 GC with attached thermal conductivity detector and a custom-made 120 cm
stainless steel column packed with Carbosieve-II was used for analysis of headspace gases. The
column was kept at 200 °C and Ar was used as carrier gas. The detector was set to a temperature
of 250 °C. Headspace gas (~300 pL) was transferred to the GC with a 0.50 mL Valco Precision

Sampling Syringe (Series A-2) equipped with a Valco Precision sampling needle with a 5-point
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side port. Cyclic voltammetry (CV) experiments were carried out using CH Instruments
Electrochemical Analyzer (Model CHI620A) in a three-electrode cell. For CV experiments, a
glassy carbon working electrode, Pt counter electrode, and Ag-reference electrode were used
(obtained from CH Instruments). For both constant potential and constant current electrolysis,
glassy carbon, Pt, boron-doped carbon, and graphite working electrodes were purchased from IKA.
An IKA Electrasyn 2.0 was used for constant current electrolysis and CH Instruments
Electrochemical Analyzer (Model CHI620A) potentiostat was used for constant potential
electrolysis. All electrochemical experiments were carried out in 10-mL Electrasyn glass vial.
Reference electrodes were prepared using 0.1 M solution of [TBA]PF¢ in acetonitrile with 1.0 mM

AgNO:s.
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1V.4.2 Synthesis and Characterization Details

General Procedure for the Synthesis of Biarylanilines (IV.S1)

HO‘B’OH Pd(OAc), (0.2 mol%), R
Br 2
[TBAJBr, K,CO5
Ry + —_— R O
NH, Re H,0, 70 °C NH,

IV.S1

A 20-mL scintillation vial was charged with the appropriate substituted 2-bromoaniline
(2.80 mmol, 1.00 equiv), the appropriate substituted phenylboronic acid (4.20 mmol, 1.50 equiv),
Pd(OAc)2 (1.3 mg, 6.0 umol, 0.20 mol%), [TBA]Br (903 mg, 2.90 mmol, 1.00 equiv), K.CO3 (977
mg, 7.07 mmol, 2.52 equiv), and distilled water (4.0 mL). The reaction vessel was fitted with a
rubber septum, purged with N> for 10 min, and the reaction mixture was heated at 70 °C for 16 h.
The reaction mixture was cooled to 23 °C and was extracted with ethyl acetate (3 x 10 mL). The
combined organic fractions were dried over MgSO4 and solvent was removed under reduced
pressure. The obtained residue was purified by SiO, gel chromatography (eluent 95:5

hexanes:ethyl acetate) to afford the biarylamines listed below.

C'
NH,

5-Chloro-[1,1"-biphenyl]-2-amine (IV.SIc). Prepared from 2-bromo-4-chloroaniline and
phenylboronic acid, IV.S1c was obtained as a colorless oil (75% yield). 'H NMR (3, 23 °C, 400
MHz, CDCl3): 7.51-7.43 (m, 4H), 7.42—7.38 (m, 1H), 7.16-7.09 (m, 2H), 6.73-6.69 (m, 1H), 3.76

(br, 2H). The obtained spectral data are in good agreement with those reported in literature.>#®
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F

5-Fluoro-[1,1'-biphenyl]-2-amine (IV.S1d). Prepared from 2-bromo-4-fluoroaniline and
phenylboronic acid, IV.S1d was obtained as a colorless o0il (69% yield). '"H NMR (8, 23 °C, 400
MHz, CDCl3): 7.51-7.46 (m, 4H), 7.42—7.38 (m, 1H), 6.92—6.88 (m, 2H), 6.73—6.69 (m, 1H), 3.64

(br, 2H). The obtained spectral data are in good agreement with those reported in literature.*

(‘ "
O NH,

4'-Chloro-[1,1"-biphenyl]-2-amine (IV.S1f). Prepared from 2-bromoaniline and 4-
chlorophenylboronic acid, IV.S1f was obtained as a colorless oil (41% yield). "H NMR (3, 23 °C,
400 MHz, CDCl3): 7.44-7.39 (m, 4H), 7.20-7.15 (m, 1H), 7.10 (dd, J = 7.6, 1.3 Hz, 1H), 6.83 (td,
J=17.5, 1.1 Hz, 1H), 6.77 (dd, J = 8.0, 0.9 Hz, 1H), 3.72 (br, 2H). The obtained spectral data are

in good agreement with those reported in literature.3*?

|

4"-Fluoro-[1,1"-biphenyl]-2-amine (IV.S1g). Prepared from 2-bromoaniline and 4-
fluorophenylboronic acid, IV.S1g was obtained as a colorless o0il (94% yield). '"H NMR (8, 23 °C,
400 MHz, CDCl3): 7.44 (dd, J = 8.8, 5.5 Hz, 2H), 7.18-7.10 (m, 4H), 6.84 (td, J = 7.5, 1.2 Hz,
1H), 6.78 (dd, J=8.0, 1.1 Hz, 1H), 3.72 (br, 2H). The obtained spectral data are in good agreement

with those reported in literature.3*?
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NH,

6-Amino-[1,1'-biphenyl]-3-carbaldehyde  (IV.S1h). Prepared from 4-amino-3-
bromobenzaldehyde and phenylboronic acid, IV.S1h was obtained as a colorless oil (71% yield).
"H NMR (8, 23 °C, 400 MHz, CDCl3): 9.80 (s, 1H), 7.71 (dd, J=8.3, 1.9 Hz, 1H), 7.66 (d,J= 1.8
Hz, 1H), 7.51-7.41 (m, 5H), 6.81 (d, J = 8.3 Hz, 1H), 4.44 (br, 2H). 3C NMR (3, 23 °C, 100 MHz,
CDCl): 190.5, 149.6, 137.9, 133.25, 133.24, 130.9, 129.2, 128.9, 127.91, 127.77, 126.8, 114.7.

HRMS-ESI: calculated for [M+H]= 196.0910, observed [M+H]= 196.0913.

Ph
O NH,

[1,1":4" 1"-Terphenyl]-2-amine (IV.S1i). Prepared from 2-bromoaniline and 4-
biphenylboronic acid, IV.S1i was obtained as a colorless oil (64% yield). '"H NMR (8, 23 °C, 400
MHz, CDCL): 7.71-7.66 (m, 4H), 7.58-7.55 (m, 2H), 7.49 (t,J = 7.6 Hz, 2H), 7.41-7.37 (m, 1H),
7.22-7.18 (m, 2H), 6.89-6.86 (m, 1H), 6.83—6.81 (m, 1H), 3.83 (br, 1H). The obtained spectral

data are in good agreement with those reported in literature.?#®

NH,

5-Nitro-[1,1"-biphenyl]-2-amine (IV.S1j). Prepared from 2-bromo-4-nitroaniline and
phenylboronic acid, IV.S1j was obtained as a yellow oil (71% yield). 'H NMR (3, 23 °C, 400
MHz, CDCl;): 8.09-8.06 (m, 2H), 7.52-7.48 (m, 2H), 7.44-7.40 (m, 3H), 6.73-6.71 (m, 1H), 4.48

(br, 2H). The obtained spectral data are in good agreement with those reported in literature.*’

MeOOC
NH,
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Methyl 6-amino-[1,1'-biphenyl]-3-carboxylate (IV.S1k). Prepared from methyl 4-amino-
3-bromobenzoate and phenylboronic acid, IV.S1k was obtained as a colorless oil (61% yield). 'H
NMR (3, 23 °C, 400 MHz, CDCl3): 7.85-7.83 (m, 2H), 7.47-7.45 (m, 4H), 7.40-7.35 (m, 2H),
6.75 (d, J = 9.0 Hz, 1H), 4.26 (br, 2H), 3.86 (s, 3H).The obtained spectral data are in good

agreement with those reported in literature.>#3

(‘OLBU
NH,

4'-(Tert-butyl)-[1,1"-biphenyl]-2-amine (IV.S1l). Prepared from 2-bromoaniline and 4-tert-
butylphenylboronic acid, IV.S11 was obtained as a colorless o0il (59% yield). '"H NMR (8, 23 °C,
400 MHz, CDCl3): 7.47 (d, ] = 8.6 Hz, 2H), 7.40 (d, J = 8.6 Hz, 2H), 7.15 (td, J = 7.2, 1.6 Hz, 2H),

6.84-6.76 (m, 2H), 3.78 (br, 2H), 1.37 (s, 9H). The obtained spectral data are in good agreement

O NH,

4'-Methoxy-[1,1"-biphenyl]-2-amine (IV.SIm). Prepared from 2-bromoaniline and 4-

with those reported in literature.>#>

methoxyphenylboronic acid, IV.S1m was obtained as a colorless oil (76% yield). 'H NMR (8, 23
°C, 400 MHz, CDCl): 7.43-7.41 (m, 2H), 7.19-7.14 (m, 2H), 7.03-7.01 (m, 2H), 6.85 (td, J =
7.4,1.2 Hz, 1H), 6.79-6.77 (m, 1H), 3.88 (s, 3H), 3.77 (br, 2H). The obtained spectral data are in

good agreement with those reported in literature.’*

NH,

5-Methyl-[1,1'-biphenyl]-2-amine (IV.SIn). Prepared from 2-bromo-4-methylaniline and

phenylboronic acid, IV.S1n was obtained as a light orange oil (53% yield). '"H NMR (8, 23 °C,
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400 MHz, CDCls): 7.53-7.47 (m, 4H), 7.41-7.37 (m, 1H), 7.04-7.02 (m, 2H), 6.74 (d, J = 8.3 Hz,

1H), 3.58 (br, 2H), 2.34 (s, 3H). The obtained spectral data are in good agreement with those

NH,

5-Methoxyl-[1,1"-biphenyl]-2-amine (IV.S1o). Prepared from 2-bromo-4-methoxyaniline

reported in literature. >4

and phenylboronic acid, IV.S10 was obtained as a yellow oil (53% yield). 'H NMR (8, 23 °C, 400
MHz, CDCl3): 7.50-7.45 (m, 4H), 7.40-7.36 (m, 1H), 6.82—6.73 (m, 3H), 3.79 (s, 3H), 3.53 (br,

2H). The obtained spectral data are in good agreement with those reported in literature.?*

t-BU\(‘
NH,

5-(Tert-butyl)-[1,1'-biphenyl]-2-amine  (IV.S1p). Prepared from 2-bromo-4-(tert-
butyl)aniline and phenylboronic acid, IV.S1p was obtained as a colorless solid (70% yield). 'H
NMR (3, 23 °C, 400 MHz, CDCls): 7.53-7.46 (m, 4H), 7.38 (ddt, ] = 7.7, 6.2, 1.6 Hz, 1H), 7.23
(dd, J=8.3,2.4 Hz, 1H), 7.19 (d, J = 2.3 Hz, 1H), 6.77 (d, ] = 8.3 Hz, 1H), 3.69 (br, 2H), 1.34 (s,

9H). The obtained spectral data are in good agreement with those reported in literature.**’

Q0
2'-Chloro-[1,1-biphenyl]-2-amine (IV.S1q). Prepared from 2-bromoaniline and 2-
chlorophenylboronic acid, IV.S1q was obtained as a colorless solid (36% yield). '"H NMR (8, 23
°C, 400 MHz, CDCls): 7.51 (dt, J = 6.9, 1.6 Hz, 1H), 7.36-7.30 (m, 3H), 7.22 (ddd, J = 8.0, 7.4,

1.6 Hz, 1H), 7.07-7.05 (m, 1H), 6.86-6.79 (m, 2H), 3.27 (s, 2H). The obtained spectral data are in

good agreement with those reported in literature.>>
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4,4"-Dichloro-[1,1":3" 1"-terphenyl]-2"-amine (IV.SIr). Prepared from 2,6-dibromoaniline
and 4-chlorophenylboronic acid, IV.S1r was obtained as a light yellow oil (51% yield). '"H NMR
(8, 23 °C, 400 MHz, CDCl3): 7.46 (dd, J = 8.8, 5.4 Hz, 4H), 7.15 (t, ] = 8.8 Hz, 4H), 7.09 (d, J =
7.5 Hz, 2H), 6.87 (dd, J = 7.8, 7.3 Hz, 1H), 3.49 (s, 2H). The obtained spectral data are in good

agreement with those reported in literature.!

4,4"-Difluoro-[1,1":3" 1"-terphenyl]-2"-amine (IV.S1s). Prepared from 2,6-dibromoaniline
and 4-fluorophenylboronic acid, IV.S1s was obtained as a colorless solid (45% yield). '"H NMR
(8, 23 °C, 400 MHz, CDCl3): 7.43 (s, 8H), 7.09 (d, J = 7.5 Hz, 2H), 6.87 (t, ] = 7.5 Hz, 1H), 3.76

(s, 2H). The obtained spectral data are in good agreement with those reported in literature.>>!

Cl
C"‘
NH,

4'.5-Dichloro-[1,1'-biphenyl]-2-amine (IV.S1t). Prepared from 2-bromo-4-chloroaniline
and 4-chlorophenylboronic acid, IV.S1t was obtained as a colorless solid (40% yield). 'H NMR
(8, 23 °C, 400 MHz, CDCl3): 7.44-7.41 (m, 2H), 7.41-7.35 (m, 2H), 7.11 (dd, J = 8.5, 2.5 Hz,
1H), 7.10-7.06 (m, 1H), 6.68 (d, J = 8.5 Hz, 1H), 3.70 (br, 2H). The obtained spectral data are in

good agreement with those reported in literature.?>
Cl
F
NH,
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4"-Chloro-5-fluoro-[1,1'-biphenyl]-2-amine  (IV.S1u). Prepared from 2-bromo-4-
fluoroaniline and 4-chlorophenylboronic acid, IV.S1u was obtained as a colorless solid (63%
yield). '"H NMR (8, 23 °C, 400 MHz, CDCls): 7.45-7.41 (m, 2H), 7.41-7.37 (m, 2H), 6.88 (td, J
=8.4,3.0 Hz, 1H), 6.83 (dd, ] =9.2,2.9 Hz, 1H), 6.69 (dd, ] =8.7, 4.8 Hz, 1H), 3.58 (br, 2H). The

obtained spectral data are in good agreement with those reported in literature.*>

Synthesis of 5-bromo-[1,1'-biphenyl]-2-amine (IV.S1b)

(L e UL
IV.S1b

Compound IV.S1b was synthesized according to the following modification of a literature
procedure.’? A 50-mL round-bottom flask was charged with [1,1'-biphenyl]-2-amine (850 mg,
5.00 mmol, 1.00 equiv) and DMF (20 mL). The resulting solution was cooled to 0 °C with an ice
bath. A solution of NBS (1.05 g, 6.00 mmol, 1.20 equiv) dissolved in 10 mL of DMF was added
to the reaction vessel dropwise at 0 °C. The reaction mixture was allowed to warm to 23 °C and
was stirred for 2 h. The reaction mixture was diluted with distilled water (~50 mL) and extracted
with CH2Cl, (3 x 10 mL). The combined organic fractions were dried over MgSO4 and solvent
was removed under reduced pressure. The obtained residue was purified by SiO; gel
chromatography (eluent 95:5 hexanes:ethyl acetate) to afford the desired product as yellow solid
(810 mg, 65 % yield). 'H NMR (4, 23 °C, 400 MHz, CDCl3): 7.47-7.34 (m, 6H), 7.26-7.23 (m,
1H), 6.67 (d, J =9.1 Hz, 1H), 3.94 (br, 2H). The obtained spectral data are in good agreement with

those reported in literature.*>*
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Synthesis of 4'-bromo-[1,1'-biphenyl]-2-amine (IV.S1e)

HO .OH

PA(PPhy),Cls (cat.) Br
@[ N32003
NH, CeHe, EtOH, H,0, 80 °C O NH
2

81% yield
IV.S1e

Compound IV.S1e was synthesized according to the following modification of a literature
procedure.?> A 100-mL round-bottom flask was charged with 2-iodoaniline (619 mg, 2.83 mmol,
1.00 equiv), 4-bromophenylboronic acid (699 mg, 3.49 mmol, 1.23 equiv), Pd(PPh3),Cl; (181 mg,
0.258 mmol, 9.14 mol%), Na>COs (1.01 g, 9.61 mmol, 3.4 equiv), benzene (25 mL), ethanol (1.5
mL), and distilled water (5 mL). The reaction vessel was fitted with a rubber septum, purged with
N> for 10 min, and heated at 80 °C for 16 h. The reaction mixture was cooled to 23 °C and was
then extracted with ethyl acetate (3 x 20 mL). The combined organic fractions were dried over
MgSO4 and solvent was removed under reduced pressure. The obtained residue was purified by
Si0O2 gel chromatography (eluent 95:5 hexanes:ethyl acetate) to afford the title compound as white
solid (570 mg, 81% yield). 'H NMR (&, 23 °C, 400 MHz, CDCls): 7.59 (d, J = 8.5 Hz, 2H), 7.37
(d, J=8.5Hz, 2H), 7.19 (td, J = 7.7, 1.4 Hz, 1H), 7.11 (dd, J = 7.6, 1.6 Hz, 1H), 6.86 (dd, ] = 7.5,
1.2 Hz, 1H), 6.79 (dd, J = 8.0, 1.0 Hz, 1H), 3.74 (s, 2H). The obtained spectral data are in good

agreement with those reported in literature.3>
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General Procedure for Acylation of Biarylanilines

« “yRe R,
X Ac,0O XX
R1_ P —_— R1T A
NH, 23°C AN e
H
Iv.s1 V.1

A 20-mL scintillation vial was charged with the appropriate biarylamine (IV.S1, 2.0 mmol,
1.0 equiv) and acetic anhydride (Ac20, ~2 mL). The reaction mixture was stirred at 23 °C for 10
min. The reaction mixture was poured onto a pre-cooled saturated solution of KoCOs3 (0 °C). The
resulting precipitate was isolated by vacuum filtration, washed with distilled water (2 x 5 mL) and

hexanes (2 x 5 mL), and dried under reduced pressure to provide the N-arylacetamides (IV.1) listed

I NHAc

N-(/1,1-biphenyl]-2-yl)acetamide (IV.la). Prepared from [1,1'-biphenyl]-2-amine

below.

(IV.S1a), IV.1a was obtained as a white solid (82% yield). 'HNMR ( §, 23 °C, 400 MHz, CDCl5):
8.27(d,J=8.0 Hz, 1H), 7.49 (t,J = 7.3 Hz, 2H), 7.44-7.37 (m, 4H), 7.24-7.18 (m, 2H), 7.11 (br,

1H), 2.02 (s, 3H). The obtained spectral data are in good agreement with those reported in

Br\‘\/‘
NHAc

N-(5-bromo-[1,1'-biphenyl]-2-yl)acetamide (IV.1b). Prepared from 5-bromo-[1,1'-

literature.3¢

biphenyl]-2-amine (IV.S1b), IV.1b was obtained as a colorless solid (78% yield). 'H NMR ( §, 23

°C, 400 MHz, CDCL3): 8.22 (d, J = 8.6 Hz, 1H), 7.52-7.44 (m, 4H), 7.38-7.34 (m, 3H), 7.08 (br,
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1H), 2.01 (s, 3H). The obtained spectral data are in good agreement with those reported in

NHAc

N-(5-chloro-[1,1-biphenyl]-2-yl)acetamide (IV.1c). Prepared from 5-chloro-[1,1'-

literature.3¢

biphenyl]-2-amine (IV.S1¢), IV.1¢ was obtained as a colorless solid (98% yield). 'H NMR ( 3, 23
°C, 400 MHz, CDCl): 8.26 (d, ] = 8.8 Hz, 1H), 7.53-7.43 (m, 3H), 7.37-7.32 (m, 3H), 7.23 (d, J

= 2.4 Hz, 1H), 7.08 (br, 1H), 2.02 (s, 3H). The obtained spectral data are in good agreement with

o

N-(5-fluoro-[1,1"-biphenyl]-2-yl)acetamide (IV.ld). Prepared from 5-fluoro-[1,1'-

those reported in literature.*>°

biphenyl]-2-amine (IV.S1d), IV.1d was obtained as a colorless solid (88% yield). '"H NMR ( §, 23
°C, 400 MHz, CDCl3): 8.07 (m, 1H), 7.47-7.29 (m, 5H), 7.11-7.00 (m, 2H), 6.94 (br, 1H), 2.05

(s, 3H). The obtained spectral data are in good agreement with those reported in literature.>>¢

‘\‘O s
NHAc

N-(4"-bromo-[1,1"-biphenyl]-2-yl)acetamide (IV.1e). Prepared from 4'-bromo-[1,1'-
biphenyl]-2-amine (IV.S1e), IV.1e was obtained as a white solid (76 % yield). '"H NMR ( §, 23
°C, 400 MHz, CDCl3): 8.24-8.21 (m, 1H), 7.66—7.63 (m, 2H), 7.43-7.37 (m, 1H), 7.28-7.23 (m,
4H), 7.00 (br, 1H), 2.07 (s, 3H). The obtained spectral data are in good agreement with those

reported in literature.*>
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C.

N-(4"-chloro-[1,1"-biphenyl]-2-yl)acetamide (IV.1f). Prepared from 4'-chloro-[1,1'-
biphenyl]-2-amine (IV.S1f), IV.1f was obtained as a colorless solid (77% yield). 'H NMR ( 8, 23
°C, 400 MHz, CDClz): 8.20 (d, J = 7.9 Hz, 1H), 7.46 (d, ] = 8.4 Hz, 2H), 7.38 (ddd, J = 8.4, 6.5,
2.1 Hz, 1H), 7.31 (d, J = 8.4 Hz, 2H), 7.20 (d, J = 7.0 Hz, 2H), 6.98 (br, 1H), 2.04 (s, 3H). The

obtained spectral data are in good agreement with those reported in literature.*>

|

N-(4'-fluoro-[1,1"-biphenyl]-2-yl)acetamide (IV.1g). Prepared from 4'-fluoro-[1,1'-
biphenyl]-2-amine (IV.S1g), IV.1g was obtained as a colorless solid (85% yield). 'H NMR ( 3, 23
°C, 400 MHz, CDCls): 8.20 (d, J = 8.0 Hz, 1H), 7.38-7.32 (m, 3H), 7.20-7.15 (m, 4H), 7.01 (br,

1H), 2.03 (s, 3H). The obtained spectral data are in good agreement with those reported in

NHAc

N-(5-formyl-[1,1'-biphenyl]-2-yl)acetamide (IV.1h). Prepared from 6-amino-[1,1'-

literature.3¢

biphenyl]-3-carbaldehyde (IV.S1h), IV.1h was obtained as an orange solid (61% yield). '"H NMR
(3,23 °C, 400 MHz, CDCl3): 9.94 (s, 1H), 8.61 (d, ] =8.4 Hz, 1H), 7.87 (dd, ] = 8.4, 2.0 Hz, 1H),
7.76 (d, J = 2.0 Hz, 1H), 7.53 (dd, J = 8.0, 6.5 Hz, 2H), 7.49-7.47 (m, 1H), 7.42 (br, 1H), 7.39-
7.37 (m, 3H), 2.05 (s, 3H). The obtained spectral data are in good agreement with those reported

in literature.3>°

163



(‘ Ph
NHAc

N-(/1,1":4'1"-terphenyl]-2-yl)acetamide (IV.1i). Prepared from [1,1":4',1"-terphenyl]-2-
amine (IV.S1i), IV.1i was obtained as a colorless solid (99% yield). 'HNMR ( 8, 23 °C, 400 MHz,
CDCl): 8.28 (d, J = 8.3 Hz, 1H), 7.72 (d, J = 8.2 Hz, 2H), 7.66 (dd, J = 8.2, 1.1 Hz, 2H), 7.51-
7.45 (m, 4H), 7.39 (tt, J = 8.0, 1.7 Hz, 2H), 7.29 (d, ] = 7.0 Hz, 1H), 7.21 (d, J = 7.3 Hz, 1H), 7.18

(br, 1H), 2.06 (s, 3H). The obtained spectral data are in good agreement with those reported in

NHAc

N-(5-nitro-[1,1'-biphenyl]-2-yl)acetamide (IV.1j). Prepared from 5-nitro-[1,1'-biphenyl]-

literature.3*

2-amine (IV.S1j), IV.1j was obtained as a tan solid (84% yield). 'H NMR ( , 23 °C, 400 MHz,
CDCl3): 8.65 (d, J = 9.1 Hz, 1H), 8.25 (dd, J = 9.2, 2.7 Hz, 1H), 8.13 (d, J = 2.7 Hz, 1H), 7.59-
7.52 (m, 3H), 7.42 (br, 1H), 7.41-7.38 (m, 2H), 2.07 (s, 3H). The obtained spectral data are in

good agreement with those reported in literature.?>’

MeOOC
‘ NHAc

Methyl 6-acetamido-[1,1'-biphenyl]-3-carboxylate (IV.1k). Prepared from 6-amino-[1,1'-
biphenyl]-3-carboxylate (IV.S1Kk), IV.1k was obtained as a colorless solid (85% yield). 'H NMR
(8,23 °C, 400 MHz, CDCl3): 8.48 (d, J =8.2 Hz, 1H), 8.03 (dd, J =8.7,2.1 Hz, 1H), 7.92 (d, ] =
2.1 Hz, 1H), 7.52-7.45 (m, 3H), 7.38 (dd, J = 8.2, 1.4 Hz, 2H), 7.34 (br, 1H), 3.90 (s, 3H), 2.04 (s,

3H). The obtained spectral data are in good agreement with those reported in literature.*’
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NHAc

N-(4'-(tert-butyl)-[1,1-biphenyl]-2-yl)acetamide (IV.1l). Prepared from 4'-(tert-butyl)-
[1,1'-biphenyl]-2-amine (IV.S1l), IV.1l was obtained as a colorless solid (69% yield). 'H NMR
(3, 23 °C, 400 MHz, CDCl3): 8.24 (d, J = 8.2 Hz, 1H), 7.50 (d, J = 8.2 Hz, 2H), 7.36-7.30 (m,
3H), 7.26-7.23 (m, 2H), 7.16 (t, J = 7.4 Hz, 1H), 2.04 (s, 3H), 1.38 (s, 9H).The obtained spectral

data are in good agreement with those reported in literature.>

NHAc

N-(4"-methoxy-[1,1"-biphenyl]-2-yl)acetamide (IV.Im). Prepared from 4'-methoxy-[1,1'-
biphenyl]-2-amine (IV.S1m), IV.1m was obtained as a colorless solid (70% yield). 'H NMR ( 8,
23 °C, 400 MHz, CDCls): 8.28 (d, J = 8.1 Hz, 1H), 7.39-7.35 (m, 1H), 7.33-7.31 (m, 2H), 7.24
(d,J=7.3 Hz, 1H), 7.18 (d, J = 7.5 Hz, 1H), 7.16 (br, 1H), 7.04 (d, ] = 8.7 Hz, 2H), 3.90 (s, 3H),

2.06 (s, 3H). The obtained spectral data are in good agreement with those reported in literature. 3>

NHAc

N-(5-methyl-[1,1'-biphenyl]-2-yl)acetamide (IV.In). Prepared from 5-methyl-[1,1'-
biphenyl]-2-amine (IV.S1n), IV.1n was obtained as a colorless solid (66% yield). 'H NMR ( §, 23
°C, 400 MHz, CDCl3): 8.11 (d, J = 8.3 Hz, 1H), 7.50 (t, ] = 7.3 Hz, 2H), 7.44-7.43 (m, 1H), 7.41-
7.38 (m, 2H), 7.20 (dd, J = 8.3, 2.1 Hz, 1H), 7.09 (s, 1H), 7.06 (br, 1H), 2.37 (s, 3H), 2.03 (s, 3H).

The obtained spectral data are in good agreement with those reported in literature. 3>
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H300
NHAc

N-(5-methoxyl-[1,1'-biphenyl]-2-yl)acetamide (IV.1o). Prepared from 5-methoxy-[1,1'-
biphenyl]-2-amine (IV.S10), IV.10 was obtained as a colorless solid (49% yield). "H NMR ( §, 23
°C, 400 MHz, CDCl3): 7.96 (d, J = 8.9 Hz, 1H), 7.47 (t, ] = 7.2 Hz, 2H), 7.42-7.40 (m, 1H), 7.37-
7.35 (m, 2H), 7.03 (br, 1H), 6.90 (dd, J = 8.9, 2.8 Hz, 1H), 6.81 (d, J =2.9 Hz, 1H), 3.81 (s, 3H),

2.00 (s, 3H). The obtained spectral data are in good agreement with those reported in literature. 3>

t-BU\‘\/‘
NHAc

N-(5-(tert-butyl)-[1,1'-biphenyl]-2-yl)acetamide (IV.Ip). Prepared from 5-(tert-butyl)-
[1,1'-biphenyl]-2-amine (IV.S1p), IV.1p was obtained as a colorless solid (69% yield). '"H NMR
(8,23°C,400 MHz, CDCls): 8.12 (d, J = 8.5 Hz, 1H), 7.49 (t,J =7.3 Hz, 2H), 7.43-7.38 (m, 4H),
7.24 (d,J=2.3 Hz, 1H), 7.04 (br, 1H), 2.01 (s, 3H), 1.33 (s, 9H). The obtained spectral data are in

good agreement with those reported in literature.>>®

N-(2'-chloro-[1,1"-biphenyl]-2-yl)acetamide (IV.1q). Prepared from 2'-chloro-[1,1'-
biphenyl]-2-amine (IV.S1q), IV.1q was obtained as an oil (35% yield). "H NMR ( §, 23 °C, 400
MHz, CDCl;): 8.20 (d, J = 8.1 Hz, 1H), 7.54-7.52 (m, 1H), 7.45-7.30 (m, 4H), 7.19 (d, J = 6.2
Hz, 2H), 6.80 (br, 1H), 1.99 (s, 3H). The obtained spectral data are in good agreement with those

reported in literature.*>

. O NHAc o
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N-(4,4"-dichloro-[1,1':3',1"-terphenyl]-2"-yl)acetamide (IV.1r). Prepared from 4,4"-
dichloro-[1,1":3',1"-terphenyl]-2'-amine (IV.S1r), IV.1r was obtained as a colorless solid (40%
yield). "HNMR ( 8, 23 °C, 400 MHz, CDCls): 7.44-7.28 (m, 11H), 6.52 (s, 1H), 1.74 (s, 3H). The

obtained spectral data are in good agreement with those reported in literature.>2

N-(4,4"-difluoro-[1,1':3",1"-terphenyl]-2"-yl)acetamide (IV.1s). Prepared from 4,4"-
difluoro-[1,1":3',1"-terphenyl]-2'-amine (IV.S1s), IV.1s was obtained as a colorless solid (45%
yield). '"H NMR ( §, 23 °C, 400 MHz, CDCl3): 7.42-7.32 (m, 7H), 7.09 (t, J = 8.7 Hz, 4H), 6.47

(s, 1H), 1.73 (s, 3H). The obtained spectral data are in good agreement with those reported in

cl
Cl\‘\/‘/
NHAG

N-(4',5-dichloro-[1,1"-biphenyl]-2-yl)acetamide (IV.1t). Prepared from 4',5-dichloro-

literature.32°

[1,1'-biphenyl]-2-amine (IV.S1t), IV.1t was obtained as a colorless solid (66% yield). 'TH NMR
(0, 23 °C, 400 MHz, CDCls): 8.19 (d, J = 8.9 Hz, 1H), 7.49-7.46 (m, 2H), 7.35-7.28 (m, 3H),
7.20 (d, J = 2.3 Hz, 1H), 6.94-6.94 (m, 1H), 2.03 (s, 3H). The obtained spectral data are in good

agreement with those reported in literature.>®

Cl
F
NHAc

N-(4'-chloro-5-fluoro-[1,1"-biphenyl]-2-yl)acetamide (IV.1u). Prepared from 4'-chloro-5-
fluoro-[1,1'-biphenyl]-2-amine (IV.S1u), IV.1u was obtained as a colorless solid (61% yield). 'H

NMR ( 8, 23 °C, 400 MHz, CDCL3): 8.11-8.07 (m, 1H), 7.47 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 8.4
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Hz, 2H), 7.08 (td, J = 8.5, 2.9 Hz, 1H), 6.94 (dd, J = 8.9, 3.0 Hz, 1H), 6.87 (s, 1H), 2.03 (s, 3H).
13C NMR (4, 23 °C, 100 MHz, CDCIl3): 168.5, 135.8, 134.8, 130.7, 130.5, 129.6, 124.84, 124.76,

116.9, 116.6, 115.6, 115.4, 24.5. HRMS-ESI: calculated for [M+H]=264.0586, observed [M+H]=

264.0584.

)
l Br
[ IN,AC
H
N-(2-bromo-4-formylphenyl)acetamide ~ (IV.S1v).  Prepared  from  4-amino-3-
bromobenzaldehyde, IV.S1v was obtained as a colorless solid (50% yield). '"H NMR ( §, 23 °C,
400 MHz, CDCIl3): 9.88 (s, 1H), 8.64 (d, J = 8.5 Hz, 1H), 8.09 (d, J = 1.8 Hz, 1H), 7.86 (br, 1H),

7.82 (dd, J=8.5, 1.8 Hz, 1H), 2.30 (s, 3H). The obtained spectral data are in good agreement with

those reported in literature.*°
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Synthesis of N-(5-formyl-4'-methoxy-[1,1'-biphenyl]-2-yl)acetamide (IV.1v)

0.
PA(OAC), (0.2 mol%), || O Me
[TBAJBY, cho3
N,Ac

20 70 °C N
68% yield

1v

A 20-mL scintillation vial was charged with N-(2-bromo-4-formylphenyl)acetamide (IV.S1v, 600
mg, 2.49 mmol, 1.00 equiv), 4-methoxyphenylboronic acid (568 mg, 3.74 mmol, 1.50 equiv),
Pd(OAc): (1.3 mg, 6.0 umol, 0.20 mol%), [TBA]Br (903 mg, 2.90 mmol, 1.00 equiv), K.CO3 (977
mg, 7.07 mmol, 2.52 equiv), and distilled water (4.0 mL) and was fitted with a rubber septum. The
reaction vessel was purged with N for 10 min after which time the reaction mixture was heated at
70 °C for 16 h. The reaction mixture was cooled to 23 °C and was then extracted with ethyl acetate
(3 x 10 mL). The combined organic fractions were dried over MgSO4 and solvent was removed
under reduced pressure. The obtained residue was purified by SiO2 gel chromatography (eluent
95:5 hexanes:ethyl acetate) to afford 458 mg of the title compound (68% yield). 'H NMR ( 8, 23
°C, 400 MHz, CDCl3): 9.94 (s, 1H), 8.60 (d, J = 8.4 Hz, 1H), 7.85 (dd, ] = 8.5, 2.0 Hz, 1H), 7.74
(d, J=2.0 Hz, 1H), 7.42 (br, 1H), 7.31 (d, J = 8.8 Hz, 2H), 7.05 (d, J = 8.8 Hz, 2H), 3.89 (s, 3H),
2.07 (s, 3H). 13C NMR ( 8, 23 °C, 100 MHz, CDCl3): 191.3, 168.5, 160.0, 140.7, 132.1, 131.4,
130.8, 130.5, 128.7, 120.3, 115.1, 55.6, 25.1. HRMS-ESI: calculated for [M+H]= 270.1125,

observed [M+H]=270.1116.

169



Electrocatalytic Intramolecular C—-H Amination

General Procedure for Intramolecular Amination Reactions

CHg
= ! Arl =
2R, Arl(IV.3,25mol%) R = R, O
1 2 1 —— N2
X [TBAJOAc, [TBA]PFg \ y : | HoC |
Rig o N : O/ HsC |
AN NHA CPE, HFIP, 23 °C N {HyCO 3
V.1 Iv.2 : IV.3a CH IV.3b
3

Constant Potential Conditions. A 10-mL glass vial was charged with N-arylacetamide
(IV.1, 0.201 mmol, 1.00 equiv), 4-iodoanisole (IV.3a, 12.0 mg, 0.0512 mmol, 25.3 mol%),
tetrabutylammonium acetate (121 mg, 0.401 mmol, 1.99 equiv), tetrabutylammonium
hexafluorophosphate (390 mg, 1.01 mmol, 5.02 equiv), and HFIP (5.0 mL) and was fitted with
glassy carbon anode, platinum cathode, and Ag*/Ag reference electrode. A constant potential of
1.5 V vs. Ag'/Ag was applied to the reaction mixture with stirring at 23 °C until ~80 C charge
(~4.15 F/mol) is passed. The solvent was removed under reduced pressure. The obtained residue
was purified by SiO» gel chromatography (eluent 95:5 hexanes:ethyl acetate) to afford the N-acyl

carbazole product (IV.2) indicated below.

Constant Current Conditions. A 10-mL glass vial was charged with N-arylacetamide
(IV.1, 0.201 mmol, 1.00 equiv), aryl iodide catalyst (IV.3, 0.0512 mmol, 25.3 mol%),
tetrabutylammonium acetate (121 mg, 0.401 mmol, 1.99 equiv), and tetrabutylammonium
hexafluorophosphate (390 mg, 1.01 mmol, 5.02 equiv), and HFIP (5.0 mL) and was fitted with
glassy carbon anode and platinum cathode. A constant current of 5 mA was applied to the reaction
mixture with stirring at 23 °C until 4.00 F/mol is passed. The solvent was removed under reduced
pressure. The obtained residue was purified by SiO, gel chromatography (eluent 95:5

hexanes:ethyl acetate) to afford the N-acyl carbazole product (IV.2) indicated below.
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1-(9H-carbazol-9-yl)ethan-1-one (IV.2a). Prepared under constant potential conditions
using IV.3a as catalyst. Yield: 32 mg (76% yield). '"H NMR ( §, 23 °C, 400 MHz, CDCl5): 8.15
(d,J=8.3 Hz, 2H), 8.02 (d, /= 6.7 Hz, 2H), 7.51 (t,J=7.1 Hz, 2H), 7.44 (t,J= 7.5 Hz, 2H), 2.90

(s, 3H). The obtained spectral data are in good agreement with those reported in literature.>®!
Rose
O3
Ac

1-(3-Bromo-9H-carbazol-9-yl)ethan-1-one (IV.2b). Prepared under constant potential
conditions using IV.3a as catalyst. Yield: 45 mg (78% yield). '"H NMR ( 8, 23 °C, 400 MHz,
CDClz): 8.20 (d, J= 8.9 Hz, 1H), 8.12-8.10 (m, 2H), 7.96 (d, J= 7.7 Hz, 1H), 7.57 (d, J = 8.9 Hz,
1H), 7.52 (d, J= 8.5 Hz, 1H), 7.41 (t,J= 7.5 Hz, 1H), 2.88 (s, 3H). The obtained spectral data are

in good agreement with those reported in literature.?®!
fegs
2 N ()
Ac

1-(3-Chloro-9H-carbazol-9-yl)ethan-1-one (IV.2¢). Prepared under constant potential
conditions using IV.3a as catalyst. Yield: 39 mg (80% yield). '"H NMR (3, 23 °C, 400 MHz,
CDCls): 8.26 (d, J = 8.9 Hz, 1H), 8.12 (d, J = 8.4 Hz, 1H), 7.98-7.95 (m, 2H), 7.54 (td, J = 7.9,
1.3 Hz, 1H), 7.46-7.40 (m, 2H), 2.89 (s, 3H). The obtained spectral data are in good agreement

with those reported in literature.>®!
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1-(3-Fluoro-9H-carbazol-9-yl)ethan-1-one (IV.2d). Prepared under constant potential
conditions using IV.3a as catalyst. Yield: 29 mg (64% yield). '"H NMR (3, 23 °C, 400 MHz,
CDCl): 8.33-8.30 (m, 1H), 8.11 (d, J = 8.4 Hz, 1H), 7.97 (ddd, J = 7.7, 1.4, 0.7 Hz, 1H), 7.66—
7.64 (m, 1H), 7.52 (ddd, J = 8.5, 7.3, 1.3 Hz, 1H), 7.41 (td, J= 7.5, 0.9 Hz, 1H), 7.20 (td, J = 9.0,
2.7 Hz, 1H), 2.90 (s, 3H). The obtained spectral data are in good agreement with those reported in

literature.32

1-(2-Bromo-9H-carbazol-9-yl)ethan-1-one (IV.2e). Prepared under constant potential
conditions using IV.3a as catalyst. Yield: 43 mg (75% yield). '"H NMR (3, 23 °C, 400 MHz,
CDClz): 8.52 (d, J= 1.5 Hz, 1H), 8.08 (d, /= 8.4 Hz, 1H), 7.97 (d, /= 7.7 Hz, 1H), 7.83 (d, J =
8.2 Hz, 1H), 7.51 (d, J = 8.4 Hz, 2H), 7.40 (t, J= 7.5 Hz, 1H), 2.88 (s, 3H). 13C NMR (8, 23 °C,
100 MHz, CDCls): 170.0, 139.6, 138.6, 127.8, 127.1, 125.9, 125.3, 124.0, 121.1, 120.8, 120.2,

119.9,116.0, 27.9. HRMS-ESI: calculated for [M+H]= 288.0019, observed [M+H]= 288.0011.

i

Ac

1-(2-Chloro-9H-carbazol-9-yl)ethan-1-one (IV.2f). Prepared under constant potential
conditions using IV.3a as catalyst. Yield: 30 mg (61% yield). '"H NMR (8, 23 °C, 400 MHz,

CDCls): 8.38 (s, 1H), 8.10 (d, J = 8.4 Hz, 1H), 7.98 (d, J = 7.0 Hz, 1H), 7.90 (d, J = 8.3 Hz, 1H),
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7.50 (t, J= 7.2 Hz, 1H), 7.43-7.37 (m, 2H), 2.89 (s, 3H). The obtained spectral data are in good

agreement with those reported in literature. !
-
N
Ac

1-(2-Fluoro-9H-carbazol-9-yl)ethan-1-one (IV.2g). Prepared under constant potential
conditions using IV.3a as catalyst. Yield: 36 mg (78% yield). '"H NMR (3, 23 °C, 400 MHz,
CDCl): 8.09 (td, J = 6.6, 3.0 Hz, 2H), 7.97-7.91 (m, 2H), 7.47 (ddd, J = 8.5, 7.2, 1.3 Hz, 1H),
7.40 (td, J= 7.5, 1.0 Hz, 1H), 7.14 (td, J = 8.7, 2.3 Hz, 1H), 2.89 (s, 3H). The obtained spectral

data are in good agreement with those reported in literature.>
OHC
N
Ac

9-Acetyl-9H-carbazole-3-carbaldehyde (IV.2h). Prepared under constant potential
conditions using IV.3a as catalyst. Yield: 20 mg (48% yield). '"H NMR (8, 23 °C, 400 MHz,
CDCl3):10.15 (s, 1H), 8.44 (dd, /= 1.7, 0.5 Hz, 1H), 8.30 (d, /= 8.6 Hz, 1H), 7.98-7.94 (m, 2H),
7.82 (d, J=2.2 Hz, 1H), 7.07 (dd, J = 8.6, 2.2 Hz, 1H), 3.97 (s, 3H), 2.93 (s, 3H). The obtained

spectral data are in good agreement with those reported in literature.®!

1-(2-Phenyl-9H-carbazol-9-yl)ethan-1-one (IV.2i). Prepared under constant current
conditions using IV.3a as catalyst. Yield: 48 mg (84% yield). '"H NMR (8, 23 °C, 400 MHz,

CDCls): 8.54 (d, /= 0.7 Hz, 1H), 8.22 (d, J = 8.3 Hz, 1H), 8.09-8.04 (m, 2H), 7.73 (dd, J = 8.3,
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1.1 Hz, 2H), 7.67 (dd, J = 8.0, 1.4 Hz, 1H), 7.55-7.50 (m, 3H), 7.46-7.40 (m, 2H), 2.97 (s, 3H).

The obtained spectral data are in good agreement with those reported in literature.¢?
ON
Ac

1-(3-Nitro-9H-carbazol-9-yl)ethan-1-one (IV.2j). Prepared under constant current
conditions using IV.3a as catalyst. Yield: 22 mg (43% yield). '"H NMR (8, 23 °C, 400 MHz,
CDClz): 8.90 (d, J = 2.2 Hz, 1H), 8.54 (d, J = 9.2 Hz, 1H), 8.41 (dd, J=9.2, 2.4 Hz, 1H), 8.15—
8.10 (m, 2H), 7.63 (td, J=7.9, 1.3 Hz, 1H), 7.54-7.50 (m, 1H), 2.97 (s, 3H).The obtained spectral
data are in good agreement with those reported in literature.%*

MeOOC

Methyl 9-acetyl-9H-carbazole-3-carboxylate (IV.2k). Prepared under constant potential
conditions using 3b as catalyst. CPE carried out 1.9 V vs. Ag*/Ag with HFIP/CH>Cl, (5/1) solvent
mixture. Yield: 38 mg (71% yield). 'H NMR (8, 23 °C, 400 MHz, CDCl3): 8.73 (dd, J= 1.8, 0.6
Hz, 1H), 8.35 (dd, J = 8.8, 0.5 Hz, 1H), 8.22-8.19 (m, 2H), 8.11 (ddd, /= 7.7, 1.4, 0.7 Hz, 1H),
7.56 (ddd, J = 8.5, 7.2, 1.3 Hz, 1H), 7.47 (td, J = 7.5, 0.9 Hz, 1H), 4.02 (s, 3H), 2.95 (s, 3H).The

obtained spectral data are in good agreement with those reported in literature.>**

1-(2-Tert-butyl-9H-carbazol-9-yl)ethan-1-one (IV.2l). Prepared under constant potential
conditions using 3a as catalyst. Yield: 34 mg (65% yield). '"H NMR (3, 23 °C, 400 MHz, CDCl5):

8.33 (s, 1H), 8.15 (d, J= 8.3 Hz, 1H), 7.97 (d, J = 8.3 Hz, 1H), 7.91 (d, J = 7.6 Hz, 1H), 7.45 (t, J
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=9.2 Hz, 2H), 7.37 (t, J= 7.5 Hz, 1H), 2.90 (s, 3H), 1.44 (s, 10H). The obtained spectral data are

in good agreement with those reported in literature.3®3
OCHS
N
Ac

1-(2-Methoxy-9H-carbazol-9-yl)ethan-1-one (IV.2m). Prepared under constant potential
conditions using IV.3a as catalyst. Yield: 21 mg (44% yield). '"H NMR (8, 23 °C, 400 MHz,
CDCl): 8.05 (d, J=7.8 Hz, 1H), 7.93-7.89 (m, 2H), 7.87-7.85 (m, 1H), 7.42-7.34 (m, 2H), 6.99
(dd, J = 8.5, 2.3 Hz, 1H), 3.93 (s, 3H), 2.88 (s, 3H). The obtained spectral data are in good

agreement with those reported in literature®®!
HaC

N

Ac

1-(3-Methyl-9H-carbazol-9-yl)ethan-1-one (IV.2n). Prepared under constant potential
conditions using I'V.3b as catalyst. CPE carried out 1.9 V vs. Ag"/Ag with HFIP/CH2Cl (5/1)
solvent mixture. Yield: 4.4 mg (10% yield). '"H NMR (8, 23 °C, 400 MHz, CDCl3): 8.23 (d, J =
8.4 Hz, 1H), 8.08 (d, J=8.5 Hz, 1H), 7.97 (ddd, /= 7.7, 1.4, 0.6 Hz, 1H), 7.80 (t, /= 0.9 Hz, 1H),
7.49-7.45 (m, 1H), 7.38 (td, /= 7.5, 1.0 Hz, 1H), 7.30 (ddd, J = 8.5, 1.8, 0.5 Hz, 1H), 2.88 (s, 3H),
2.53 (s, 3H). The obtained spectral data are in good agreement with those reported in literature.>¢®

HaCO,

1-(3-Methoxy-9H-carbazol-9-yl)ethan-1-one (IV.20). Prepared under constant potential
conditions using IV.3a as catalyst. Yield: 4.8 mg (10% yield). '"H NMR (8, 23 °C, 400 MHz,

CDCls): 7.91-7.89 (m, 2H), 7.52-7.48 (m, 2H), 7.39 (d, J= 7.4 Hz, 1H), 7.08 (d, J = 2.4 Hz, 1H),
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7.00 (d, J = 2.4 Hz, 1H), 3.90 (s, 3H), 2.63 (s, 3H). The obtained spectral data are in good
agreement with those reported in literature.>¢?

t-Bu

1-(3-Tert-butyl-9H-carbazol-9-yl)ethan-1-one (IV.2p). Prepared under constant potential
conditions using IV.3a as catalyst. Yield: 36 mg (65% yield). '"H NMR (&, 23 °C, 400 MHz,
CDCl): 8.27 (d, J = 8.3 Hz, 1H), 8.10 (d, J = 8.8 Hz, 1H), 8.04-8.01 (m, 2H), 7.55 (dd, J = 8.8,
2.1 Hz, 1H), 7.48 (ddd, J=8.4, 7.2, 1.3 Hz, 1H), 7.40 (td, J=7.5, 0.9 Hz, 1H), 2.89 (s, 3H), 1.46

(s, 9H). The obtained spectral data are in good agreement with those reported in literature.32>

1-(4-Chloro-9H-carbazol-9-yl)ethan-1-one (IV.2q). Prepared under constant potential
conditions using IV.3a as catalyst. Yield: 41 mg (85% yield). '"H NMR (&, 23 °C, 400 MHz,
CDClz): 8.68 (dt, J=17.9, 0.6 Hz, 1H), 8.25 (dd, J = 7.0, 2.1 Hz, 1H), 8.17 (d, J = 8.5 Hz, 1H),
7.54-7.52 (m, 1H), 7.46-7.36 (m, 3H), 2.90 (s, 3H). 3*C NMR (4, 23 °C, 125 MHz, CDCl3): 170.2,
140.2, 138.8, 128.7,127.9, 127.6, 125.4, 125.1, 123.9, 123.50, 123.41, 115.6, 114.8, 28.1. HRMS-

ESI: calculated for [M+H]= 244.0524, observed [M+H]= 244.0521.

{5
O Ac

Cl

N-(4,4"-dichloro-[1,1':3',1"-terphenyl]-2'-yl)acetamide (IV.2r). Prepared under constant

potential conditions using I'V.3b as catalyst. CPE carried out 1.9 V vs. Ag*/Ag with HFIP/CH2Cl,
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(5/1) solvent mixture. Yield: 38 mg (53% yield). 'H NMR (8, 23 °C, 400 MHz, CDCls): 8.24 (d,
J=19Hz, 1H), 797 (dd, J= 7.5, 1.3 Hz, 1H), 7.91 (d, J= 8.3 Hz, 1H), 7.54-7.49 (m, 6H), 7.38
(dd,J=8.2, 1.8 Hz, 1H), 1.82 (s, 4H). The obtained spectral data are in good agreement with those

reported in literature.32

N-(4,4"-difluoro-[1,1':3',1"-terphenyl]-2"-yl)acetamide (IV.2s). Prepared under constant
potential conditions using I'V.3b as catalyst. CPE carried out 1.9 V vs. Ag"/Ag with HFIP/CH2Cl»
(5/1) solvent mixture. Yield: 35 mg (55% yield). "H NMR (8, 23 °C, 400 MHz, CDCl3): 7.96-7.93
(m, 3H), 7.57 (dd, J = 8.8, 5.3 Hz, 2H), 7.47 (d, J= 7.6 Hz, 1H), 7.42 (d, J= 1.2 Hz, 1H), 7.23—
7.13 (m, 3H), 1.79 (s, 3H). The obtained spectral data are in good agreement with those reported

in literature.32¢
Cl
O
N
Ac

1-(2,6-Dichloro-9H-carbazol-9-yl)ethan-1-one (IV.2¢). Prepared under constant potential
conditions using IV.3a as catalyst. Yield: 47 mg (84% yield). '"H NMR (3, 23 °C, 400 MHz,
CDCl): 8.24 (d,J=1.7 Hz, 1H), 8.11 (d, J= 8.9 Hz, 1H), 7.90-7.83 (m, 2H), 7.41 (ddd, J = 21.6,
8.6, 2.0 Hz, 2H), 2.86 (s, 3H). 1*C NMR (3, 23 °C, 100 MHz, CDCl3): 169.7, 139.6, 137.2, 134.0,
129.8, 127.7, 127.2, 124.6, 123.9, 120.9, 119.8, 117.4, 116.9, 27.8. HRMS-ESI: calculated for

[M+H]=278.0134, observed [M+H]=278.0132.

177



1-(2-Chloro-6-fluoro-9H-carbazol-9-yl)ethan-1-one (IV.2u). Prepared under constant
potential conditions using IV.3a as catalyst. Yield: 37 mg (72% yield). 'H NMR (8, 23 °C, 400
MHz, CDCls): 8.24 (s, 1H), 8.17 (dd, J=9.2, 4.3 Hz, 1H), 7.86 (d, /= 8.3 Hz, 1H), 7.62-7.60 (m,
1H), 7.39 (dd, J = 8.3, 1.8 Hz, 1H), 7.21 (td, /= 9.0, 2.7 Hz, 1H), 2.88 (s, 3H). *C NMR (8, 23
°C, 100 MHz, CDCls): 169.5, 133.8, 124.3, 120.8, 117.5, 116.8, 115.0, 114.8, 27.6. HRMS-ESI:

calculated for [M+H]= 262.0429, observed [M+H]= 262.0430.

OHC
N
Ac

9-Acetyl-7-methoxy-9H-carbazole-3-carbaldehyde (IV.2v). Prepared under constant
potential conditions using I'V.3b as catalyst. CPE carried out 1.9 V vs. Ag"/Ag with HFIP/CH2Cl,
(5/1) solvent mixture. Yield: 41 mg (79% yield). '"H NMR (8, 23 °C, 400 MHz, CDCl;3): 10.12 (s,
1H), 8.42 (dd, J=1.7, 0.5 Hz, 1H), 8.28 (d, J = 8.6 Hz, 1H), 7.96-7.91 (m, 2H), 7.80 (d, J=2.2
Hz, 1H), 7.05 (dd, J = 8.6, 2.2 Hz, 1H), 3.94 (s, 3H), 2.91 (s, 3H).1*C NMR (8, 23 °C, 100 MHz,
CDCls): 191.6, 170.2, 160.4, 142.3, 140.7, 132.3, 128.0, 127.2, 120.9, 120.5, 119.0, 116.2, 111.7,

102.0, 55.9, 27.8. HRMS-ESI: calculated for [M+H]= 268.0968, observed [M+H]= 268.0962.
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Intermolecular C—H Amination Electrocatalysis

General Procedure for Intermolecular Amination Reactions

CHs
v Arl=
0 Arl (3b, 25 mol%), ArH 0 : O
Ac  [TBAJOAc, [TBAJPF,, TFA Ac i pc |
N-N N-N ' He |
H CPE (1.9 V vs. Ag*/Ag) Ar ‘
O CH,Cl,, HFIP, 40 °C o : Wb
- CHs
V.4 IV.5

A 10-mL glass vial was charged with N-(1,3-dioxoisoindolin-2-yl)acetamide (IV .4, 41.0
mg, 0.201 mmol, 1.00 equiv), 2,2’-diiodo-4,4’,6,6’-tetramethyl-1,1’-biphenyl (IV.3b, 23.0 mg,
0.0495 mmol, 24.6 mol%), arene ( 2.01 mmol, 10.0 equiv), trifluoroacetic acid (TFA, 75.0 uL,
5.00 equiv), tetrabutylammonium acetate (121 mg, 0.401 mmol, 1.99 equiv), tetrabutylammonium
hexafluorophosphate (390 mg, 1.01 mmol, 5.02 equiv), HFIP (4.2 mL), and CH>Cl, (0.8 mL) and
was fitted with glassy carbon anode, platinum cathode and Ag'/Ag reference electrode. A constant
potential of 2.0 V vs. Ag*/Ag was applied to the reaction mixture and stirred at 40 °C until ~80 C
charge (~4.15 F/mol) is passed. The solvent was then concentrated under reduced pressure. The
obtained residue was purified by SiO; gel chromatography (eluent 80:20 hexanes:ethyl acetate) to

afford the products (IV.5) listed below.

(o)

o,

(0]

N-phenyl-N-(1,3-dioxoisoindolin-2-yl)acetamide (IV.5a). Prepared from benzene at 1.8 V
vs Ag'/Ag. With 5 equiv of PhH 32% yield was obtained. Yield: 40 mg (71% yield). '"H NMR (3,
23 °C, 400 MHz, CDCl3): 7.89 (dd, J=5.5, 3.1 Hz, 2H), 7.76 (dd, J = 5.5, 3.1 Hz, 2H), 7.70-7.68

(m, 2H), 7.45 (d, J= 7.5 Hz, 3H), 2.11 (s, 3H).!87
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(o]
Ac
N-N
O E
F

N-(4-fluorophenyl)-N-(1,3-dioxoisoindolin-2-yl)acetamide ~ (IV.5b). Prepared from
fluorobenzene. Yield: 21 mg (35% yield). 'TH NMR (3, 23 °C, 400 MHz, CDCls): 7.89 (dd, J =
5.5, 3.0 Hz, 2H), 7.77 (dd, J = 5.5, 3.1 Hz, 2H), 7.70 (dd, J = 9.0, 4.9 Hz, 2H), 7.14 (dd, J = 9.0,
8.2 Hz, 2H), 2.10 (s, 3H). The obtained spectral data are in good agreement with those reported in

literature.3!
o)
,Ac
N-N
O
cl

N-(4-chlorophenyl)-N-(1,3-dioxoisoindolin-2-yl)acetamide ~ (IV.5¢). Prepared from
chlorobenzene. Yield: 47 mg (74% yield). 'H NMR (3, 23 °C, 400 MHz, CDCls): 7.90 (dd, J =
5.5,3.1 Hz, 2H), 7.78 (dd, J= 5.5, 3.1 Hz, 2H), 7.63 (d, /= 8.7 Hz, 2H), 7.43 (d, J= 8.7 Hz, 2H),

2.11 (s, 3H). The obtained spectral data are in good agreement with those reported in literature.'®’
0
Ac
Br

N-(4-bromophenyl)-N-(1,3-dioxoisoindolin-2-yl)acetamide  (IV.5d). Prepared from
bromobenzene. Yield: 59 mg (82% yield). 'H NMR (8, 23 °C, 400 MHz, CDCls): 7.89 (dd, J =
5.4,3.1 Hz, 2H), 7.78 (dd, J=5.5, 3.1 Hz, 2H), 7.58 (d, /= 3.6 Hz, 4H), 2.11 (s, 3H). The obtained

spectral data are in good agreement with those reported in literature.'®’
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0
Ac
N-N
O E
|

N-(4-iodophenyl)-N-(1,3-dioxoisoindolin-2-yl)acetamide ~ (IV.5e). ~ Prepared  from
iodobenzene. Yield: 58 mg (72% yield). '"H NMR (8, 23 °C, 400 MHz, CDCl3): 7.89 (dd, J= 5.5,
3.1 Hz, 2H), 7.80-7.76 (m, 4H), 7.42 (d, J = 8.5 Hz, 2H), 2.11 (s, 3H). The obtained spectral data

are in good agreement with those reported in literature.?3!
0
Ac
N—-N
|

N-(3,4-diiodophenyl)-N-(1,3-dioxoisoindolin-2-yl)acetamideacetamide (IV.5f). Prepared
from 1,2-diiodobenzene (5 equiv). Yield: 64 mg (60% yield). '"H NMR (5, 23 °C, 400 MHz,
CDCl): 8.16 (d, J = 2.1 Hz, 1H), 7.96-7.77 (m, 5H), 7.37 (dd, J = 8.4, 2.1 Hz, 1H), 2.12 (s,
3H).13C NMR (8, 23 °C, 100 MHz, CDCl3): 167.8, 164.9, 141.0, 140.5, 139.4, 135.0, 130.0, 129.7,

124.3, 109.9, 108.9, 21.8. HRMS-ESI: calculated for [M+H]= 532.8854, observed [M+H]=

532.8844.
O
N-N

N-(1,3-dioxoisoindolin-2-yl)-N-(3-iodo-4-methylphenyl)acetamide (IV.5g). Prepared from
2-iodotoluene (5 equiv). Yield: 62 mg (74% yield) with 1:10 mixture of o- (N-(1,3-
dioxoisoindolin-2-yl)-N-(3-iodo-2-methylphenyl)acetamide) and p-isomer (N-(1,3-

dioxoisoindolin-2-yl)-N-(3-iodo-4-methylphenyl)acetamide). '"H NMR (5, 23 °C, 500 MHz,
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CDCls, p-isomer): 7.90-7.88 (m, 3H), 7.77 (dd, J = 5.5, 3.1 Hz, 2H), 7.54 (s, 1H), 7.21 (dd, J =
8.3, 2.4 Hz, 1H), 2.45 (s, 3H), 2.11 (s, 3H). 3C NMR (§, 23 °C, 125 MHz, CDCls, p-isomer):
168.2, 165.0, 143.9, 140.8, 140.4, 134.9, 130.1, 129.8, 127.7, 124.5, 124.2, 102.5, 28.3, 21.8.

HRMS-ESI: calculated for [M+H]=421.0044, observed [M+H]= 421.0044.

i

(0]

Cl

N-(2,4-dichlorophenyl)-N-(1,3-dioxoisoindolin-2-yl)acetamide (IV.5h). Prepared from
1,3-dichlorobenzene. Yield: 31 mg (44% yield). '"H NMR (8, 23 °C, 400 MHz, CDCls): 7.90 (dd,
J=5.4,3.2Hz, 2H), 7.84 (d, /= 8.6 Hz, 1H), 7.79 (dd, J= 5.5, 3.1 Hz, 2H), 7.56 (d, J = 2.3 Hz,
1H), 7.34 (dd, J = 8.6, 2.4 Hz, 1H), 2.13 (s, 3H). 3C NMR (3, 23 °C, 100 MHz, CDCl3): 168.1,
136.8, 136.4, 134.8, 131.9, 131.0, 129.5, 128.8, 20.9. HRMS-ESI: calculated for [M+H]=

349.0141, observed [M+H]= 349.0134.

(o}

Ac
N-N COOEt

O

Ethyl 2-(N-(1,3-dioxoisoindolin-2-yl)acetamido)-5-iodobenzoate (IV.5i). Prepared from
ethyl 3-iodobenzenoate (5 equiv). Yield: 53 mg (56% yield). 'H NMR (3, 23 °C, 400 MHz,
CDCls): 8.20 (d, J=2.1 Hz, 1H), 7.90 (dd, /= 8.4, 2.1 Hz, 1H), 7.85 (d, J= 8.5 Hz, 2H), 7.75 (dd,
J=15.5,3.1Hz, 2H), 7.55 (d, /= 8.4 Hz, 1H), 4.53 (q, /= 7.2 Hz, 2H), 2.16 (s, 3H), 1.41 (t, J =
7.2 Hz, 3H). 3C NMR (3, 23 °C, 100 MHz, CDCl3): 169.0, 164.97, 164.91, 142.3, 140.2, 138.6,
134.9, 134.4, 132.4, 130.0, 124.2, 95.7, 62.8, 21.9, 14.1. HRMS-ESI: calculated for [M+H]=

479.0098, observed [M+H]=479.0101.
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Derivatization of Intermolecular C—H Amination Products

Synthesis of Acetanilide (IV.6)

O NHoNH, - Hy0 i
2NFp = Fp H
Ac Raney Ni ‘NJ\
N-N
Ph EtOH, 80 °C

o 65% yield

IV.5a IV.6

A 10-mL round-bottom flask was charged with N-phenyl-N-(1,3-dioxoisoindolin-2-
yl)acetamide (IV.5a, 50.1 mg, 0.178 mmol, 1.00 equiv), 80% N>H4-H>O( 30.0 pL, 0.428 mmol,
2.88 equiv), Raney Ni (150 mg), and ethanol (5.0 mL) and was fitted with a reflux condenser. The
reaction mixture was refluxed for 2 h and then cooled to 23 °C. Benzene (~5 mL) was added to
the reaction mixture and the insoluble residue was removed by filtration. The filtrate was
concentrated under reduced and the obtained residue was purified by SiO> gel chromatography
(eluent 80:20 hexanes:ethyl acetate) to afford the title compound (IV.6) as a white solid (16 mg,
65% yield). '"H NMR (6, 23 °C, 400 MHz, CDCl3): 7.50-7.48 (m, 2H), 7.35-7.32 (m, 3H), 7.13—
7.09 (m, 1H), 2.18 (s, 3H). The obtained spectral data are in good agreement with those reported

in literature.3¢!
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Synthesis of N-phenylacetohydrazide (IV.7)

o o
Ac NHoNH, - Ho0 HzN\NJ\
N-N
Ph EtOH, 80 °C
(0] 73% yield
5a 7

A 10-mL round-bottom flask was charged with N-phenyl-N-(1,3-dioxoisoindolin-2-
yl)acetamide (IV.5a, 48.0 mg, 0.171 mmol, 1.00 equiv), 80% N>H4-H>O (25.0 puL, 0.428 mmol,
2.50 equiv), and ethanol (5.0 mL) and was fitted with a reflux condenser. The reaction mixture
was refluxed for 2 h and then cooled to 23 °C. Benzene (~5 mL) was added to the reaction mixture
and the insoluble residue was removed by filtration. The filtrate was then concentrated under
reduced pressure. The obtained residue was purified by SiO> gel chromatography (eluent 80:20
hexanes:ethyl acetate) to afford the title compound (IV.7) as a white solid (18 mg, 73% yield). 'H
NMR (6, 23 °C, 400 MHz, CDCl3): 7.41 (t,J = 7.5 Hz, 2H), 7.33-7.28 (m, 3H), 4.83 (s, 2H), 2.00

(s, 3H). The obtained spectral data are in good agreement with those reported in literature.3¢¢
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Table IV-4. Onset potentials for oxidation of various substituted aryl iodides. Conditions:
Aryl Iodide (5.0 mM) in 0.2 M [TBA]PFs solution of HFIP with glassy carbon working electrode,
Pt counter electrode and AgNOs/Ag reference electrode. Scan rate = 0.10 V/s.

Entry Arl Onset potential / V vs. Ag'/Ag
1 4-iodoanisole 1.4
2 2,4-dimethoxyiodobenzene 1.41
3 2,6-dimethoxyiodobenzene 1.41
4 4-iodotoluene 1.65
5 2,2’-diiodo-4,4",6,6’-tetramethyl-1,1’-biphenyl 1.68, 1.83
6 iodobenzene 1.74
7 4-fluoroiodobenzene 1.79
8 2-iodobenzoic acid 1.90
9 4-trifluoromethyliodobenzene 2.00

Table IV-5. Effect of electrode materials on intramolecular C—H amination. Reaction
conditions: 0.20 mmol of substrate, 0.05 mmol of catalyst, 5.0 mL of solvent, and AgNO3/Ag
reference electrode.

Arl (IV.3a, 25 mol%)

O [TBAJOAC (2 equiv.)
0.2M [TBAIPFq
® N
Ac

H'AC CPE!-'1F.E\’/%2 OA%*/AQ
IV.1a IV.2a
Entry Anode Cathode Yield (%)
1 Glassy Carbon 0.05M 76
2 Pt 0.10 M 0
3 Graphite 0.15M <10
4 Boron doped carbon (BDC) 0.20M 35
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Table IV-6. Full optimization table for intramolecular C—H amination. Effect of supporting
electrolyte concentration, [TBA]JOAc equivalence, protecting group, solvent, and temperature on
electrocatalytic C—H amination reaction to form carbazoles. Reaction condition: 0.20 mmol of
substrate (IV.1a), 0.05 mmol of catalyst (IV.3a), 5.0 mL of solvent, glassy carbon anode, Pt
cathode and AgNOs/Ag reference electrode.

O 4-lodoanisole (IV.3a, 25 mol%)

R conditions

H’ CPE: 1.5V vs Ag*/Ag
IV.1a IV.2a
Entry [TBA]OAc [TBA]PFs R T (°C) Solvent Yield (%)
1 2 equiv 0.05M Ac 23 HFIP 60
2 2 equiv 0.10 M Ac 23 HFIP 70
3 2 equiv 0.15M Ac 23 HFIP 68
4 2 equiv 0.20M Ac 23 HFIP 76
5 1 equiv 0.20 M Ac 23 HFIP 49
6 3 equiv 0.20 M Ac 23 HFIP 75
7 5 equiv 0.20 M Ac 23 HFIP 70
8 2 equiv 0.20 M Ac 40 HFIP 37
9 2 equiv 0.20 M Ac 23 MeCN 0
10 2 equiv 0.20 M Ac 23 TFE 28
11 2 equiv 020 M Ac 23 HFI?{}\{I)GCN 0
12 2 equiv 0.20 M Ac 23 HFIZ%GCN 0
13 9 i 0.20 M Ac 23 HFIg}\ffCN 45
14 2 equiv 0.20 M Bz 23 HFIP 56
15 2 equiv 0.20 M Ms 23 HFIP 64
16 2 equiv 0.20 M Ts 23 HFIP 44
17 2 equiv 0.20 M CF;COO 23 HFIP 25
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Table IV-7. Comparison of the electrolyte concentration used in this manuscript with those
in other recent electrocatalytic methods.

Entry Reference Electrolyte Conc. (M)
1 J. Am. Chem. Soc. 2019, 141, 2825-2831 0.1
2 ACS Catal. 2019, 9, 746754 0.1
3 J. Am. Chem. Soc. 2018, 140, 12511-12520 0.1
4 J. Am. Chem. Soc. 2018, 140, 2438—2441 0.1
5 J. Am. Chem. Soc. 2018, 140, 2076—2079 0.1
6 J. Am. Chem. Soc. 2017, 139, 15548-15553 0.1
7 Science 2017, 357, 575-579 0.1
8 Chem. Eur. J. 2018, 24, 12274-12279 0.2
9 J. Am. Chem. Soc. 2017, 139, 7448-7451 0.05
10 Nature 2019, 573, 398. 0.1
11 J. Am. Chem. Soc. 2019, 141, 6392—-6402 0.2
12 Angew. Chem. Int. Ed. 2017, 56, 13088—13093 0.4
13 ACS Cent. Sci. 2019, 5, 1179-1186 0.5
14 Acc. Chem. Res. 2019, 52, 3432-3441 0.1
15 J. Am. Chem. Soc. 2019, 141, 14160—14167 0.1
16 J. Am. Chem. Soc. 2019, 141, 11115-11122 0.1
17 Angew. Chem. Int. Ed. 2018, 57, 10221-10225 0.1
18 J. Am. Chem. Soc. 2003, 125, 36-37. 0.4
19 Angew. Chem. Int. Ed. 2010, 49, 129—133. 0.1
20 Angew. Chem. Int. Ed. 2015, 54, 10555—-10558. 0.1
21 This work 0.2
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Table I'V-8. Onset and peak potentials of biarylacetamide substrates. CV conditions: substrate
5 mM, 0.2 M [TBA]PFs solution of HFIP, glassy carbon working electrode, Pt counter electrode,
Ag’/Ag reference electrode and scan rate = 0.10 V/s.

Entry Substrate Onset Potential Peak Potential
(V vs. Ag*/Ag) (V vs. Ag*/Ag)

1 IV.1a 1.50 1.69

2 IV.1b 1.50 1.73

3 IV.1c 1.50 1.73

4 Iv.1d 1.55 1.72

5 IV.1e 1.50 1.74

6 Iv.1f 1.50 1.71

7 IV.1g 1.54 1.70

8 IV.1h 1.76 1.96

9 IV.1i 1.44 1.58,1.75
10 IV.1j 1.83 1.92
11 IV.1k 1.62 1.90
12 Iv.1l 1.50 1.62
13 IV.1m 1.34 1.50
14 IV.1n 1.43 1.58
15 IV.lo 1.22 1.39
16 IV.1p 1.43 1.60
17 IV.1q 1.61 1.80
18 IV.1r 1.56 1.65,1.82
19 IV.1s 1.50 1.68
20 IV.1t 1.61 1.83
21 IV.1u 1.57 1.76
22 IV.lv 1.48 1.63
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Table IV-9. Yield of selected substrate background reaction in the absence of aryl iodide. A
10-mL glass vial was charged with N-arylacetamide (1, 0.201 mmol, 1.00 equiv),
tetrabutylammonium acetate (121 mg, 0.401 mmol, 1.99 equiv), tetrabutylammonium
hexafluorophosphate (390 mg, 1.01 mmol, 5.02 equiv), and HFIP (5.0 mL) and was fitted with
glassy carbon anode, platinum cathode, and Ag*/Ag reference electrode. A constant potential of
1.5 V vs. Ag"/Ag was applied to the reaction mixture with stirring at 23 °C until ~80 C charge
(~4.15 F/mol) is passed if the current density was not too low. The solvent was removed under
reduced pressure. Mesitylene was added directly to the crude reaction mixture as an internal
standard and the yield was analyzed by 'H NMR in CDCls.

a. 4-lodoanisole (IV.3a, 25 mol%)
[TBAJOAC (2 equiv.)
0.2M [TBA]PFg

RE CPE:h1fi.g\/2\:/35°§g*/Ag R, O R3
AL A "
Wi OPE: 115V ve AgAg o
Entry Substrate Yield? (%) Yield® (%) Onset Potential
(V vs. Ag*/Ag)
1 IV.1a, Ri=R>=H 76 0° 1.50
2 IV.1b, Ri=Br, R,=H 78 10¢ 1.50
3 IV.1¢, Ri=Cl, Ro=H 80 15¢ 1.50
4 IV.1g, Ri=H, R»=F 78 5¢ 1.54
5 IV.1j, Ri=NO2, R=H 43 0° 1.83
6 IV.1k, Ri=COOMe, R,=H 71 0° 1.62
7 IV.11, Ri=H, R»='Bu 65 0° 1.50
8 IV.1m, Ri=H, R,=OMe 44 0d 1.34
9 IV.10, Ri=OMe, R>=H 10 04 1.22
11 IV.1p, Ri='Bu, R»=H 65 65 1.43
12 IV.1v, Ri=CHO, R,=OMe 79 33 1.48

¢ current density was too low. ¢ decomposition of substrate was observed.
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Procedure for Robustness Analysis

i) Aerobic conditions,
ii) Peracid conditions, or
O iii) Electrochemical conditions
LA
N Additives N
H Ac

IV.1a IV.2a

Aerobic conditions A 20-mL scintillation vial was charged with N-([1,1'-biphenyl]-2-
yl)acetamide (IV.1a, 42.5 mg, 0.201 mmol, 1.00 equiv), 4-iodotoluene (11.0 mg, 0.0505 mmol,
25.0 mol%), CoCl>-6H20 (0.5 mg, 2.13 umol, 1.06 mol%), 1,2-dichloroethane (DCE, 1.0 mL),
and HFIP (0.50 mL) and the reaction mixture was fitted with a rubber septum. The reaction vessel
was purged with O, for 2-3 min and acetaldehyde (120 pL, 2.13 mmol, 10.6 equiv) was added to
the reaction vessel. Individual additives (0.201 mmol, 1.00 equiv) were dissolved in 2:1 DCE:HFIP
(0.50 mL) and were added to the reaction vessel via syringe after 15 min. The reaction mixture
was stirred at 23 °C under 1 atm O, delivered by inflated balloon for 16 h. Mesitylene was added
as an internal standard to the crude reaction mixture and then an aliquot (~0.1 mL) of the reaction
mixture was taken into an NMR tube, diluted with CDCl3 (~0.4 ml), and corresponding 'H NMR
was recorded. The yield and additive recovery were analyzed from the appropriate 'H NMR. Data

are collected in the Figure [V-13.

Peracid conditions A 20-mL scintillation vial was charged with N-([1,1'-biphenyl]-2-
yl)acetamide (IV.1a, 32.1 mg, 0.152 mmol, 1.00 equiv), 2,2’-diiodo-4,4’,6,6’-tetramethyl-1,1’-
biphenyl (IV.3b, 7.07 mg, 0.0151 mmol, 10.0 mol%), dichloromethane (CH2Cl, 1.50 mL), HFIP
(1.50 mL), and appropriate additives (0.151 mmol, 1.00 equiv). Peracetic acid (39% in acetic acid,
51.0 uL, 0.301 mmol, 1.99 equiv) was added to the reaction vessel, and the reaction mixture was
stirred at 23 °C for 16 h. Mesitylene was added as an internal standard to the crude reaction mixture
and then an aliquot (~0.1 mL) of the reaction mixture was taken into an NMR tube, diluted with
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CDCl; (~0.4 ml), and corresponding '"H NMR was recorded. The yield and additive recovery were

analyzed from the appropriate 'H NMR. Data are collected in the Figure IV-13.

Electrochemical conditions. A 10-mL glass vial was charged with N-([1,1'-biphenyl]-2-
yl)acetamide (I'V.1a, 0.201 mmol, 1.00 equiv), 4-iodoanisole (IV.3a, 12.0 mg, 0.0512 mmol, 25.3
mol%), appropriate additive (0.201 mmol, 1.00 equiv), tetrabutylammonium acetate (121 mg,
0.401 mmol, 1.99 equiv), tetrabutylammonium hexafluorophosphate (390 mg, 1.01 mmol, 5.02
equiv), and HFIP (5.0 mL). The reaction vessel was fitted with glassy carbon anode, platinum
cathode, and Ag*/Ag reference electrode. A constant potential of 1.5V vs. Ag*/Ag was applied to
the reaction mixture, which was stirred at 23 °C until ~80 C charge (~4.15 F/mol) was passed.
Mesitylene was added as an internal standard to the crude reaction mixture and then an aliquot
(~0.1 mL) of the reaction mixture was taken into an NMR tube, diluted with CDCIl; (~0.4 ml), and
corresponding '"H NMR was recorded. The yield and additive recovery were analyzed from the

appropriate 'H NMR. Data are collected in the Figure IV-13.
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Cyclic Voltammogram Studies of 4-Iodotoluene
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Figure IV-14. Increasing reversibility of 4-iodotoluene oxidation in HFIP is observed in cyclic
voltammograms collected with increasing scan rate. 0.05 V/s (—), 0.1 V/s (—), 0.25 V/s (—),
0.50 V/s (—), 0.75 V/s (——), and 1.0 V/s (—). CV conditions: 10 mM 4-iodotoluene, 0.2 M
[TBA]PFs solution of HFIP, glassy carbon working electrode, and Pt counter electrode.
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Figure I'V-15. Plot of (a) scan rate vs. peak anodic current (Ipa) of 4-iodotoluene [R?= 0.89]
and (b) square root of scan rate vs. peak anodic current (Ip.) [R?= 0.98]. The better fit for (b)
suggests that no adsorption of aryl iodide was observed on the surface of the electrode.
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Determination of the Keq for HFIP binding to [TBA]OAc¢

In order to determine the equilibrium constant (Keq) for acetate binding to HFIP, an NMR
tube was charged with mesitylene (3.2 mg, 0.027 mmol), HFIP (5.0 uL, 0.048 mmol), and CD3CN
(0.50 mL). The sample was allowed to equilibrate in the magnet for 5 min before the 'H NMR
spectrum was recorded, and the spectrum was remeasured after 30 min to ensure that equilibrium
had been reached. In a 20-mL scintillation vial a stock solution of [TBA]JOAc (80 mg, 0.27 mmol)
in CD3CN (0.50 mL) was prepared. To the solution in NMR tube, 20 uL. of [TBA]JOAc stock
solution was added and the corresponding 'H NMR spectrum was recorded. Each NMR sample
was run at 23 °C and the amount of HFIP and [TBA]OACc in a given sample was determined using
mesitylene as the internal standard . As shown in Figure IV-16, the resonance of the 3° proton
(adjacent to OH group) was shifted downfield as the mole fraction of acetate anion was increased.
The Job plot, shown in Figure IV-17, was obtained plotting yurip X Adppm With yurip, indicating a

1:1 complex stoichiometry.
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Figure IV-16. 'H NMR spectra of HFIP titration with [TBA]JOAc in CD3CN. In this plot,

change of chemical shift of 3° proton adjacent to OH group is measured as a function of [ TBA]JOAc
concentration.
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Table IV-10. Data for the Job plot performed by "H NMR titration in CD3CN.

Entry HFIP (mM) [TBAJOAc(mM) yupe & (ppm) AS (PPM)  xurwe X ASppm

1 0.0489 — 1.00 4.70 0 —
2 0.0489 0.00932 0.840 4,78 0.08 0.0672
3 0.0489 0.0198 0.712 4.85 0.15 0.107
4 0.0489 0.0298 0.622 5.01 0.31 0.193
5 00.0489 0.0394 0.554 5.15 0.45 0.249
6 0.0489 0.0515 0.488 5.26 0.56 0.273
7 0.0489 0.0602 0.449 5.3 0.6 0.269
8 0.0489 0.0702 0.411 5.31 0.61 0.251
9 0.0489 0.0808 0.377 5.32 0.62 0.234
10 0.0489 0.0923 0.3467 5.33 0.63 0.218
11 0.0489 0.101 0.326 5.33 0.63 0.205
0.30
025 |-
e 020 B
UOQ -
< o015 [
= 010 L
0.05 |-
0.00 T R R
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Figure IV-17. Job plot constructed from the "H NMR data shown in Figure IV-16. The
maximum at ~0.5 indicates a 1:1 interaction between HFIP and [TBA]OAc.
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The equilibrium constant for the formation of an adduct between HFIP and [TBA]JOAc was

calculated from Eq. IV-13¢7

K., = A0bs I Equation IV-1

(A8ca=D8one) (HFIP] L5000

Where,

Aé,,s = difference between the chemical shifts of neat HFIP and that of in presence of [TBA]JOAc
Aé;4 = change in chemical shift between the completely complexed and uncomplexed molecule
For a range of possible A, values, Keq was determined following the equation IV-1 for entries

8-11 in Table IV-10 and the trial Keq vs. Ad.4 was plotted for each concentration shown in Figure

IV-16.

Figure IV-18. Linear fitting of K¢q vs. Ad4 for solutions 8 (—), 9 (—), 10 (—), and 11 (—
). The equations for the best-fitted linear curve from the Figure IV-18 were given as: y = 22.06—
8.62x for solution 8 (—); R?=0.92, Equation IV-2; y = 19.19-7.46x for solution 9 (—); R?=0.91,
Equation IV-3; y = 17.04-6.59x for solution 10 (—); R?= 0.92, Equation IV-4; y = 15.49-5.96x
for solution 11 (—); R2= 0.93, Equation IV-5.

Since the K¢q at a given temperature is constant for all the solutions, the value of Ad, and Keq was

determined solving Eq. IV-2-5. The value of Ad-4 was found to be 2.47 ppm. and the K¢y for HFIP

hydrogen-bonding with [TBA]JOAc was determined to be 0.767 £ 0.002 at 23 °C.

Initial Optimization Reactions Using Constant Current Electrolysis
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Table IV-11. Optimization of the electrochemical oxidation of 4-iodotoluene under constant
current electrolysis. Reaction conditions: 0.20 mmol of 4-iodotoluene, 0.2 M [TBA]PFs, 5.0 mL
of HFIP.

| 0.2M [TBA]PF¢, Additive

I(OR),
/©/ HFIP, 23 °C /©/
HyC CCE: 5.0 mA, 3.0 F/mol HsC

Entry Anode Cathode Additive Yield (%)
1 Glassy Carbon Pt [TBA]JOACc (2 eq.) 60
2 Glassy Carbon Pt AcOH (5 eq.) 8

3 Glassy Carbon Pt - 4:1) d(dflllftI)P
Pt Pt [TBA]JOACc (2 eq.) 28
Graphite Pt [TBA]OACc (2 eq.) 32
6 BDC Pt [TBA]JOAc (2 eq.) 41
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Table IV-12. Optimization of catalyst screening and effect of additives under constant
current electrolysis. Reaction conditions: 0.20 mmol of substrate, 0.05 mmol of catalyst, additive
0.20 mmol, 0.40 mmol [TBA]JOAc, 0.2 M [TBA]PFs, 5.0 mL of HFIP, glassy carbon anode, and
Pt cathode.

Arl (IV.3, 25 mol%)

O [TBAJOAC (2 equiv.)
0.2M [TBA]PF, Additive
® .

H‘AC CCE: 5.0 mA 3.0 Fimol .
IV.1a IV.2a
Entry Arl Arl Loading Additive Yield (%)
1 4-iodotoluene 25 mol% - 40
2 4-iodoanisole 25 mol% - 55
3 iodobenzene 25 mol% - 22
4 2,6-dimethoxyiodobenzene 25 mol% - 27
5 2,4-dimethoxyiodobenzene 25 mol% - 37
6 1,2-diiodobenzene 25 mol% - 34
7 2-iodobenzoic acid 25 mol% 27
8 2-(2-iodophenyl)propan-2-ol 25 mol% - 37
) aeere L,
10 4-iodoanisole 1 equiv - 62
11 4-iodoanisole 25 mol% - 57
12 4-iodoanisole 10 mol% - 46
13 4-iodoanisole 5 mol% - 35
14 4-iodoanisole 25 mol% CH:Ch 28
15 4-iodoanisole 25 mol% MeCN trace
16 4-iodoanisole 25 mol% Cs203 56
17 4-iodoanisole 25 mol% BF;-OEt; 46
18 4-iodoanisole 25 mol% CF;COOH trace
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Control reaction for iodide mediated intramolecular C-N coupling

To exclude the possibility of catalyst decomposition mediated reaction chemistry (via
iodide oxidiation), background reaction with [TBA]I in place of 4-iodoanisole was attempted for

the parent carbazole forming reaction using IV.1a.

[TBA]l (25 mol%)

O [TBAJOAC (2 equiv.)
0.2M [TBAJPF

A HFIP, 23 °C N

.AC
N CPE: 1.5V vs Ag*/Ag Ac

IV.1a IV.2a

A 10-mL glass vial was charged with N-([1,1'-biphenyl]-2-yl)acetamide (IV.1a, 0.201
mmol, 1.00 equiv), tetrabutylammonium iodide(18.5 mg, 0.05 mmol, 25.0 mol%),
tetrabutylammonium acetate (121 mg, 0.401 mmol, 1.99 equiv), tetrabutylammonium
hexafluorophosphate (390 mg, 1.01 mmol, 5.02 equiv), and HFIP (5.0 mL). The reaction vessel
was fitted with glassy carbon anode, platinum cathode, and Ag+/Ag reference electrode. A
constant potential of 1.5V vs. Ag*/Ag was applied to the reaction mixture, which was stirred at 23
°C. Due to low current densities the reaction was run until 45C charge (~2.33 F/mol) was passed,
approximately 15 h. Mesitylene was added directly to the crude reaction mixture as an internal
standard and the yield was analyzed by 'H NMR in CDCl;s. The yield was found to be 35% with

Faradaic efficiency of 30%.

The yield of 35% carbazole product (IV.2a) is significantly lower than the 76% yield of
optimized reaction condition with aryl iodide catalyst (IV.3a). Though the Faradaic efficiency of
36% for [TBA]I is comparable with that of reaction with 4-iodoanisole (40%), the current density

for [TBA]I reaction was significantly lower than aryl-iodide-catalyzed reaction (45C of charge
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were passed for [TBA]I in 15h whereas 80C of charge is passed with 4-iodoansole in 7-8h). In
addition to this observation, high recovery of 4-iodoanisole (~95%) from parent reaction condition

excludes the possibility of catalyst decomposition mediated chemistry.

Additional Cyclic Voltammogram Studies of 4-Iodoanisole
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Figure IV-19. Plot of scan rate vs. peak anodic current (Ip.) of 4-iodoanisole [R2= 0.91]. The
better fit for Figure IV-7c suggests that no adsorption of aryl iodide was observed on the surface
of the electrode. Data collected from Figure IV-7a.
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Figure I'V-20. Comparison of current response in the cyclic voltammogram of 4-iodoanisole
(IV.3a) with the addition of either (a) acetate, or (b) substrate (IV.1a). (a) Cyclic
voltammogram of 4-iodoanisole (IV.3a) (—) and IV.3a with [TBA]JOAc (—). (b) Cyclic
voltammogram of 4-iodoanisole (IV.3a) (—), compound IV.1a (—), and IV.3a with IV.1a (—).
The increased current with addition of [TBA]JOAc is consistent with [TBA]JOAc trapping an
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electrochemically generated iodanyl radical. CV conditions: 0.2 M [TBA]PFs solution of HFIP,
glassy carbon working electrode, Pt counter electrode, and scan rate = 0.25 V/s.

Calculation of Faradaic efficiency for various substrates

The Faradaic efficiency of the described reactions are calculated using the following formula:

. . i reaction yield .
Faradaic effciency = —2theoretical o 2 % Equation IV-6

experimental 100

Where, Qineorericat = amount of charge required for the reaction for 100% efficiency (2.0 F/mol)
Qexperimentat = amount of charge passed through the reaction (4.15 F/mol)

reaction yield = respective yield of product in consideration
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Figure IV-21. Comparison of Faradaic efficiency with selected publications in recent years
on electrocatalytic substrate functionalization.

Entry Reference Faradaic Efficiency
1 ACS Catal. 2019, 9, 746—754 27-90%
2 J. Am. Chem. Soc. 2018, 140, 24382441 <20%
3 J. Am. Chem. Soc. 2017, 139, 7448-7451 <15%
4 Nature 2019, 573, 398 <30%
5 J. Am. Chem. Soc. 2019, 141, 6392—-6402 <30%
6 Angew. Chem. Int. Ed. 2017, 56, 13088—13093 48%
7 Angew. Chem. Int. Ed. 2010, 49, 129-133 <21%
8 J. Am. Chem. Soc. 2017, 139, 2956—2959 17-55%
9 J. Am. Chem. Soc. 2007, 129, 6680—6681 26-60%
10 J. Am. Chem. Soc. 2018, 140, 1148711494 <15 %
11 J. Am. Chem. Soc. 2015, 137, 9816—9819 35-51%
12 J. Am. Chem. Soc. 2007, 129, 2246—2247 42-60%
13 J. Am. Chem. Soc. 2009, 131, 11310-11311 <30%
14 J. Org. Chem. 1994, 59, 7190-7192 30-44%
15 This paper 21-40%

202



NMR Spectra of New Compounds
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Figure IV-22. "TH NMR spectrum of compound IV.S1h in CDCIl; (400 MHz) at 23 °C. *CDClI; solvent peak.
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Figure I'V-23. 3C NMR spectrum of compound IV.S1h in CDCl; (100 MHz) at 23 °C. *CDCl; solvent peak.
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Figure IV-24. "TH NMR spectrum of compound I'V.1u in CDCI3 (400 MHz) at 23 °C. *CDCls solvent peak.
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Figure IV-25. 3C NMR spectrum of compound I'V.1u in CDCI;3 (100 MHz) at 23 °C. *CDCls solvent peak.
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Figure IV-26. "H NMR spectrum of compound IV.1v in CDCl; (400 MHz) at 23 °C. *CDCl; solvent peak.
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Figure I'V-27. 3C NMR spectrum of compound IV.1v in CDCl; (100 MHz) at 23 °C. *CDCl; solvent peak.
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Figure I'V-28. "TH NMR spectrum of compound IV.2e in CDCIl3 (400 MHz) at 23 °C. *CDCIs solvent peak.
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Figure IV-29. 3C NMR spectrum of compound IV.2e in CDCIl; (100 MHz) at 23 °C. *CDCls solvent peak.
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Figure I'V-30. "TH NMR spectrum of compound IV.2q in CDCI3 (400 MHz) at 23 °C. *CDCls solvent peak.
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Figure I'V-31. 3C NMR spectrum of compound IV.2q in CDCl3 (125 MHz) at 23 °C. *CDClI; solvent peak.
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Figure I'V-32. "TH NMR spectrum of compound IV.2t in CDCIl; (400 MHz) at 23 °C. *CDClI; solvent peak.
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Figure IV-33. 3C NMR spectrum of compound IV.2t in CDCl; (100 MHz) at 23 °C. *CDClI; solvent peak.
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Figure IV-34. "TH NMR spectrum of compound I'V.2u in CDCI3 (400 MHz) at 23 °C. *CDCls solvent peak.
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Figure I'V-35. 3C NMR spectrum of compound I'V.2u in CDCI; (100 MHz) at 23 °C. *CDCls solvent peak.
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Figure IV-36. "H NMR spectrum of compound IV.2v in CDCl; (400 MHz) at 23 °C. *CDCl; solvent peak.
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Figure IV-37. 3C NMR spectrum of compound IV.2v in CDCl; (100 MHz) at 23 °C. *CDCl; solvent peak.
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Figure I'V-38. "TH NMR spectrum of compound IV.5f in CDCIl; (400 MHz) at 23 °C. *CDClI; solvent peak.
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Figure IV-39. 3C NMR spectrum of compound IV.5f in CDCl; (100 MHz) at 23 °C. *CDClI; solvent peak.
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Figure IV-40. "TH NMR spectrum of compound IV.5g in CDCl; (500 MHz) at 23 °C. *CDCl; solvent peak.
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Figure IV-41. 3C NMR spectrum of compound IV.5g in CDCl; (125 MHz) at 23 °C. *CDCl; solvent peak.
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Figure IV-42. "TH NMR spectrum of compound IV.5h in CDCI3 (400 MHz) at 23 °C. *CDCls solvent peak.
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Figure IV-43. 3C NMR spectrum of compound IV.5h in CDCI; (100 MHz) at 23 °C. *CDCls solvent peak.
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Figure IV-44. "TH NMR spectrum of compound IV.5i in CDCIl3 (400 MHz) at 23 °C. *CDCls solvent peak.
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Figure IV-45. 3C NMR spectrum of compound IV.5i in CDCI3 (100 MHz) at 23 °C. *CDCls solvent peak.
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CHAPTER V
DIVERSE AMINATION SEQUENCE ENABLED BY BIFUNCTIONAL N-

AMINOPYRIDINIUM REAGENTS”®

V.1 Introduction

The presence of amines and other nitrogen-based functional groups can profoundly
impact the chemical and biological properties of organic small molecules and thus C—N
bonds are ubiquitous in pharmacologically active organic scaffolds.?®3-*7! In both biology
and synthetic chemistry, installation of C—N bonds typically requires substrate pre-
oxidation, which inherently limits the efficiency and versatility of synthetic approaches to
these important molecules.’”? A variety of C—H amination methods, based on either nitrene
or nitrogen-centered radical intermediates, have been advanced to install N-containing
functional groups without the need for substrate prefunctionalization (Figure V-1a). 373-38!
In practice, electron-withdrawing groups, such as N-sulfonyl substituents, are typically
required to activate aminating reagents for C—H functionalization and methods to elaborate

the resulting sulfonamides to more complex nitrogen-containing molecules are limited.>%*

389

* Data, figures, and text in this chapter were adapted with permission from reference Rowchudhury, P.;
Maity, A.; Powers, D. C. Bifunctional N-Aminopyridinium Reagents Enable C—H Amination, Olefin
Carboamination Cascades. ChemRxiv 2021, 10.26434/chemrxiv.14677533.v1.
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We recently introduced N-aminopyridinium salts as bifunctional reagents in C-H
amination chemistry.’*® The combination of a nucleophilic N-amino group and a
reductively activatable N-N bond provided a platform to couple C—H amination with C-N
cross coupling to achieve formal nitrene transfer to benzylic C—-H bonds.**! Here, we
demonstrate that reductive activation of the same N—N bonds allows derivatization of the
products of C—H amination via electrophilic N-centered radicals (Figure V-1b).392402 We
highlight the amination/derivatization sequence in (1) the synthesis of
tetrahydroisoquinolines, an important heterocycle in medicinal chemistry, which can be

403-412

challenging to prepare by existing methods, and (2) the synthesis of a-aminoketones

413 These protocols enable conversion of benzylic C—

via formal aza-Rubottom chemistry.
H bonds to an array of nitrogen-containing products and significantly expand the utility of

N-aminopyridiniums as lynchpins of molecular synthesis.
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(a) current methods for electrophilic C—H amination

C-H »
H amination via HN -S0:R NH,
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intermediates amines
(b) C—H amination, functionalization cascades via N-aminopyridiniums
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Figure V-1. Representative C—H amination methods. (a) Direct C—H amination via
nitrene transfer or radical-mediated processes typically requires activation of the amine
fragment with electron withdrawing substituents, which can be removed to ultimately
generate free amines. (b) Here, we demonstrate C—H amination with N-aminopyridinium
which provides the opportunity to diversify the products of C—H amination via amidyl
radicals generated by reductive N-N cleavage.

V.2 Results and Discussion

During our initial studies of C—H aminopyridylation, we developed conditions that
promoted selective benzylic C—H functionalization of a variety of ethyl and alkylbenzene
derivatives. We envisioned that oxidative quenching of the excited state of an appropriate
photoredox mediator would promote reductive cleavage of the N-N bond of these
compounds to release pyridine and unveil an electrophilic aminyl radical. The generated
aminyl radical could be engaged with exogenous substrate, such as an olefin, with the

potential for additional C—C bond formation through cyclization in the presence of pendant
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phenyl moiety (vide infra). Initial attempts to photolyze a solution of V.1a in the presence
of aryl olefins and a variety of photoredox mediators were unsuccessful. We observed
complete recovery of starting materials with no desired N—N cleavage (Figure V-2).

CHy 7 TsCl, KoCOs3

| DMAP (10 mol%)
NS
©)\H @ ) MeCN, 23 °C OTf
OTf 86% yield
I
T O ﬂ Oi; r Ph” X (V.32)
R=H, 0% yleld

5a, R =Ts, 71% yield

Figure V-2. Photocatalytic derivatization of benzyl N-
aminopyridiniums.Functionalization of N-benzylpyridiunium in presence of styrene
afforded corresponding carboamination product in case of tosyl protected N-
aminopyridinium derivative; presumably due to stabilization of incipient N-centered
radical via tosyl group. Conditions: [Ir(ppy)2(dtbbpy)][PFs] (V.4, 1 mol%), blue LED,
CH)Cl,, 0 °C

We reasoned that the inability to achieve N-N cleavage may arise from the
instability of the aminyl radicals that would results from reductive extrusion of pyridine
and hypothesized that the installation of a sulfonyl group would stabilize the incipient N-
centered radical (Figure V-2). Tosylation of V.1a by treatment with TsCl, K2COs, and
DMAP (10 mol%) afforded sulfonamide V.2a. Photolysis (A = 463 nm) of sulfonamide
V.2a with [Ir(ppy)2(dtbbpy)][PFs] (V.4, 1 mol%) in the presence of styrene (V.3a) resulted
in the evolution of tetrahydroisoquinoline V.5a in 71% yield (1.4:1 ratio of cis:trans
diastereomers). Tetrahydroisoquinoline V.5a represents the product of anti-Markovnikov

carbonamination of styrene. Control reactions in the absence of light and/or photocatalyst

did not yield any deaminative product. For details of the carboamination optimization,
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including the impact of solvent, photocatalyst, reaction stoichiometry, and reaction

temperature, see the Experimental Details section for additional data.

Ry (V.3) R,
O [Ir(ppy)2(dtbbpy)][PF¢] (V.4, 1 mol%) N/Ts
Ry
@2\ blue LED
Ts OTf CH,Cl,, 0 °C
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V.2 V.5

[ /Ts l ,Ts
O vsf 70% B O V59, 68%
CHy CHy CHy
N

/Ts O /Ts N Ts ! Ts l /Ts l /Ts
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Figure V-3. Photocatalytic carboamination promoted by deaminative
functionalization of V.2 in presence of olefins provides access to a family of 1,4-
subsituted tetrahydroisoquinolines V.5.Conditions: V.2 (1.0 equiv),V.3 (1.6 equiv),
CHxCl,, 0 °C, 16 h.

The developed carboamination chemistry tolerates both substitutions of the
aminopyridinium and styrene reaction partners. Reaction of 4-fluorostyrene with
differently substituted aminopyridinium salts resulted in the formation of
tetrahydroisoquinolines V.5b-d Reaction of differently substituted halostyrenes with V.2a

affords the corresponding tetrahydroisoquinolines (V.5e-g) as diastereomeric mixtures in

68-78% yield. The relative stereochemistry of the tetrahydroisoquinoline products was
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assigned based on single-crystal X-ray diffraction analysis of chlorinated
tetrahydroisoquinoline V.5e (for crystallographic details, see Experimental Details section
for additional data). Electron-donating substituents such as 4- and 3-methylstyrenes
afforded tetrahydroisoquinolines V.5h and V.5i with frans- and cis-diastereomers being
major products, respectively. Deaminative carboamination of 4-acetoxystyrene provided
tetrahydroisoquinoline V.5j in 76% yield with the trans diastereomer being major product.
Tetrahydroisoquinolines V.5k-n, derived from electron-deficient styrenes, were accessed
in 47-61% yield with cis diastereoselectivity. Reaction with weakly withdrawing 4-vinyl-
1,1'-biphenyl afforded tetrahydroisoquinoline V.50 in 48% yield with a mixture of 1:2.2
cis: trans diastereoisomers. Deaminative carboamination of 4-(chloromethyl)styrene
yielded V.5p in 76% yield with cis isomer as the major product. It should be noted that no
significant side-reaction via hydrogen atom abstraction (HAA) at the benzylic position of
4-(chloromethyl)styrene was observed. Bulky olefinic substrate such as 2-
vinylnaphthalene yielded V.5q in 53% yield with frans isomer as the major component.
The reaction is also tolerant to substitution on the N-benzylaminopyridinium coupling
partners. For example, coupling of V.2d, the N- benzylaminopyridinium derived from 1-
ethylnaphthalene, with 4-fluorostyrene yielded the corresponding benzo-fused

tetrahydroisoquinoline V.5r in 51% yield with a mixture of 1:1.5 cis: trans diastereomers.
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Figure V-4. Functionalization of N-benzylpyridiunium V.2 with (a) nucleophilic
heterocycle V.6 and (b) silyl enol ethers V.8.conditions for (a): V.2a (1.0 equiv), V.6 (3.0
equiv), CHxCl,, 35 °C, 16 h. conditions for (b): V.2 (1.0 equiv), V.8 (2.0 equiv), CH>Cl,
0 °C, 16 h. 24 equivalents of V.8e were used; with 2 equivalents the yield of V.9e was 61%.

In addition to olefinic substrates, the electrophilic radicals generated by reductive
activation of the N-N bonds in N-benzylaminopyridiniums engage in amination reactions
with nucleophilic heterocycles, such as N-Boc-indole V.6 to afford 2-aminated indole V.7
in 47% yield (Figure V-4a), and silyl enol ethers (V.8) to afford a-amino carbonyls V.9
(Figure V-4b). The amination of silyl enol ethers via N-aminopyridiniums,*'* which
represents a formal aza-Rubottom reaction, tolerates both substitution of the nucleophilic

partner V.8 (i.e., preparation of V.9a-e) as well as variation of the benzylic substituents on

the N-benzylpyridinium partner V.2 (i.e., preparation of V.9f and V.9g).
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Figure V-5. Proposed mechanism for carboamination reaction.(a) Potential
carboamination catalytic cycle. Electron transfer from the excited state of
[Ir(ppy)2(dtbbpy)][PFs] to V.2a results in reductive N-N cleavage to unveil amidyl radical
V.10 and Ir(IV). Addition to olefin V.3 generates benzylic radical V.11. Oxidation by
Ir(IV) generates a benzylic cation V.12, which alkylates the pendent arene to afford
tetrahydroisolinolines V.5. (b) EPR spectra for photochemical deaminative
functionalization of V.2a in presence of PBN was obtained in acetonitrile. The observed
triplet of quartet in the photolyzed spectrum is attributed to PBN-trapped amidyl radical
with aneen) = 13.85 G, an = 3.20 G, and an@midyl) = 2.52 G; (—) without photolysis, (—)
experimental spectrum with blue light irradiation, and (—) simulated spectrum.
Reductive functionalization of N-benzylaminopyridiniums (V.2) can be envisioned as
arising from the mechanism illustrated in Figure V-5a (illustrated for olefin carboamination
to generate tetrahydroisoqunolines).*!®> Electron transfer from an excited state of the Ir
photocatalyst to V.2 results in N-N cleavage to an amidyl radical (V.10), pyridine, and an
Ir(IV) intermediate. Reaction of the generated amidyl radical V.10 with olefin V.3
generates benzylic radical V.11. Oxidation of V.11 by Ir(IV) would afford cationic
intermediate V.12 and regenerate the photocatalyst. Electrophilic addition to the arene to
the cation in V.12 furnishes tetrahydroisoquinoline V.5. In support of this scheme, addition
of N-tert-butyl-a-phenylnitrone (PBN) to the carboamination of V.2a resulted in
observation of the PBN adduct of amidyl radical V.10 by both X-band EPR spectroscopy

and high-resolution APCI-MS (Figure V-5b).#!® In addition, deaminative functionalization
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of V.2a in the presence of 1,1-diphenylethylene yielded the corresponding olefinic product
V.5s in 87% yield as opposed to the expected tetrahydroisoquinoline (Figure V-3), which
is presumably due to elimination from stabilized carbocation V.12s in preference to arene

alkylation to generate the corresponding tetrahydroisoquinoline.

V.3 Conclusions

In summary, here we described utilization of benzyl C—H aminopyridylation
products in olefin carboamination and formal aza-Rubottom oxidation of silyl enol ethers.
The nucleophilicity of N-aminopyridinium allows these reagents to engage in C—H
amination chemistry, and reductive N-N cleavage unveils electrophilic amidyl radical
intermediates as diversifiable nitrogen synthons. The realization of C—H functionalization
chemistry with N-aminopyridinium reagents both significantly expands the structural
complexity that is available to this burgeoning class of bifunctional reagents and

significantly expands the synthetic utility products accessible via C—H amination.
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V.4 Experimental Details
V.4.1 General Considerations

Materials All chemicals and solvents were obtained as ACS reagent grade and used
as received. Styrene was acquired from BeanTown Chemical (BTC). Diphenylmethane, 4-
(dimethylamino)pyridine (DMAP), 4-chlorostyrene, and 4-bromostyrene were purchased
from Alfa Aesar. N-lodosuccinimide, 4-Fluorostyrene, 4-acetoxystyrene, and 2-
bromostyrene were purchased from Matrix Scientific. Ethylbenzene, 4'-
ethylacetophenone, 4-ethylphenyl acetate, propylbenzene, p-toluenesulfonyl chloride, and
1-(chloromethyl)-4-vinylbenzene were purchased from Tokyo Chemical Industry (TCI).
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone  (DDQ),  4-bromostyrene, and  4-
trifluoromethylstyrene ~ were  acquired from  Oakwood. 1-Ethylnaphthalene,
[Ir(ppy)2(dtbbpy)]PFs, [Ir(dF(CF3)ppy)2(dtbpy)][PFs], [Ru(bpy)s][PFs]2, Eosin Y,
tetrahydrofuran (THF), hexanes, ethyl acetate, dichloromethane, and N,N-
dimethylformamide (DMF) were obtained from Sigma Aldrich. Anhydrous magnesium
sulfate and anhydrous potassium carbonate were obtained from VWR. Acetonitrile and
methanol were obtained from Fischer Scientific. Dry dichloromethane (purchased from
Fisher scientific, HPLC grade) was obtained from a drying column and stored over
activated 4 A molecular sieves.*'” NMR solvents were purchased from Cambridge
Isotope Laboratories and were used as received. All reactions were carried out under
ambient atmosphere unless otherwise noted. 1-(4-Vinylphenyl)ethan-1-one,*'® ethyl 4-
vinylbenzoate,*'? 4-vinylbenzonitrile,*** 4-vinyl-1,1’-biphenyl,**° 2-vinylnaphthalene,**!

tert-butyl-3-methyl-1H-indole-1-carboxylate,*?? and 4-substituted silyl enol ethers*** were
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prepared according to literature procedures. YUNBO blue LED strip lights (460-465 nm)

were purchased from Amazon.

Characterization Details 'H and '°*C NMR spectral acquisitions were recorded on
an Inova 500 FT NMR (Varian), a VNMRS 500 FT NMR (Varian), or an Acsend™ 400
NMR (Bruker) and were referenced against residual proteo solvent signals: CDCl3 (5.26
ppm, 'H; 77.16 ppm, '3C) and acetonitrile-d; (1.94 ppm, 'H).!”! 'H NMR data are reported
as follows: chemical shift (5, ppm), (multiplicity: s (singlet), d (doublet), t (triplet), m
(multiplet), br (broad), integration). '3C NMR data are reported as follows: chemical shift
(3, ppm). Mass spectrometry data were recorded on either Orbitrap Fusion™ Tribrid™
Mass Spectrometer or Q Exactive™ Focus Hybrid Quadrupole-Orbitrap™ Mass
Spectrometer from ThermoFisher Scientific. EPR spectra were recorded at X-band (9.35
GHz) on a Bruker ELEXSYS Spectrometer at 23 °C in 2 mm EPR tubes. EPR simulations

were performed with EASYSPIN (version 5.2.17) using “garlic” function.***

X-Ray Diffraction Details Experimental details of crystallization are included in
the synthetic procedures for the relevant compounds. A Bruker APEX 2 Duo X-ray (three-
circle) diffractometer was used for crystal screening, unit cell determination, and data
collection for the X-ray crystal structures of cis-V.7¢ and V.7r. Crystal suitable for X-ray
diffraction were mounted on a MiTeGen dual-thickness micro-mount and placed under a
cold N; stream (Oxford). The X-ray radiation employed was generated from a Mo sealed

X-ray tube (K, = 0.70173 A with a potential of 40 kV and a current of 40 mA). Bruker
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AXS APEX II software was used for data collection and reduction. Absorption corrections
were applied using the program SADABS. A solution was obtained using XT/XS in
APEX2 and refined in Olex2.4?3#2” Hydrogen atoms were placed in idealized positions and
were set riding on the respective parent atoms. All non- hydrogen atoms were refined with
anisotropic thermal parameters. The structure was refined (weighted least squares

refinement on F2) to convergence.*?’

V.4.2 Synthesis and Characterization Details

B.1 Synthesis of N-Aminopyridinium Triflate

i. NH;OSOgH

SN H,0, 90 °C X
N ii. K;COjg, 23 °C N
iii. TFOH, 23 °C NH, OTf
. 2
70% yield

N-Aminopyridinium triflate was prepared by the following modification of
literature methods.*?8 A 100-mL round-bottomed flask was charged with pyridine (21.4 ml,
265 mmol, 3.00 equiv) and a freshly prepared solution of hydroxylamine-O-sulfonic acid
(10.0 g, 88.4 mmol, 1.00 equiv) in distilled water (25.0 mL) at 23 °C. The resulting solution
was stirred at 90 °C for 20 min, at which time the reaction mixture was cooled to 23 °C
and potassium carbonate (15.8 g, 115 mmol, 1.30 equiv) was added. Volatiles were
removed under reduced pressure and the residue was taken up in ethanol (50.0 mL).
Insoluble residues were removed by vacuum filtration and the filtrate was acidified with
60% trifluoromethanesulfonic acid to pH = 5. An off-white precipitate was obtained upon

storing the resulting solution overnight at —20 °C. Isolation of this precipitate by vacuum
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filtration followed by thorough washing with diethyl ether afforded the title compound as
an off-white solid (15.1 g, 70% yield). "H NMR (8, 23 °C, 400 MHz, CD3CN): 8.58 (dt, J
= 4.6, 1.7 Hz, 2H), 8.28 (t, J = 7.8 Hz, 1H), 7.92 (t, 2H), 7.13 (bs, 2H). The obtained

spectral data are in good agreement with those reported in literature.>!
B.2 Synthesis of N-benzylaminopyridiniums

Synthesis of 1-((1-Phenylethyl)amino)pyridin-1-ium triflate (V.1a)
CH:, NP NH, DDQ (2.3 equiv) O
@ ' Q %o “ohontoc CHyClp, 110 °C ©/L

Compound 1a was prepared following literature procedure.’®! A 25-mL thick-
walled glass tube was charged with N-aminopyridinium triflate (48.8 mg, 0.201 mmol, 1.00
equiv), ethylbenzene (32.0 pL, 0.260 mmol, 1.31 equiv), 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ, 104 mg, 0.460 mmol, 2.30 equiv), and CH>Cl, (1.00 mL). The
reaction vessel was sealed with a Teflon screw top and heated at 110 °C for 40 h. The
reaction mixture was cooled to 23 °C. Solids were removed by vacuum filtration and
washed with CH>Cl,. The filtrate was concentrated under reduced pressure. The residue
was purified by SiO; gel chromatography (eluent 85:15 CH2Cl,:acetonitrile) to afford the

title compound as a brown oil (50.0 mg, 72% yield). "H NMR (&, 23 °C, 400 MHz, CDCl5):

8.71 (dd, J= 6.9, 1.2 Hz, 2H), 8.31 (bs, 1H), 8.26-8.22 (m, 1H), 7.81-7.78 (m, 2H), 7.29-
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7.23 (m, 5H), 4.57 (q, /= 3.3, 1.9 Hz, 1H), 1.66 (d, J = 6.6 Hz, 3H). The obtained spectral

data are in good agreement with those reported in literature.*”!

Synthesis of 1-((1-Phenylpropyl)amino)pyridin-1-ium triflate (V.1b)

Et NIS (2.2 equiv),
~O.NH, blue LEDs
H o, N"g N
»~ Ot CH3N02 23°C f

Compound V.1b was prepared following literature procedure.**! A 25-ml Schlenk
flask was charged with N-aminopyridinium triflate (48.8 mg, 0.200 mmol, 1.00 equiv),
propylbenzene (139 uL, 0.998 mmol, 4.99 equiv), N-iodosuccinimide (NIS, 100 mg, 0.440
mmol, 2.20 equiv), and CH3NO; (0.20 mL) under an N, atmosphere. The resulting solution
was degassed by three freeze-pump-thaw cycles and stirred for 30 h at 23 °C while being
irradiated by blue LEDs. The reaction mixture was concentrated under reduced pressure.
The obtained residue was purified by SiO» gel chromatography (eluent 85:15
CH,Cl:acetonitrile) to afford the title compound as brown solid (42.6 mg, 59% yield). 'H
NMR (6, 23 °C, 400 MHz, CDCI3): & 8.70 (d, J = 5.7 Hz, 2H), 8.36 (dd, J = 5.1, 0.4 Hz,
1H), 8.22-8.18 (m, 1H), 7.79-7.75 (m, 2H), 7.29-7.27 (m, 3H), 7.22 (dd, J = 7.5, 2.0 Hz,
2H), 4.29-4.27 (m, 1H), 2.20-2.14 (m, 1H), 1.98-1.90 (m, 1H), 0.90 (t, J = 7.4 Hz, 3H).

The obtained spectral data are in good agreement with those reported in literature.*!
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Synthesis of 1-(Benzhydrylamino)pyridin-1-ium triflate (V.1c)

Ph

NIS (2.2 equiv),
~O.NH, blue LEDs
H o, | N"g H
Ot CH3N02 23°C

Compound V.1¢ was prepared following literature procedure.’! A 25-ml Schlenk
flask was charged with N-aminopyridinium triflate (48.8 mg, 0.200 mmol, 1.00 equiv),
diphenylmethane (43.7 mg, 0.259 mmol, 1.30 equiv), N-iodosuccinimide (NIS, 100 mg,
0.440 mmol, 2.20 equiv), and CH2Clz (0.20 mL) under an N» atmosphere. The resulting
solution was degassed by three freeze-pump-thaw cycles and stirred for 30 h at 23 °C while
being irradiated by blue LEDs. The reaction mixture was concentrated under reduced
pressure. The obtained residue was purified by SiO> gel chromatography (eluent 85:15
CH,Cl:acetonitrile) to afford the title compound as white solid (58.2 mg, 71% yield). 'H
NMR (6, 23 °C, 400 MHz, CDCl;): 8.80 (d, J = 6.3 Hz, 2H), 8.62 (bs, 1H), 8.17 (t,J=7.7
Hz, 1H), 7.73 (t, J= 7.1 Hz, 2H), 7.40-7.27 (m, 10H), 5.67 (s, 1H). The obtained spectral

data are in good agreement with those reported in literature.*”!

Synthesis of 1-((1-(Naphthalen-1-yl)ethyl)amino)pyridine-1-ium triflate (V.1d)
‘)\ DDQ (2.3 equiv) ‘/L
Q OHTf CH20I2 110 °C OTf

Compound V.1d was prepared following literature procedure.®*! A 25-mL thick-
walled glass tube was charged with N-aminopyridinium triflate (48.8 mg, 0.201 mmol, 1.00

equiv), 1-ethylnaphthalene (40.0 uL, 0.258 mmol, 1.29 equiv), 2,3-dichloro-5,6-dicyano-
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1,4-benzoquinone (DDQ, 104 mg, 0.460 mmol, 2.30 equiv), and CH>Cl, (1.00 mL). The
reaction vessel was sealed with a Teflon screw top and heated at 110 °C for 40 h. The
reaction mixture was cooled to 23 °C. Solids were removed by vacuum filtration and
washed with CH>Cl,. The filtrate was concentrated under reduced pressure. The residue
was purified by SiO; gel chromatography (eluent 85:15 CH2Cl,:acetonitrile) to afford the
title compound as a brown oil (62.8 mg, 79% yield). "HNMR (6, 23 °C, 400 MHz, CDCl5):
8.72 (d, /= 6.9 Hz, 3H), 8.19 (d, /= 7.8 Hz, 1H), 8.08 (t,J = 7.8 Hz, 1H), 7.83 (dd, J =
26.4, 8.0 Hz, 2H), 7.66 (t, J= 7.4 Hz, 3H), 7.52 (ddd, J=9.6, 8.0, 1.5 Hz, 2H), 7.43 (t, J =
7.7 Hz, 1H), 5.45 (dd, J=5.7,4.3 Hz, 1H), 1.84 (d, /= 6.6 Hz, 3H). The obtained spectral

data are in good agreement with those reported in literature.*”!

Tosylation of N-benzylaminopyridiniums

v @ KoCOs, TsCl, DMAP f§ ,N/\ |
R g Ne™o : m@ N
1 Sr  MeCN,23°C,24h T o
VAl V.2

A 25-mL round-bottomed flask was charged with the appropriate N-
benzylaminopyridinium (V.2, 1.00 mmol, 1.00 equiv) and acetonitrile (5.0 mL). K2CO3
(415 mg, 3.00 mmol, 3.00 equiv), TsCI (343 mg, 1.80 mmol, 1.80 equiv), and DMAP (12.2
mg, 0.100 mmol, 10.0 mol%) were added to the reaction vessel. The resulting mixture was

degassed by sparging with N for 10-15 min before being stirred at 23 °C for 24 h under

nitrogen atmosphere. Solids were removed by vacuum filtration. The filtrate was
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concentrated under reduced pressure and the residue was purified by silica gel column
chromatography (eluent ethyl acetate followed by 85:15 CH2Clz:acetonitrile). The obtained
residue was further purified by recrystallization (1:2 CH>Cl2:Et2O mixture) to afford the

title compound.

Z
Ts O

1-((4-Methyl-N-(1-phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a).
Prepared from N-benzylaminopyridinium V.1a and obtained as a pale-yellow solid (430
mg, 86% yield). "H NMR (6, 23 °C, 400 MHz, CDCl3): 8.82 (d, /= 5.0 Hz, 1H), 8.68 (t,J
=7.8 Hz, 1H), 8.30 (t, /=4.2 Hz, 1H), 7.94 (dd, J=21.8, 6.1 Hz, 2H), 7.66 (d, J= 8.3 Hz,
2H), 7.42 (d, J = 8.5 Hz, 2H), 7.30 (s, 3H), 7.22 (dd, J=7.7, 1.7 Hz, 2H), 5.78 (d, J= 7.0
Hz, 1H), 2.49 (s, 3H), 1.71 (d, J = 6.9 Hz, 3H). 3C NMR (4, 23 °C, 100 MHz, CDCls):
149.5,147.9,135.8,131.7,131.3,130.1, 129.7, 128.5, 128.1, 121.9, 119.2, 63.5, 22.0, 18.9.
YF NMR (8, 23 °C, 376 MHz, CDCl3): —78.3. HRMS-APCI: calculated for [M+] =

353.1318, observed [M+] =353.1315.

¥
SRty
Ts Ot

1-((4-Methyl-N-(1-phenylpropyl)phenyl)sulfonamido)pyridin-1-ium triflate
(V.2b). Prepared from N-benzylaminopyridinium V.1b and obtained as a brown solid (372
mg, 72% yield). 'H NMR (6, 23 °C, 500 MHz, CDCls): § 8.72-8.69 (m, 2H), 8.36 (t, J =
7.1 Hz, 1H), 7.81 (s, 1H), 7.68 (s, 1H), 7.64-7.62 (m, 2H), 7.41 (d, J = 8.2 Hz, 2H), 7.36-

7.30 (m, 3H), 7.15 (d, J = 7.1 Hz, 2H), 5.57 (dd, /= 9.1, 6.7 Hz, 1H), 2.48 (s, 3H), 2.14-
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2.03 (m, 2H), 0.90 (t, J = 7.3 Hz, 3H). 3*C NMR (6, 23 °C, 100 MHz, CDClz): § 150.08,
150.07, 150.07, 150.06, 149.8, 148.93, 148.92, 148.92, 148.0, 134.1, 131.9, 131.35,
131.35, 130.8, 130.5, 129.9, 129.0, 128.55, 128.53, 128.53, 128.48, 128.47, 69.6, 25.2,
22.1, 11.3. F NMR (6, 23 °C, 376 MHz, CDCl3): —78.3. HRMS-APCI: calculated for

[M+] =367.1475, observed [M+] = 367.1473.

I
Na
©)\’T‘@ °
Ts  OTf

1-((N-benzhydryl-4-methylphenyl)sulfonamido)pyridin-1-ium  triflate  (V.2c).
Prepared from N-benzylaminopyridinium V.1¢ and obtained as a white solid (479 mg, 85%
yield). "H NMR (&, 23 °C, 500 MHz, CD3CN): 8.83 (dd, J= 7.0, 1.3 Hz, 2H), 8.53 (tt, J =
7.8, 1.3 Hz, 1H), 7.95 (dd, J = 7.8, 7.0 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H), 7.45-7.43 (m,
4H), 7.36 (dd, J= 8.6, 0.6 Hz, 2H), 7.22-7.20 (m, 6H), 6.43 (s, 1H), 2.46 (s, 3H). *C NMR
(6, 23 °C, 100 MHz, CD3;CN): 150.5, 149.1, 148.8, 137.6, 132.2, 131.6, 130.11, 130.08,
129.96, 129.1, 118.3, 73.3, 21.9. F NMR (6, 23 °C, 376 MHz, CDCl3): —78.3. HRMS-

APCI: calculated for [M+] = 415.1475, observed [M+] =415.1473.

O ° @
Na
S oTf

1-((4-Methyl-N-(1-(naphthalen-1-yl)ethyl)phenyl)sulfonamido)pyridin-1-ium
triflate (V.2d). Prepared from N-benzylaminopyridinium V.1d and obtained as a yellow
solid (446 mg, 81% yield). '"H NMR (&, 23 °C, 400 MHz, CDCl3): 8.92-8.90 (m, 1H), 8.60-
8.58 (m, 1H), 8.45 (d, J = 8.5 Hz, 2H), 7.90 (d, J = 8.1 Hz, 1H), 7.80-7.74 (m, 2H), 7.64

(dt, J = 6.6, 1.9 Hz, 3H), 7.49-7.48 (m, 1H), 7.41-7.39 (m, 2H), 7.18 (t, J = 11.8 Hz, 3H),
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6.77 (bs, 1H), 2.48 (s, 3H), 2.00 (d, J= 7.0 Hz, 3H). 3C NMR (8, 23 °C, 100 MHz, CDCls):
149.6, 149.5, 148.3, 148.1, 134.0, 131.4, 131.2, 130.4, 130.1, 129.8, 128.4, 128.30, 127.0,
126.5, 125.6, 122.5, 122.2, 119.3, 22.0. '°F NMR (8, 23 °C, 376 MHz, CDCls): —78.3.

HRMS-APCI: calculated for [M+] = 403.1475, observed [M+] = 403.1473.

Deaminative Tetrahydroisoquinoline Syntheses

R (V3) R,
R, &
1 @ (MpPY)2(StoDpYIPFe] (V4. 1 mol) N1
- NS 2
Rz{j)\'}‘@ ) blue LED
Ts O CH,Cly, 0 °C
Rs
v.2 V.5

A 25-mL Schlenk tube was charged with appropriate N-benzylaminopyridinium
(V.2, 0.100 mmol, 1.00 -equiv), olefin (V.3, 0.160 mmol, 1.60 equiv),
[Ir(ppy)2(dtbbpy)][PFs] (V.4, 1.0 mg, 1.10 umol, 1.10 mol%), and CH>Cl> (0.40 mL) under
N> atmosphere. The resulting solution was degassed by three freeze-pump-thaw cycles and
stirred for 16 h at 0 °C while being irradiated by blue LEDs. The reaction mixture was
warmed to 23 °C and concentrated under reduced pressure. The obtained residue was
purified by SiO» gel chromatography (eluent 90:10 hexanes:ethyl acetate) to afford the title
compound. Diastereomers were separated via SiO» chromatography using an eluent
gradient (i.e.,100:0 — 90:10 hexanes:ethyl acetate). The diastereomeric ratio (dr) of the

products are reported as a mixture of cis : trans isomers.
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1-Methyl-4-phenyl-2-tosyl-1,2,3,4-tetrahydroisoquinoline (V.5a). Prepared from
styrene (V.3a) and 1-((4-methyl-N-(1-phenylethyl)phenyl)sulfonamido)pyridin-1-ium
triflate (V.2a) and obtained as a white solid (26.8 mg, 71% yield, 1.4:1 dr). Cis isomer: 'H
NMR (6, 23 °C, 400 MHz, CDCL): 7.70 (d, J= 8.3 Hz, 2H), 7.32-7.14 (m, 7H), 7.10 (d, J
= 1.5 Hz, 2H), 7.02 (s, 1H), 6.70 (d, /= 7.8 Hz, 1H), 5.26 (q, J = 6.8 Hz, 1H), 4.08-3.96
(m, 2H), 3.34 (dd, J=13.6, 11.1 Hz, 1H), 2.38 (s, 3H), 1.52 (d, J = 6.8 Hz, 3H). *C NMR
(8, 23 °C, 100 MHz, CDCL): 143.4, 142.2, 138.32, 138.26, 136.5, 129.8, 129.7, 129.2,
128.9, 127.3, 127.1, 126.9, 126.6, 126.6, 52.3, 45.7, 44.5, 22.9, 21.6. Trans isomer: 'H
NMR (6, 23 °C, 400 MHz, CDCL): 7.41 (d, J= 8.4 Hz, 2H), 7.23-7.03 (m, 8H), 6.91 (d, J
=7.6 Hz, 1H), 6.82 (dd, J=7.8, 1.6 Hz, 2H), 5.18 (q, J= 6.7 Hz, 1H), 4.14 (t, /= 3.6 Hz,
1H), 3.75 (qd, J = 14.1, 3.6 Hz, 2H), 2.34 (s, 3H), 1.53 (d, J = 6.7 Hz, 3H). *C NMR (6,
23 °C, 100 MHz, CDCL): 143.5, 142.9, 138.8, 136.9, 135.0, 130.2, 129.5, 128.7, 128.3,
127.3, 127.1, 127.0, 126.8, 126.5, 52.6, 45.9, 44.4, 22.8, 21.6. HRMS-ESI: calculated for

[M+H] =378.1522, observed [M+H] = 378.1521.
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4-(4-Fluorophenyl)-1-methyl-2-tosyl-1,2,3,4-tetrahydroisoquinoline (V.5b).
Prepared from 4-fluorostyrene (V.3b) and 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a) and obtained as a white
solid (29.6 mg, 75% yield, 1:1.5 dr). Cis isomer: '"H NMR (&, 23 °C, 400 MHz, CDCls):
7.70 (d, J= 8.1 Hz, 2H), 7.26-6.98 (m, 10H), 6.69-6.67 (m, 1H), 5.24 (q, J= 6.7 Hz, 1H),
4.05-3.96 (m, 2H), 3.31-3.26 (m, 1H), 2.38-2.35 (m, 3H), 1.50 (d, J = 6.8 Hz, 3H). °C
NMR (8, 23 °C, 100 MHz, CDCl3): 162.1 (d, 'Je-r = 240 Hz), 143.4, 138.3, 138.2, 137.9,
137.9, 136.3, 130.7, 130.6, 129.8, 129.8, 129.6, 127.1, 126.9, 126.8, 126.7, 115.8 (d, 2Jc-r
=21 Hz), , 52.3, 45.7, 43.8, 22.9, 21.6. 'F NMR (4, 23 °C, 376 MHz, CDCls): —115.4.
Trans isomer: '"H NMR (6, 23 °C, 400 MHz, CDCl3): 7.40 (d, J = 8.3 Hz, 2H), 7.40 (d, J
= 8.3 Hz, 2H), 7.26-7.22 (m, 2H), 7.26-7.22 (m, 2H), 7.18-7.12 (m, 2H), 7.18-7.12 (m,
2H), 7.05 (d, J = 8.0 Hz, 2H), 7.05 (d, J= 8.0 Hz, 2H), 6.90 (d, /= 7.6 Hz, 1H), 6.90 (d, J
=7.6 Hz, 1H), 6.71 (d, J=7.0 Hz, 4H), 6.71 (d, J= 7.0 Hz, 4H), 5.22 (q, /= 6.7 Hz, 1H),
522 (q,J=6.7Hz, 1H), 4.11 (t, J= 3.1 Hz, 1H), 4.11 (t, J = 3.1 Hz, 1H), 3.78-3.67 (m,
2H), 3.78-3.67 (m, 2H), 2.36 (s, 3H), 2.36 (s, 3H), 1.54 (d, /= 6.7 Hz, 3H), 1.54 (d, /= 6.7
Hz, 3H). 3C NMR (8, 23 °C, 100 MHz, CDCl3): 161.7 (d, 'Jc-r = 240 Hz), 162.9, 160.5,
143.1, 139.4, 138.8, 137.1, 134.6, 130.3, 130.0, 129.9, 129.4, 127.2, 127.2, 127.2, 126.9,

115.0 (d, 2Jc_r = 21 Hz),, 52.5, 45.7, 43.7, 22.5, 21.5. YF NMR (6, 23 °C, 376 MHz,
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CDCl): —116.7. HRMS-ESI: calculated for [M+H] = 396.1428, observed [M+H] =

396.1424.
Et
oy
F
1-Ethyl-4-(4-fluorophenyl)-2-tosyl-1,2,3,4-tetrahydroisoquinoline (V.5¢).

Prepared from 4-fluorostyrene (V.3b) and 1-((4-methyl-N-(1-
phenylpropyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2b) and obtained as a colorless
oil (19.6 mg, 48% yield, 1:1.1 dr). Cis isomer: "TH NMR (§, 23 °C, 400 MHz, CDCl3): 7.65
(d, J=8.3 Hz, 2H), 7.15-7.09 (m, 4H), 7.01-6.97 (m, 5H), 6.58 (d, /= 7.8 Hz, 1H), 4.98-
4.94 (m, 1H), 4.03 (ddd, J = 14.9, 6.8, 1.3 Hz, 1H), 3.76 (dd, J = 11.8, 6.8 Hz, 1H), 3.26
(dd, J=14.9, 11.8 Hz, 1H), 2.35 (s, 3H), 1.91-1.86 (m, 2H), 1.06 (t, /= 7.4 Hz, 3H). 13C
NMR (8, 23 °C, 100 MHz, CDCl3): 162.0 (d, 'Je-r = 242 Hz), 143.3, 138.3, 138.2, 137 4,
136.1, 130.6, 130.5, 129.6, 129.5, 127.2, 126.9, 126.8, 126.6, 115.8 (d, 2Jc-r = 21 Hz),
58.2, 46.0, 42.2, 30.7, 21.6, 11.6. F NMR (4, 23 °C, 376 MHz, CDCl3): —115.5. Trans
isomer: "H NMR (&, 23 °C, 400 MHz, CDCl3): 7.48 (d, J = 8.3 Hz, 2H), 7.22-7.08 (m,
5H), 6.80-6.77 (m, 5H), 4.93 (t, J = 6.5 Hz, 1H), 4.16 (t, /= 5.1 Hz, 1H), 3.88 (dd, J =
12.4,4.9 Hz, 1H), 3.52 (dd, J=12.4, 5.5 Hz, 1H), 2.36 (s, 3H), 2.02-1.90 (m, 2H), 0.96 (t,
J=17.5Hz, 3H).3C NMR (6, 23 °C, 100 MHz, CDCls): 161.8 (d, 'Jc_r = 243 Hz), 143.1,

138.5,137.2, 136.9, 136.1, 130.21, 130.13, 129.5, 129.3, 127.23, 127.20, 126.7, 115.3 (d,

248



2Jer =21 Hz), 58.7, 48.0, 43.3, 31.2, 21.5, 11.0. ’F NMR (6, 23 °C, 376 MHz, CDCl5):
—116.1. HRMS-ESI: calculated for [M+H] = 410.1585, observed [M+H] =410.1582.

Ph

l N s

F

4-(4-Fluorophenyl)-1-phenyl-2-tosyl-1,2,3,4-tetrahydroisoquinoline (V.5d).
Prepared from 4-fluorostyrene (V.3b) and 1-((N-benzhydryl-4-
methylphenyl)sulfonamido)pyridin-1-ium triflate (V.2¢) and obtained as a white solid (9.6
mg, 21% yield, 2.3:1 dr). Cis isomer: '"H NMR (8, 23 °C, 400 MHz, CDCls): 7.60 (d, J =
8.3 Hz, 2H), 7.34-7.25 (m, 5H), 7.18-7.10 (m, 4H), 7.06-6.96 (m, SH), 6.71 (d, J= 7.7 Hz,
1H), 6.34 (s, 1H), 3.96-3.84 (m, 2H), 3.13 (dd, J = 14.2, 11.5 Hz, 1H), 2.34 (s, 3H). 3C
NMR (6, 23 °C, 100 MHz, CDCl3): 163.1 (d, 'Jc-r=244 Hz), 143.4, 141.5, 137.98, 137.94,
137.88,137.6, 133.9, 130.57, 130.49, 129.72, 129.53, 129.1, 128.55, 128.47, 128.0, 127.5,
127.2, 126.6, 115.8 (d, 2Jc_r = 21 Hz), 59.4, 46.2, 42.7, 21.6. ’F NMR (6, 23 °C, 376
MHz, CDCIl3): —115.4. Isolation of trans isomer was not attempted due to the small quantity
generated in this preparation. HRMS-ESI: calculated for [M+H] = 458.1585, observed

[M+H] = 458.1579.
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4-(4-Chlorophenyl)- 1-methyl-2-tosyl-1,2, 3,4-tetrahydroisoquinoline (V.5e).
Prepared from 4-chlorostyrene (V.3¢) and 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a) and obtained as a white
solid (32.1 mg, 78% yield, 1.3:1 dr). Cis isomer: '"H NMR (8, 23 °C, 400 MHz, CDCl):
7.69 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.1 Hz, 2H), 7.19-7.09 (m,
2H), 7.03 (d, J= 8.4 Hz, 3H), 6.67 (d, /= 7.8 Hz, 1H), 5.24 (q, /= 6.9 Hz, 1H), 4.05-3.96
(m, 2H), 3.28 (dd, /= 12.6, 10.1 Hz, 1H), 2.38 (s, 3H), 1.50 (d, /= 6.8 Hz, 3H). *C NMR
(8, 23 °C, 100 MHz, CDCl): 143.4, 140.7, 138.36, 138.17, 136.0, 133.2, 130.5, 129.8,
129.6, 129.1, 127.1, 127.0, 126.8, 126.7, 52.3, 45.6, 44.0, 22.9, 21.6. Trans isomer: 'H
NMR (6, 23 °C, 400 MHz, CDCl;): 7.37 (d, J = 8.3 Hz, 2H), 7.28-7.13 (m, 3H), 7.05 (dd,
J=28.5,0.6 Hz, 2H), 6.97 (d, J = 8.5 Hz, 2H), 6.92-6.90 (m, 1H), 6.65 (d, /= 8.3 Hz, 2H),
5.27-5.22 (m, 1H), 4.10-4.09 (m, 1H), 3.80-3.66 (m, 2H), 2.39 (s, 3H), 1.58 (d, /= 6.7 Hz,
3H). *C NMR (6, 23 °C, 100 MHz, CDCls): 143.2, 142.3, 138.9, 136.9, 134.1, 132.4,
130.3, 129.8, 129.4, 128.3,127.3,127.3,127.2,127.0, 52.5, 45 .4, 43.8, 22.6, 21.6. HRMS-

ESI: calculated for [M+H] =412.1133, observed [M+H] =412.1127.
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4-(4-Bromophenyl)-1-methyl-2-tosyl-1,2,3,4-tetrahydroisoquinoline (V.50).
Prepared from 4-bromostyrene (V.3d) and 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a) and obtained as a white
solid (31.8 mg, 70% yield, 1.6:1 dr). Cis isomer 'H NMR (&, 23 °C, 400 MHz, CDCls):
7.71-7.68 (m, 2H), 7.46-7.43 (m, 2H), 7.22 (dd, J = 8.5, 0.6 Hz, 2H), 7.17 (t, /= 7.4 Hz,
1H), 7.10 (dd, J= 7.8, 1.3 Hz, 1H), 7.03 (td, J= 7.5, 1.3 Hz, 1H), 6.99-6.97 (m, 2H), 6.67
(d, J=7.8 Hz, 1H), 5.24 (q, J = 6.8 Hz, 1H), 4.06-3.97 (m, 2H), 3.27 (dd, J = 13.2, 10.7
Hz, 1H), 2.38 (s, 3H), 1.50 (d, J = 6.8 Hz, 3H). 3*C NMR (6, 23 °C, 100 MHz, CDCl3):
143.4, 141.2, 138.4, 138.1, 135.9, 132.0, 130.9, 129.8, 129.6, 127.1, 127.0, 126.8, 126.7,
121.2, 52.3, 45.5, 44.1, 22.9, 21.6. Trans isomer '"H NMR (&, 23 °C, 400 MHz, CDCls):
7.35 (d, J= 8.3 Hz, 2H), 7.27-7.14 (m, 5H), 7.11 (d, J = 8.5 Hz, 2H), 7.04 (d, J = 8.1 Hz,
2H), 6.89 (d, J = 7.7 Hz, 1H), 6.57 (d, J = 8.4 Hz, 2H), 5.26-5.21 (m, 1H), 4.06 (dd, J =
2.3, 0.3 Hz, 1H), 3.79-3.64 (m, 2H), 2.40 (s, 3H), 1.58 (d, J = 6.7 Hz, 3H). 3°C NMR (S,
23 °C, 100 MHz, CDCl): 143.3, 142.8, 138.9, 136.8, 134.0, 131.2, 130.3, 130.2, 129.4,
127.3, 127.3, 127.2, 127.0, 120.6, 52.5, 45.3, 43.9, 22.6, 21.7. HRMS-ESI: calculated for

[M+H] =456.0627, observed [M+H] = 456.0620.
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4-(3-Bromophenyl)-1-methyl-2-tosyl-1,2,3,4-tetrahydroisoquinoline (V.52).
Prepared from 3-bromostyrene (V.3e) and 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a) and obtained as a white
solid (30.9 mg, 68% yield, 2.3:1 dr). Cis isomer: '"H NMR (&, 23 °C, 400 MHz, CDCls):
7.72 (d, J = 8.2 Hz, 2H), 7.44-7.41 (m, 1H), 7.28-7.05 (m, 8H), 6.71 (d, J = 7.8 Hz, 1H),
5.27(q,J=6.7 Hz, 1H), 4.03 (ddt, J=21.0, 13.1, 7.0 Hz, 2H), 3.32 (dd, J=13.5, 11.1 Hz,
1H), 2.41 (s, 3H), 1.53 (d, J = 6.8 Hz, 3H).1>*C NMR (8, 23 °C, 100 MHz, CDCls): 144.5,
143.5, 138.3, 138.1, 135.6, 132.1, 130.5, 130.5, 129.8, 129.6, 127.9, 127.1, 127.1, 126.9,
126.7, 122.9, 52.3, 45.5, 44.3, 22.9, 21.6. Trans isomer: 'H NMR (6, 23 °C, 400 MHz,
CDCls): 7.39 (d, J = 8.3 Hz, 2H), 7.24-7.13 (m, 4H), 7.05 (d, J = 8.1 Hz, 2H), 6.95-6.89
(m, 2H), 6.83 (s, 1H), 6.72 (d, J= 7.9 Hz, 1H), 5.22 (q, J = 6.6 Hz, 1H), 4.08 (dd, J = 2.9,
2.6 Hz, 1H), 3.79-3.66 (m, 2H), 2.35 (s, 3H), 1.57 (d, /= 6.7 Hz, 3H). 1*C NMR (4, 23 °C,
100 MHz, CDCl3): 146.1, 143.1, 138.9, 136.5, 133.8, 131.6, 130.3, 129.8, 129.5, 129.5,
127.4, 127.4, 127.3, 127.3, 127.1, 122.5, 52.4, 45.3, 44.1, 22.5, 21.7. HRMS-ESI:

calculated for [M+H] = 456.0627, observed [M+H] = 455.0620.
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1-Methyl-4-(p-tolyl)-2-tosyl-1,2,3,4-tetrahydroisoquinoline (V.5h). Prepared from
4-methylstyrene (V.3f) and 1-((4-methyl-N-(1-phenylethyl)phenyl)sulfonamido)pyridin-
I-ium triflate (V.2a) and obtained as a white solid (23.1 mg, 59% yield, 1:2.0 dr). Cis
isomer: "H NMR (6, 23 °C, 400 MHz, CDCls): 7.71 (d, J = 8.6 Hz, 2H), 7.21 (d, /= 8.5
Hz, 2H), 7.15-7.06 (m, 4H), 6.99 (dd, J=18.7, 7.9 Hz, 3H), 6.68 (dd, J= 8.5, 0.2 Hz, 1H),
5.15(q,J=7.1 Hz, 1H), 3.90-3.76 (m, 2H), 3.11 (dd, J= 14.3, 11.8 Hz, 1H), 2.14 (s, 3H),
2.10 (s, 3H), 1.22 (d, J = 7.2 Hz, 3H). *C NMR was not collected due to low quantity.
Trans isomer: '"HNMR (6, 23 °C, 400 MHz, CDCl3): 7.41 (d, J = 8.3 Hz, 2H), 7.24-7.20
(m, 1H), 7.16-7.10 (m, 2H), 7.04 (d, J = 8.0 Hz, 2H), 6.90 (t, J = 7.8 Hz, 3H), 6.69 (d, J =
8.1 Hz, 2H), 5.18 (q, /= 6.7 Hz, 1H), 4.11 (t, J = 3.5 Hz, 1H), 3.79-3.66 (m, 2H), 2.35 (s,
3H), 2.28 (s, 3H), 1.54 (d, J= 6.7 Hz, 3H). 3*C NMR (4, 23 °C, 100 MHz, CDCl3): 142.8,
140.5, 138.8, 137.0, 136.1, 135.3, 130.2, 129.3, 129.0, 128.5, 127.3, 127.1, 127.0, 126.8,
52.6,46.0,44.0,22.9,21.6,21.2. HRMS-ESI: calculated for [M+H] =392.1679, observed

[M+H] = 392.1672.
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1-Methyl-4-(m-tolyl)-2-tosyl-1,2,3,4-tetrahydroisoquinoline (V.5i). Prepared from
3-methylstyrene (V.3g) and 1-((4-methyl-N-(1-phenylethyl)phenyl)sulfonamidopyridin-1-
ium triflate (V.2a) and obtained as a white solid (27.3 mg, 70% yield, 1.2:1 dr). Cis isomer:
"H NMR (8, 23 °C, 400 MHz, CDCl3): 77.71-7.69 (m, 2H), 7.23-7.14 (m, 4H), 7.09 (dd, J
=6.8, 5.4 Hz, 2H), 7.04-7.00 (m, 1H), 6.91-6.87 (m, 2H), 6.72 (d, J= 7.8 Hz, 1H), 5.25 (q,
J=6.8 Hz, 1H), 4.07-3.93 (m, 2H), 3.33 (dd, J=13.8, 11.3 Hz, 1H), 2.38 (s, 3H), 2.32 (s,
3H), 1.52 (d, J = 6.8 Hz, 3H).!3C NMR (4, 23 °C, 100 MHz, CDCl3): 143.2, 142.0, 138.4,
138.2,138.1,136.5,129.7,129.6, 128.6, 127.9, 127.0, 126.7, 126.4, 126.1, 52.2,45.5, 44 4,
22.7,21.5,21.4. Trans isomer: 'HNMR (8, 23 °C, 400 MHz, CDCls): 7.40 (d, J = 8.3 Hz,
2H), 7.22 (dd, J= 7.1, 0.9 Hz, 1H), 7.16-7.10 (m, 2H), 7.04-6.97 (m, 3H), 6.94-6.90 (m,
2H), 6.60 (d, J= 6.3 Hz, 2H), 5.17 (q, /= 6.7 Hz, 1H), 4.11 (t, J = 3.6 Hz, 1H), 3.80-3.67
(m, 2H), 2.33 (s, 3H), 2.18 (s, 3H), 1.56 (d, J = 6.5 Hz, 3H). HRMS-ESI: 143.4, 142.8,
138.8, 137.7, 136.8, 135.1, 130.2, 129.3, 128.2, 127.3, 127.3, 127.1, 127.0, 126.8, 125.8,
52.6,46.0,44.3,23.0,21.6,21.5. HRMS-ESI: calculated for [M+H] =392.1679, observed

[M+H] = 392.1670.
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4-(1-Methyl-2-tosyl-1,2,3,4-tetrahydroisoquinolin-4-yl)phenyl  acetate  (V.5j).
Prepared from 4-acetoxystyrene (V.3h) and 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a) and obtained as a white
solid (33.6 mg, 76% yield, 1:2.1 dr). Isolation of cis isomer was not successful due to co-
elution with H-atom abstraction side products. Trans isomer: '"HNMR (8,23 °C, 400 MHz,
CDCl): 7.40 (d, J= 7.9 Hz, 2H), 7.21-7.06 (m, 5H), 6.91 (d, J= 7.7 Hz, 1H), 6.78 (s, 4H),
5.19 (q, J= 6.6 Hz, 1H), 4.13 (s, 1H), 3.80-3.68 (m, 2H), 2.34 (s, 3H), 2.28 (s, 3H), 1.55
(d, J= 6.1 Hz, 3H). 3*C NMR (8, 23 °C, 100 MHz, CDCl3): 169.4, 149.4, 143.1, 141.1,
138.8,136.9, 134.6, 130.4, 129.5, 129.5, 127.3, 127.2, 126.9, 121.2, 52.5, 45.7, 43.8, 22.8,

21.5, 21.3. HRMS-ESI: calculated for [M+H] = 436.1577, observed [M+H] = 436.1574.

1-Methyl-2-tosyl-4-(4-(trifluoromethyl)phenyl)-1,2, 3,4-tetrahydroisoquinoline
(V.5k). Prepared from 4-trifluoromethylstyrene (V.3i) and 1-((4-methyl-N-(1-

phenylethyl)phenyl)sulfonamido)-pyridin-1-ium triflate (V.2a) and obtained as a pale-
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yellow oil (27.1 mg, 61% yield, 2.9:1 dr). Cis isomer: '"H NMR (&, 23 °C, 400 MHz,
CDCl3): 7.71-7.69 (m, 2H), 7.57 (d, J = 8.1 Hz, 2H), 7.23 (d, J = 8.2 Hz, 4H), 7.18 (d, J =
7.3 Hz, 1H), 7.12 (d, J = 6.7 Hz, 1H), 7.05 (t, J = 7.5 Hz, 1H), 6.65 (d, J = 7.8 Hz, 1H),
5.26 (q,J= 6.8 Hz, 1H), 4.12-4.03 (m, 2H), 3.31 (dd, J=12.8, 10.2 Hz, 1H), 2.39 (s, 3H),
1.51 (d, J = 6.8 Hz, 3H). °F NMR (6, 23 °C, 376 MHz, CDCls): —62.5. 3C NMR (4, 23
°C, 100 MHz, CDCl3): 146.3, 143.5, 138.4, 138.1, 135.5, 129.8, 129.6, 129.4 (Jc-r=32.3
Hz), 127.1,127.1, 127.0, 126.8, 125.9 (*Jcr=3.7 Hz), 124.2 (\Jc-r=270 Hz), 52.3, 45.5,
445, 22.8, 21.6. Isolation of trans isomer was not successful due to co-elution with H-atom
abstraction side products. HRMS-ESI: calculated for [M+H] = 446.1396, observed [M+H]

=446.1391.

CHg

O N s

COCH;

1-(4-(1-Methyl-2-tosyl-1,2,3,4-tetrahydroisoquinolin-4-yl) phenyl)ethan- 1 -one
(V.51). Prepared from 1-(4-vinylphenyl)ethan-1-one (V.3j) and 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a) and obtained as a white
solid (21.7 mg, 52% yield, 3.2:1 dr). Cis isomer: '"H NMR (&, 23 °C, 400 MHz, CDCl):
791 (d, J= 8.3 Hz, 2H), 7.70 (d, J = 8.3 Hz, 2H), 7.24-7.17 (m, 5H), 7.12-7.10 (m, 1H),
7.03 (dd, J=0.6, 0.2 Hz, 1H), 6.64 (d, J= 7.8 Hz, 1H), 5.25 (q, J = 6.8 Hz, 1H), 4.11-4.03
(m, 2H), 3.36-3.29 (m, 1H), 2.60 (s, 3H), 2.39 (s, 3H), 1.52 (d, J = 6.8 Hz, 3H). ’*C NMR

(6,23 °C, 100 MHz, CDCls): 197.7,147.7,143.5,138.3, 138.1, 136.3, 135.6, 129.8, 129.6,
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129.4,129.0,127.1,127.0, 126.8, 52.3, 45.4, 44.6, 26.8, 22.9, 21.6. Trans isomer: '"H NMR
(8,23 °C, 400 MHz, CDCl;): 7.67 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.3 Hz, 2H), 7.28-7.24
(m, 1H), 7.20-7.14 (m, 2H), 7.01 (d, J = 8.0 Hz, 2H), 6.91-6.89 (m, 3H), 5.25 (q, J = 6.6
Hz, 1H), 4.19-4.17 (m, 1H), 3.79-3.78 (m, 2H), 2.55 (s, 3H), 2.31 (s, 3H), 1.51 (d, J=6.7
Hz, 3H). BC NMR (6, 23 °C, 100 MHz, CDCl3): 197.7, 149.2, 143.2, 138.8, 137.1, 135.5,
134.0, 130.3, 129.4, 128.8, 128.4, 127.4, 127.3, 127.2, 127.0, 52.5, 45.2, 44.5, 26.7, 22.2,
21.6. HRMS-ESI: calculated for [M+H] = 420.1628, observed [M+H] = 420.1617.

CHy

oy

CN

4-(1-Methyl-2-tosyl-1,2,3,4-tetrahydroisoquinolin-4-yl) benzonitrile (V.5m).
Prepared from 4-cyanostyrene (V.3k) and 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a) and obtained as a white
solid (21.3 mg, 53% yield, 8.4:1 dr). Cis isomer: '"H NMR (&, 23 °C, 400 MHz, CDCl):
7.69 (d, J = 8.3 Hz, 2H), 7.63-7.60 (m, 2H), 7.25-7.18 (m, 5H), 7.13-7.11 (m, 1H), 7.05
(td, J=17.5,1.2 Hz, 1H), 6.61 (d, J= 7.8 Hz, 1H), 5.24 (q, J = 6.8 Hz, 1H), 4.12-4.02 (m,
2H), 3.28 (dd, J=13.3, 10.7 Hz, 1H), 2.39 (s, 3H), 1.50 (d, J= 6.9 Hz, 3H). *C NMR (&,
23 °C, 100 MHz, CDCls): 147.8, 143.6, 138.4, 138.0, 135.0, 132.7, 130.0, 129.8, 129.5,
128.7,127.2,127.2,127.2, 127.1, 126.9, 126.2, 118.7, 111.4, 52.2, 45.4, 44.7, 22.8, 21.7.
Isolation of trans isomer was not attempted due to the small quantity generated in this

preparation. HRMS-ESI: calculated for [M+H] = 403.1475, observed [M+H] = 403.1471.
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CH,

l N Ts

CO,Et

Ethyl  4-(1-methyl-2-tosyl-1,2,3,4-tetrahydroisoquinolin-4-yl)benzoate ~ (V.5n).
Prepared  from  ethyl  4-vinylbenzoate (V.31 and 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a) and obtained as a white
solid (21.1 mg, 47% yield, 2.4:1 dr). Cis isomer: '"H NMR (8, 23 °C, 400 MHz, CDCls):
8.00-7.98 (m, 2H), 7.71-7.69 (m, 2H), 7.24-7.21 (m, 2H), 7.17 (d, J = 8.3 Hz, 3H), 7.11
(dd, J=7.7, 1.3 Hz, 1H), 7.02 (d, J = 1.2 Hz, 1H), 6.64 (d, J = 7.8 Hz, 1H), 5.25 (q, J =
6.8 Hz, 1H), 4.38 (q, /= 7.1 Hz, 2H), 4.07-4.04 (m, 2H), 3.32 (dd, J=15.7, 13.1 Hz, 1H),
2.38 (s, 3H), 1.52 (d, J = 6.8 Hz, 3H), 1.39 (t, J= 7.1 Hz, 3H). 3*C NMR (4, 23 °C, 100
MHz, CDCL): 166.4, 147.3, 143.5, 138.3, 138.1, 135.7, 130.2, 129.8, 129.7, 129.6, 129.2,
127.1,127.0, 126.9, 126.7, 61.1, 52.3, 45.4, 44.6,22.9, 21.6, 14.5. Trans isomer: 'H NMR
(6,23 °C, 400 MHz, CDCL): 7.70 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 8.2 Hz, 2H), 7.28-7.24
(m, 1H), 7.21-7.19 (m, 1H), 7.16-7.12 (m, 1H), 6.97 (d, J = 8.2 Hz, 2H), 6.89 (d, /= 7.6
Hz, 1H), 6.80 (d, J= 8.3 Hz, 2H), 5.25 (q, /= 6.7 Hz, 1H), 4.36 (q, /= 7.1 Hz, 2H), 4.16-
4.15 (m, 1H), 3.82-3.71 (m, 2H), 2.30 (s, 3H), 1.56 (d, /= 7.4 Hz, 3H), 1.39 (t,J=7.1 Hz,
3H). BC NMR (6, 23 °C, 100 MHz, CDCl3): 166.6, 148.9, 143.1, 138.9, 136.9, 134.0,

130.3, 129.51, 129.38, 128.68, 128.51, 127.36, 127.28, 127.22, 127.04, 61.0, 52.5, 45.2,
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444,225, 21.5, 14.5. HRMS-ESI: calculated for [M+H] = 450.1734, observed [M+H] =

450.1728.

4-([1,1°-Biphenyl]-4-yl)- I-methyl-2-tosyl-1,2,3,4-tetrahydroisoquinoline ~ (V.50).
Prepared from 4-vinyl-1,1’-biphenyl (V.3m) and 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a) and obtained as a white
solid (21.7 mg, 48% yield, 1:2.2 dr). Cis isomer: '"H NMR (&, 23 °C, 400 MHz, CDCls):
7.56-7.54 (m, 2H), 7.46-7.39 (m, 4H), 7.36-7.32 (m, 1H), 7.30-7.24 (m, 4H), 7.19 (dd, J =
11.9,7.2 Hz, 2H), 6.96 (dd, J = 7.3, 5.3 Hz, 3H), 6.83 (d, J = 8.2 Hz, 2H), 5.25 (q, J = 6.6
Hz, 1H), 4.18 (dd, J = 3.3, 3.1 Hz, 1H), 3.85-3.73 (m, 2H), 2.11 (s, 3H), 1.60 (d, J = 6.7
Hz, 3H). *C NMR (8, 23 °C, 100 MHz, CDCls): 143.4, 141.2, 140.8, 140.3, 138.4, 138.3,
136.4, 129.8, 129.7, 129.6, 128.9, 127.6, 127.5, 127.2, 127.1, 126.9, 126.7, 126.6, 52.3,
45.7,44.2,22.9,21.6. Trans isomer: '"HNMR (8, 23 °C, 400 MHz, CDCls): 7.56-7.54 (m,
2H), 7.46-7.39 (m, 4H), 7.36-7.32 (m, 1H), 7.30-7.24 (m, 3H), 7.19 (dd, J=11.9, 7.2 Hz,
2H), 6.96 (dd, J=7.3, 5.3 Hz, 3H), 6.83 (d, /= 8.2 Hz, 2H), 5.25 (q, /= 6.6 Hz, 1H), 4.18
(dd, J = 3.3, 3.1 Hz, 1H), 3.85-3.73 (m, 2H), 2.11 (s, 3H), 1.60 (d, J = 6.7 Hz, 3H). 13C
NMR (6, 23 °C, 100 MHz, CDCl): 142.9, 142.7, 140.8, 139.2, 138.9, 136.9, 134.7, 130.3,

129.3, 129.0, 128.9, 127.3, 127.3, 127.2, 127.1, 127.1, 127.1, 127.1, 127.0, 126.9, 126.8,
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126.8,52.6,45.8,44.1,22.9,21.3. HRMS-ESI: calculated for [M+H]=454.1835, observed

[M+H] = 454.1827.

Cl

4-(4-(Chloromethyl)phenyl)- 1-methyl-2-tosyl-1,2,3,4-tetrahydroisoquinoline
(V.5p). Prepared from 4-(chloromethyl)styrene (V.3n) and 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)-pyridin-1-ium triflate (V.2a) and obtained as a white
solid (32.3 mg, 76% yield, 1.4:1 dr). Cis isomer: '"H NMR (&, 23 °C, 400 MHz, CDCls):
7.73-7.70 (m, 2H), 7.38-7.35 (m, 2H), 7.25 (d, J = 8.0 Hz, 2H), 7.19 (t, J/ = 7.4 Hz, 1H),
7.13-7.10 (m, 3H), 7.05 (td, J="7.5, 1.3 Hz, 1H), 6.72 (d, /= 7.8 Hz, 1H), 5.27 (q, J = 6.8
Hz, 1H), 4.09-4.02 (m, 2H), 3.36-3.29 (m, 1H), 2.39 (dd, /= 0.7, 0.5 Hz, 3H), 1.58-1.48
(m, 3H). 3C NMR (6, 23 °C, 100 MHz, CDCl3): 143.4, 142.5, 138.4, 138.2, 136.6, 136.1,
129.8, 129.7, 129.6, 129.2, 127.1, 126.9, 126.7, 126.6, 52.3, 46.0, 45.6, 44.3, 22.8, 21.6.
Trans isomer: '"H NMR (6, 23 °C, 400 MHz, CDCls5): 7.42 (d, J = 8.3 Hz, 2H), 7.22-7.06
(m, 7H), 6.90 (d, J = 7.5 Hz, 1H), 6.81 (d, J = 8.1 Hz, 2H), 5.20 (q, J = 6.7 Hz, 1H), 4.52
(s, 2H), 4.14 (t, J=3.3 Hz, 1H), 3.79-3.70 (m, 2H), 2.35 (s, 3H), 1.53 (d, /= 6.7 Hz, 3H).
BC NMR (6, 23 °C, 100 MHz, CDCls): 144.0, 143.0, 138.8, 137.0, 135.7, 134.6, 130.3,
129.5, 129.0, 128.5, 127.3, 127.2, 126.9, 52.5, 46.1, 45.6, 44.1, 22.5, 21.6. HRMS-ESI:

calculated for [M+H] = 426.1289, observed [M+H] = 426.1285.
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1-Methyl-4-(naphthalen-2-yl)-2-tosyl-1,2,3,4-tetrahydroisoquinoline (V.5q).
Prepared from 2-vinylnaphthalene (V.30) and 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido) pyridin-1-ium triflate (V.2a) and obtained as a white
solid (22.6 mg, 53% yield, 1:1.9 dr). Cis isomer: '"H NMR (8, 23 °C, 400 MHz, CDCls):
7.86-7.81 (m, 3H), 7.75-7.73 (m, 2H), 7.67 (d, J = 0.9 Hz, 1H), 7.51 (dt, J = 6.6, 3.0 Hz,
2H), 7.26-7.14 (m, 5H), 7.06-7.01 (m, 1H), 6.75 (d, J=7.9 Hz, 1H), 5.32 (q, J = 6.7 Hz,
1H), 4.23-4.12 (m, 2H), 3.46 (dd, J=13.7, 11.2 Hz, 1H), 2.41 (s, 3H), 1.58 (d, /= 6.8 Hz,
3H). BC NMR (6, 23 °C, 100 MHz, CDClz): 143.4, 139.4, 138.40, 138.3, 136.3, 133.6,
132.7,129.8, 129.8, 128.7, 128.4, 127.85, 127.8, 127.1, 126.9, 126.7, 126.6, 126.6, 126.5,
126.1, 52.4, 45.5, 44.7, 22.9, 21.7. Trans isomer: '"H NMR (8, 23 °C, 400 MHz, CDCI3):
7.76-7.73 (m, 1H), 7.54 (d, J = 8.5 Hz, 1H), 7.52-7.49 (m, 1H), 7.45-7.38 (m, 2H), 7.31-
7.23 (m, 2H), 7.19-7.14 (m, 3H), 7.04-7.02 (m, 1H), 6.97-6.96 (m, 1H), 6.92 (s, 1H), 6.52
(d, J=8.0 Hz, 2H), 5.29-5.24 (m, 1H), 4.28 (t, /= 3.0 Hz, 1H), 3.83 (qd, /= 12.9, 3.2 Hz,
2H), 2.03 (s, 3H), 1.66 (d, J = 6.7 Hz, 3H). *C NMR (4, 23 °C, 100 MHz, CDCl3): 142.7,
141.2, 139.1, 136.3, 134.5, 133.3, 132.4, 130.5, 128.9, 128.0, 127.9, 127.6, 127.5, 127.2,
127.2, 127.1, 127.0, 126.7, 125.9, 125.7, 52.5, 45.4, 44.5, 22.9, 21.4. HRMS-ESI:

calculated for [M+H] =428.1712, observed [M+H] = 428.1677.
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4-(4-Fluorophenyl)-1-methyl-2-tosyl-1,2,3,4-tetrahydrobenzo[h]isoquinoline
(V.5r). Prepared from 4-fluorostyrene (V.Sb) and 1-((4-methyl-N-(1-(naphthalen-1-
yl)ethyl)phenyl)sulfonamido) pyridin-1-ium triflate (V.2d) and obtained as a white solid
(22.7 mg, 51% yield, 1:1.5 dr). Cis isomer: 'THNMR (8, 23 °C, 400 MHz, CDCl3): 8.03 (d,
J=28.5Hz, 1H), 7.82 (dd, /= 8.0, 0.3 Hz, 1H), 7.64-7.59 (m, 2H), 7.53-7.51 (m, 1H), 7.45
(d, J=28.2 Hz, 2H), 7.05 (d, J = 8.1 Hz, 2H), 6.98 (s, 1H), 6.72-6.69 (m, 4H), 5.92 (q, J =
6.5 Hz, 1H), 4.23 (d, /= 3.8 Hz, 1H), 3.95-3.78 (m, 2H), 2.35 (s, 3H), 1.65 (d, /= 6.6 Hz,
3H).13C NMR (6, 23 °C, 100 MHz, CDCls): 161.7 (d, 'Jcr = 240 Hz), 143.2, 139.59,
139.57, 137.2, 134.0, 133.0, 131.7, 130.07, 130.00, 129.48, 129.45, 129.1, 128.3, 127.9,
127.2,126.8, 125.9, 123.3, 115.0 (d, 2Jc_r = 20 Hz), 49.7, 45.2, 44.2, 21.5, 20.5. ’F NMR
(6,23 °C, 376 MHz, CDCls): —116.7. Trans isomer: 'HNMR (8, 23 °C, 400 MHz, CDCl5):
7.99-7.96 (m, 1H), 7.77 (dd, J = 8.0, 0.3 Hz, 1H), 7.65 (d, J = 8.2 Hz, 2H), 7.61-7.57 (m,
1H), 7.50 (dd, J=13.9, 7.8 Hz, 2H), 7.12-7.06 (m, 4H), 7.01 (t, J = 8.6 Hz, 2H), 6.74 (d, J
= 8.6 Hz, 1H), 5.93-5.88 (m, 1H), 4.22-4.13 (m, 2H), 3.44 (dd, /= 11.8, 8.9 Hz, 1H), 2.32
(s, 3H), 1.68 (d, J= 6.8 Hz, 3H). 3C NMR (6, 23 °C, 100 MHz, CDCl3): 161.6 (d, 'Jcr=
240 Hz), 143.3,137.7,133.7,132.9, 132.4, 130.5, 130.4, 129.5, 129.3, 128.8, 127.4, 127.2,

126.95, 126.76, 125.7, 122.7, 116.0, 115.8 (d, 2Jc-r = 20 Hz), 49.4, 45.5, 43.8, 21.4, 21.3.
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19F NMR (6, 23 °C, 376 MHz, CDCL): —115.3. HRMS-ESI: calculated for [M+H] =

446.1585, observed [M+H] = 446.1573.
CH,
N/Ts
%/Ph
Ph

N-(2,2-diphenylvinyl)-4-methyl-N-(1-phenylethyl) benzenesulfonamide (V.5s).
Prepared  from  ethene-1,1-diyldibenzene  (V.3p) and 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido) pyridin-1-ium triflate (V.2a) and obtained as a white
solid (44.1 mg, 83% yield). 'H NMR (4, 23 °C, 400 MHz, CDCl3): 7.59 (d, J = 8.3 Hz,
2H), 7.26-7.15 (m, 11H), 7.01-6.98 (m, 4H), 6.95-6.93 (m, 2H), 5.89 (s, 1H), 5.04 (q, J =
7.1 Hz, 1H), 2.44 (s, 3H), 1.23 (d, J/=7.1 Hz, 3H). 3C NMR (6, 23 °C, 100 MHz, CDCl3):
147.9, 143.6, 141.1, 139.1, 138.2, 136.4, 130.2, 129.7, 128.5, 128.3, 128.3, 128.2, 128.0,
127.9,127.8,127.7,120.6, 59.8,21.7, 17.5. HRMS-ESI: calculated for [M+H] =454.1835,

observed [M+H] = 454.1840.
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Trapping Intermediate Amidyl Radicals with Alternate Nucleophiles

Synthesis of zert-butyl 3-methyl-2-((4-methyl-NV-(1-phenylethyl)phenyl)sulfonamido)-

1H-indole-1-carboxylate (V.9)

CH,
ch. F D (v.6) CHy

s N | BOC \ /TS

N'eSg V.4 (1 mol%) N

TS i Mol N

OTf blue LED Boc P?]_CHS
CH,Cly, 35 °C

V.2a 47% yield V.7

A 25-mL  Schlenk tube was charged with  1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a, 50.5 mg, 0.100 mmol, 1.00
equiv), tert-butyl 3-methyl-1H-indole-1-carboxylate (V.6, 69.1 mg, 0.300 mmol, 3.00
equiv), [Ir(ppy)2(dtbbpy)][PFs] (V.4, 1.0 mg, 1.10 umol, 1.10 mol%), and CH>Cl (0.40
mL) under an N; atmosphere. The resulting solution was degassed by three freeze-pump-
thaw cycles and stirred for 16 h at 35 °C while being irradiated by blue LEDs. The reaction
mixture was concentrated under reduced pressure and the obtained residue was purified by
Si02 gel chromatography (eluent 90:10 hexanes:ethyl acetate) to afford the title compound
as a pale-yellow oil (V.7, 23.9 mg, 47% yield). Compound V.7 is obtained as a mixture of
two rotamers (characterization details below). Upon heating the mixture of rotamers to 50
°C in CDClI3, a single compound is obtained (reported here as rotamer 1). For spectra
obtained during the thermalization process, see Figure V-86. Rotamer 1 'H NMR (&, 23
°C, 400 MHz, CDCl;): 8.15 (d, J = 8.4 Hz, 1H), 7.45-7.37 (m, 4H), 7.34-7.29 (m, 3H),
7.27-7.23 (m, 1H), 6.95 (d, J = 8.1 Hz, 2H), 6.91-6.89 (m, 2H), 5.57 (q, J = 7.1 Hz, 1H),
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2.32 (s, 3H), 1.82 (s, 9H), 1.61 (s, 3H), 1.28 (d, J= 7.1 Hz, 3H). 3C NMR (8, 23 °C, 100
MHz, CDCls): 149.8, 142.9, 142.4, 138.8, 135.1, 129.0, 128.9, 128.4, 128.3, 128.0, 127.8,
127.5, 125.7, 122.3, 119.3, 119.2, 116.1, 84.6, 61.2, 28.5, 21.6, 21.1, 9.3. Rotamer 2 'H
NMR (8, 23 °C, 400 MHz, CDCL:): 7.90 (d, J= 8.4 Hz, 1H), 7.71 (d, J= 8.3 Hz, 2H), 7.43-
7.41 (m, 1H), 7.28-7.20 (m, 4H), 7.13-7.08 (m, SH), 5.43 (q, J= 7.0 Hz, 1H), 2.43 (s, 3H),
1.86 (s, 3H), 1.67 (d, J= 7.0 Hz, 3H), 1.50 (s, 9H). '*C NMR (8, 23 °C, 100 MHz, CDCl3):
148.5, 143.1, 140.3, 139.6, 134.6, 129.4, 129.0, 128.6, 128.1, 128.0, 125.4, 122.2, 119.5,
119.2, 116.2, 83.7, 62.9, 28.5, 28.3, 21.8, 21.7, 10.0. HRMS-ESI: calculated for [M+H] =

505.2156, observed [M+H] = 505.2158.

Synthesis of 1-phenyl-2-((1-phenylethyl)amino)ethan-1-one (V.9)

OSiMe,

Ar (V.8) R

R =z
N | [Ir(ppy)2(dtbbpy)I[PFe] (V.4, 1 mol%) N/TS
- NS
©)\¥S@ © blue LED K[(Ar
OTf CH,Cl,, 0 °C
0
V.2 V.9

A 25-mL Schlenk tube was charged with N-benzylaminopyridinium (V.2, 0.100
mmol, 1.00 equiv), vinyl silyl ether (V.8, 0.200 mmol, 2.00 equiv), [Ir(ppy)2(dtbbpy)][PFs]
(V4,1.0mg, 1.10 umol, 1.10 mol%), and CH>ClI (0.40 mL) under an N> atmosphere. The
resulting solution was degassed by three freeze-pump-thaw cycles and stirred for 16 h at 0
°C while being irradiated by blue LEDs. The reaction mixture was warmed to 23 °C and
concentrated under reduced pressure. The obtained residue was purified by SiO; gel

chromatography (eluent 90:10 hexanes:ethyl acetate) to afford the title compounds V.9.
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.o

4-Methyl-N-(2-oxo-2-phenylethyl)-N-(1-phenylethyl)benzenesulfonamide (V.9a).
Prepared from 1-((4-methyl-N-(1-phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate
(V.2a) and trimethyl((1-phenylvinyl)oxy)silane (V.8a) and obtained as a white solid (34.2
mg, 87% yield). 'H NMR (4, 23 °C, 400 MHz, CDCls): 7.93-7.91 (m, 2H), 7.76 (dd, J =
8.4, 1.3 Hz, 2H), 7.53 (t, J = 7.4 Hz, 1H), 7.41-7.34 (m, 4H), 7.24 (m, 1H), 5.18-5.13 (m,
1H), 4.73 (d, J= 18.1 Hz, 1H), 4.70 (d, J = 18.1 Hz, 1H), 4.34 (d, J = 18.1 Hz, 1H), 4.32
(d, J=18.1 Hz, 1H), 2.47 (s, 3H), 1.43 (d, J = 7.1 Hz, 3H), 1.41 (d, /= 7.1 Hz, 3H).13C
NMR (6, 23 °C, 100 MHz, CDCl3): 194.9, 143.6, 139.3, 137.9, 135.2, 133.5, 129.6, 128.8,

128.6, 128.2, 128.0, 127.9, 55.8, 49.8, 21.8, 17.2. HRMS-ESI: calculated for [M+H] =

394.1471, observed [M+H] = 394.1467.

e
N-(2-(4-Bromophenyl)-2-oxoethyl)-4-methyl-N-(1-
phenylethyl)benzenesulfonamide  (V.9b). Prepared  from 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a) and ((1-(4-
bromophenyl)vinyl)oxy)trimethylsilane (V.8b) and obtained as a white solid (41.8 mg,
89% yield). 'H NMR (4, 23 °C, 400 MHz, CDClz): 7.89 (d, J = 8.3 Hz, 2H), 7.59 (d, J =

8.6 Hz, 2H), 7.51 (d, J = 8.5 Hz, 2H), 7.36 (d, /= 8.2 Hz, 2H), 7.22 (s, 5H), 5.14 (t, /= 7.1
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Hz, 1H), 4.56 (d, /= 17.8 Hz, 1H), 4.30 (d, /= 17.8 Hz, 1H), 2.47 (s, 3H), 1.37 (d, J= 7.1
Hz, 3H). BC NMR (6, 23 °C, 100 MHz, CDClz): 194.2, 143.8, 139.0, 137.5, 133.9, 132.0,
129.7, 129.6, 128.6, 128.5, 128.1, 128.0, 127.9, 55.8, 49.7, 21.8, 16.7. HRMS-ESI:

calculated for [M+H] = 472.0577, observed [M+H] = 472.0573.

ol
N-(2-(4-lodophenyl)-2-oxoethyl)-4-methyl-N-(1-phenylethyl) benzenesulfonamide
(V.9c). Prepared from 1-((4-methyl-N-(1-phenylethyl)phenyl)sulfonamido)pyridin-1-ium
triflate (V.2a) and ((1-(4-iodophenyl)vinyl)oxy)trimethylsilane (V.8¢) and obtained as a
pale yellow solid (44.6 mg, 86% yield). '"H NMR (6, 23 °C, 400 MHz, CDCls): 7.89 (d, J
=8.3 Hz, 2H), 7.74 (d, J = 8.5 Hz, 2H), 7.43 (d, J= 8.5 Hz, 2H), 7.36 (s, 2H), 7.22 (s, 5SH),
5.15(q,J=7.1Hz, 1H),4.55(d,J=17.8 Hz, 1H), 4.28 (d, J=17.8 Hz, 1H), 2.47 (s, 3H),
1.37 (d, J = 7.1 Hz, 3H). 13C NMR (4, 23 °C, 100 MHz, CDCl3): 194.5, 143.8, 139.0,

138.0, 137.5, 134.4, 129.7, 129.4, 128.6, 128.12, 127.94, 101.4, 55.8, 49.7, 21.8, 16.8.

HRMS-ESI: calculated for [M+H] = 520.0438, observed [M+H] = 520.0435.

CHs
0
4-Methyl-N-(2-oxo0-2-(p-tolyl)ethyl)-N-(1-phenylethyl)benzenesulfonamide (V.9d).

Prepared from 1-((4-methyl-N-(1-phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate

(V.2a) and trimethyl((1-(p-tolyl)vinyl)oxy)silane (V.8d) and obtained as a white solid
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(33.1 mg, 81% yield). 'H NMR (&, 23 °C, 400 MHz, CDCls): 7.92 (d, J = 8.3 Hz, 2H),
7.66 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.26-7.23 (m, 5H), 7.19 (d, J = 8.0 Hz,
2H), 5.15 (q, J= 7.1 Hz, 1H), 4.70 (d, J = 18.2 Hz, 1H), 4.28 (d, J= 18.2 Hz, 1H), 2.46 (s,
3H), 2.38 (s, 3H), 1.40 (d, J= 7.1 Hz, 3H). 3C NMR (6, 23 °C, 100 MHz, CDCls): 194.3,
144.2,143.4,139.2, 132.6, 129.4, 129.3, 128.4, 128.1, 128.0, 127.8, 127.7, 56.2,49.2, 21.7,

21.6, 17.3. HRMS-ESI: calculated for [M+H] = 408.1628, observed [M+H] = 408.1622.

e
4-Methyl-N-(2-oxo-2-(4-(trifluoromethyl)phenyl)ethyl)-N-(1-
phenylethyl)benzenesulfonamide  (V.9e). Prepared  from 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a) and trimethyl((1-(4-
(trifluoromethyl)phenyl)vinyl)oxy)silane (V.8e, 4.00 equiv) and obtained as a yellow oil
(36.9 mg, 80% yield). '"H NMR (&, 23 °C, 400 MHz, CDCl3): 7.89 (d, J = 8.4 Hz, 2H),
7.80 (d, J = 8.1 Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 7.21 (s, 5H),
5.16 (q,J=7.0 Hz, 1H), 4.55 (d,J=17.7 Hz, 1H), 4.37 (d, J=17.7 Hz, 1H), 2.48 (s, 3H),
1.37 (d, J = 7.1 Hz, 3H). 13C NMR (4, 23 °C, 100 MHz, CDCl3): 194.4, 143.8, 138.7,
137.8,137.2,134.4 (3Jcr=33.0 Hz), 129.7, 128.4, 128.3, 128.1, 127.9, 127.8, 125.6 (*Jc-

F= 3.7 Hz), 123.5 (\Jc_r= 271 Hz), 55.6, 49.9, 21.6, 16.3. HRMS-ESI: calculated for

[M+H] =462.1345, observed [M+H] = 462.1339.
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4-Methyl-N-(2-oxo-2-phenylethyl)-N-(1-phenylpropyl) benzenesulfonamide (V.9f).
Prepared from 1-((4-methyl-N-(1-phenylpropyl)phenyl)sulfonamido)pyridin-1-ium triflate
(V.2b) and trimethyl((1-phenylvinyl)oxy)silane (V.8a, 4.00 equiv) and obtained as a pale-
yellow oil (26.8 mg, 66% yield). '"H NMR (&, 23 °C, 400 MHz, CDCl3): 7.85 (d, J = 8.3
Hz, 2H), 7.76 (dd, J = 8.4, 1.2 Hz, 2H), 7.54 (tt, J= 7.4, 1.5 Hz, 1H), 7.40 (t, J = 7.7 Hz,
2H), 7.33 (d, J= 8.0 Hz, 2H), 7.25-7.23 (m, 3H), 7.18-7.16 (m, 2H), 4.84 (dd, J=9.6, 5.8
Hz, 1H), 4.71 (d, J= 18.3 Hz, 1H), 4.33 (d, /= 18.3 Hz, 1H), 2.46 (s, 3H), 1.96-1.78 (m,
2H), 0.78 (t, J= 7.3 Hz, 3H).3C NMR (4§, 23 °C, 100 MHz, CDCl3): 194.9, 143.5, 138.1,
137.3, 135.3, 133.5, 129.5, 128.8, 128.7, 128.2, 128.1, 128.0, 62.8, 50.0, 24.6, 21.7, 11.6.
HRMS-ESI: calculated for [M+H] = 408.1628, observed [M+H] = 408.1627.
Ph

s

0

N-benzhydryl-4-methyl-N-(2-oxo-2-phenylethyl) benzenesulfonamide (V.92).
Prepared from 1-((N-benzhydryl-4-methylphenyl)sulfonamido)pyridin-1-ium triflate
(V.2¢) and trimethyl((1-phenylvinyl)oxy)silane (V.8a, 4.00 equiv) and obtained as a white
solid (35.1 mg, 77% yield). '"H NMR (&, 23 °C, 400 MHz, CDCl3): 7.79 (d, J = 8.3 Hz,
2H), 7.65 (d, J=7.1 Hz, 2H), 7.50 (t,J = 7.4 Hz, 1H), 7.36 (t, /= 7.7 Hz, 2H), 7.24 (d, J

=8.1 Hz, 2H), 7.20-7.18 (m, 6H), 7.13 (dd, J= 6.7, 2.9 Hz, 4H), 6.25 (s, 1H), 4.85 (s, 2H),
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2.42 (s, 3H). 3C NMR (6, 23 °C, 100 MHz, CDCls): 193.7, 143.4, 138.6, 137.7, 135.3,
133.3, 129.3, 129.2, 128.7, 128.4, 128.4, 127.8, 127.7, 65.4, 51.6, 21.7. HRMS-ESI:

calculated for [M+H] = 456.1628, observed [M+H] = 456.1622.

Optimization studies for tetrahydroisoquinoline synthesis

Table V-1. Examination of the impact of solvent on tetrahydroisoquinoline
synthesis.A 25-mL  Schlenk tube was charged with 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido)pyridine-1-ium triflate (V.2a, 25.1 mg, 50.0 umol, 1.00
equiv), 4-fluorostyrene (V.3b, 6.1 mg, 50 umol, 1.0 equiv), [Ir(ppy)2(dtbbpy)][PFs] (V .4,
0.5 mg, 1 mol%), and solvent (2.0 mL) under nitrogen atmosphere. The resulting solution
was degassed by three freeze-pump-thaw cycles and stirred at 35 °C under blue LED
irradiation for 16 h. The reaction mixture was then concentrated under reduced pressure
and analyzed via 'H and 'F NMR using mesitylene as an internal standard.

@ [Ir(ppy)o(dtbbpy)][PFg] (V.4, 1 mol%) %CHS
HaC N OTf blue LED, solvent, 35 °C, 16h /© Ners
F

V.2a V.3b V.5b
Entry Solvent Yield (%)
1 CH:Ch 44
2 MeCN 40
3 THF 0
4 HFIP 0
5 Toluene <5
6 CH:Cly/Toluene (1:1) <5

Table V-2. Examination of the impact of photocatalyst on tetrahydroisoquinoline
synthesis.A  25-mL  Schlenk tube was charged with 1-((4-methyl-N-(1-
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phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a, 25.1 mg, 50.0 umol, 1.00
equiv), 4-fluorostyrene (V.3b, 6.1 mg, 50 pmol, 1.0 equiv), photocatalyst (V.4, 1 mol%),
and CH2Cl> (2.0 mL) under an N> atmosphere. The resulting solution was degassed by
three freeze-pump-thaw cycles and stirred at 35 °C under blue LED irradiation for 16 h.
The reaction mixture was then concentrated under reduced pressure and analyzed via 'H

and 'F NMR using mesitylene as an internal standard.

@ Photocatalyst (V.4, 1 mol%)
N OTf blue LED, CH,Cly, 35 °C, 16h

V.2a V.3b V.5b
Entry Photocatalyst Yield (%)
1 [Ir(ppy)2(dtbbpy)[PFs] 44
) [1(dF(CF3)ppy)x(dtbpy)][P )
Fs]
3 [Ru(bpy)s][PFe]2 <5
4 Eosin Y* 0

* = green LED instead of blue LED
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Table V-3. Examination of the impact of reagent stoichiometry on
tetrahydroisoquinoline synthesis.A 25-mL Schlenk tube was charged with 1-((4-methyl-
N-(1-phenylethyl)phenyl)sulfonamido)pyridin-1-ium triflate (V.2a), 4-fluorostyrene
(V.3b), [Ir(ppy)2(dtbbpy)][PFs] (V.4, 0.5 mg, 1 mol%), and CH>Cl> under an N
atmosphere. The resulting solution was degassed by three freeze-pump-thaw cycles and
stirred at 35 °C under blue LED irradiation for 16 h. The reaction mixture was then
concentrated under reduced pressure and analyzed via 'H and '°F NMR using mesitylene
as an internal standard.

@ [Ir(ppy)2(dtbbpy)][PFg] (V.4, 1 mol%)
HsC N OTf blue LED, CH,Cl,, 35 °C, 16h

Ph

V.2a V.3b V.5b
Entry Amin?glyl:’iivd)inium 4-Fla(:;’l?iit)§7rne CH,Cl; (mL) \(((1;01)(1
1 1.5 1.0 2.0 61
2 1.0 4.0 2.0 80
3 1.0 2.5 0.20 81
4 1.0 1.6 0.20 80
5 1.0 1.2 0.20 65

272



Table V-4. Examination of the impact of temperature on tetrahydroisoquinoline
synthesis.A 25-mL.  Schlenk tube was charged with 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido) pyridin-1-ium triflate (V.2a, 25.1 mg, 50.0 pmol, 1.00
equiv), 4-fluorostyrene (V.3b, 9.8 mg, 80 umol, 1.6 equiv), [Ir(ppy)2(dtbbpy)][PFs] (V .4,
0.5 mg, 1 mol%), and CH>Cl, (0.20 mL) under an N, atmosphere. The resulting solution
was degassed by three freeze-pump-thaw cycles and stirred at the indicated temperature
under blue LED irradiation for 16 h. The reaction mixture was then concentrated under
reduced pressure and analyzed via 'H and '"F NMR using mesitylene as an internal

standard.
@ /©) Photocatalyst (V.4, 1 mol%)
N OTf blue LED, CH,Clp, T °C, 16h
V.2a V.3b
Entry Olefin (equiv) Temp. (°C) Yield (%)
1 1.6 35 80
2 1.6 0 82
3 2.5 0 67
4 1.6 -35 42 *

* = reaction time 8 h instead of 16 h
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X-Ray Diffraction Data
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Figure V-6. Displacement ellipsoid plot for cis-V.5e plotted at 50% probability.The
crystalline sample used in this diffraction experiment was obtained from a concentrated
CH:Cl; solution layered with hexanes at 23 °C.
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Figure V-7. Displacement ellipsoid plot of V.Ss plotted at 50% probability.The
crystalline sample used in this diffraction experiment was obtained from a concentrated
CH:Cl; solution layered with hexanes at 23 °C.
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Table V-5. X-ray experimental details of cis-V.S5e (CCDC 2084507).

Crystal data
Chemical formula 2(C23H22CINO2S)
M; 823.85
Crystal system, space group Orthorhombic, Pbca
Temperature (K) 110
a,b,c(A) 11.566(1), 18.165(1), 19.229(1)
V(A% 4039.9(5)
Z 4
Radiation type Mo Ka
u (mm™) 0.31
Crystal size (mm) 1.0 0.3 x0.1

Data collection

Diffractometer

Bruker APEX-11 CCD

Absorption correction

Multi-scan

SADABS2016/2 (Bruker,2016/2) was used for
absorption correction. wR2(int) was 0.1155
before and 0.0450 after correction. The ratio
of minimum to maximum transmission is
0.8018. The A/2 correction factor is not
present.

Tmin, Tmax

0.598, 0.746

No. of measured, independent and
observed [/ > 2c(/)] reflections

15721, 4507, 3512

Rint 0.051
(sin 0/V)max (A1) 0.648
Refinement

R[F2 > 26 (F)], wR(F?), S

0.045, 0.107, 1.02

No. of reflections 4507

No. of parameters 255

H-atom treatment H-atom parameters constrained
Apmax, Apmin (e A_3) 0.37,-0.54
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Table V-6. X-ray experimental details of V.5s (CCDC 2084508).

Crystal data
Chemical formula C29H27NO,S
M, 453.57
Crystal system, space group Monoclinic, P2i/c
Temperature (K) 110
a,b,c(A) 11.070(1), 7.4659(8), 29.942(3)
B(°) 91.619(3)
V(A% 2473.6(5)
Z 4
Radiation type Mo Ka
u (mm™) 0.16
Crystal size (mm) 0.3x0.2x0.1

Data collection

Diffractometer

Bruker APEX-11 CCD

Absorption correction

Multi-scan

SADABS2016/2 (Bruker,2016/2) was used for
absorption correction. wR2(int) was 0.0815
before and 0.0527 after correction. The ratio
of minimum to maximum transmission is
0.9427. The A/2 correction factor is not
present.

Tmin, Tmax

0.703, 0.746

No. of measured, independent and
observed [/ > 2c(/)] reflections

42772, 5685, 4789

Rint 0.046
(sin 0/M)max (A1) 0.651
Refinement

R[F?>2c (F?)], wR(F?), S

0.045, 0.107, 1.05

No. of reflections 5685

No. of parameters 300

H-atom treatment H-atom parameters constrained
Apmax, Apmin (e A_3) 0.45,-0.45
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Mechanistic Experiments

Spin-Trapping Experiments

H

©)§%?A—Bu
O@ CHg
)\ Ts
CHs  [ir(ppy),(dtbbpy)l[PFe] (V.4, 3 mol%) Ph™ "N
t-Bu
[j N

| \(ltlj"é)‘Ts blue LED , CH4CN, 23 °C o
=~ OTf
V.2a V.13

A 25-mL Schlenk tube was charged with 1-((4-methyl-N-(1-
phenylethyl)phenyl)sulfonamido) pyridin-1-ium triflate (V.2a, 15.1 mg, 30.0 pmol, 1.00
equiv), [Ir(ppy)2(dtbbpy)][PFs] (V.4, 0.8 mg, 2.91 mol%), N-tert-butyl-a-phenylnitrone
(PBN, 6.6 mg, 37 umol, 1.2 equiv), and CH3CN (0.50 mL) under N> atmosphere. The
resulting solution was degassed by three freeze-pump-thaw cycles and 50 pL of the
resulting solution was transferred to a 2 mm EPR tube inside a glove bag. The EPR tube
was inserted into the probe and a background dark spectrum was collected. The tube was
irradiated for 45 min at which time an EPR spectrum was collected again (Figure V-8).

This spectrum revealed the presence of spin-trapped radical V.13.
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Figure V-8. EPR spectra for photochemical deaminative functionalization of V.2a in
presence of PBN was obtained in acetonitrile.Left: EPR spectra of sample (a) without
photolysis, (b) with blue light irradiation, and (c) simulated spectrum. The observed triplet
of quartet in the photolyzed spectrum is attributed to PBN-trapped amidyl radical (V.13)
with anesn) = 13.85 G, an = 3.20 G, and ang@midy) = 2.52 G. The apparent triplet of quartet
is due to the unresolved/overlapped hyperfine couplings from an and anemidyl). Formation
of PBN-trapped amidyl radical V.13 was further confirmed by mass analysis of the EPR
sample where HRMS-APCI: calculated for [M'] = 451.2055, observed [M’] = 451.2037.
Right: Experimental setup used to observe radicals generated by blue light irradiation by
EPR spectroscopy.
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Figure V-9. "TH NMR spectrum of compound V.2a in CDCI; (400 MHz) at 23 °C.*CDC]; solvent peak.
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Figure V-10. 3C NMR spectrum of compound V.2a in CDCl; (100 MHz) at 23 °C.*CDCIs solvent peak.
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Figure V-11. 'TH NMR spectrum of compound V.2b in CDCl; (400 MHz) at 23 °C.*CDClIs solvent peak.
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Figure V-12. 3C NMR spectrum of compound V.2b in CDCI3 (100 MHz) at 23 °C.*CDClI; solvent peak.
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Figure V-13. 'TH NMR spectrum of compound V.2¢ in CD3CN (400 MHz) at 23 °C.*CD3CN solvent peak.
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Figure V-14. 3C NMR spectrum of compound V.2¢ in CD3CN (100 MHz) at 23 °C.*CD;CN solvent peak.
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Figure V-15. 'TH NMR spectrum of compound V.2d in CDCl; (400 MHz) at 23 °C.*CDCIs solvent peak.
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Figure V-16. 3C NMR spectrum of compound V.2d in CDCI3 (100 MHz) at 23 °C.*CDClI; solvent peak.
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Figure V-17. 'TH NMR spectrum of cis-V.5a in CDCIl3 (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-18.3C NMR spectrum of cis-V.5a in CDCl3 (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-19. 'TH NMR spectrum of trans-V.5a in CDCl; (400 MHz) at 23 °C.*CDCls solvent peak.
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Figure V-20.'3C NMR spectrum of trans-V.5a in CDCl3 (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-21. 'TH NMR spectrum of cis-V.5b in CDCl; (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-22. 3C NMR spectrum of c¢is-V.5b in CDCl; (100 MHz) at 23 °C.*CDClI; solvent peak.
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Figure V-23. 'TH NMR spectrum of trans-V.5b in CDCIl; (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-24. 3C NMR spectrum of trans-V.5b in CDCl; (100 MHz) at 23 °C.*CDCl3 solvent peak.
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Figure V-25. "TH NMR spectrum of cis-V.5¢ in CDCl; (400 MHz) at 23 °C.*CDCIs solvent peak.
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Figure V-26.'3C NMR spectrum of cis-V.5¢ in CDCl; (100 MHz) at 23 °C.*CDClIs solvent peak.
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Figure V-27. 'H NMR spectrum of trans-V.5¢ in CDCl; (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-28. 3C NMR spectrum of trans-V.5¢ in CDCl; (100 MHz) at 23 °C.*CDCIs solvent peak.
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Figure V-29. 'TH NMR spectrum of cis-V.5d in CDCl; (400 MHz) at 23 °C.*CDCls solvent peak.
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Figure V-30.'3C NMR spectrum of c¢is-V.5d in CDCl; (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-31. "TH NMR spectrum of cis-V.5¢ in CDCIlz (400 MHz) at 23 °C.*CDCls solvent peak. Peaks with d < 1.4 ppm are from H
grease.
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Figure V-32. 3C NMR spectrum of cis-V.5¢ in CDCl; (100 MHz) at 23 °C.*CDClIs solvent peak.
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Figure V-33."H NMR spectrum of trans-V.5¢ in CDCl3 (400 MHz) at 23 °C.*CDC]ls solvent peak. Peaks with d < 1.4 ppm are from
H grease.
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Figure V-34. 3C NMR spectrum of trans-V.5¢ in CDCl; (100 MHz) at 23 °C.*CDCIs solvent peak.
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Figure V-35.TH NMR spectrum of cis-V.5f in CDCl3 (400 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d < 1.4 ppm are from H
grease.
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Figure V-36. '3C NMR spectrum of cis-V.5f in CDCl3 (100 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d < 1.4 ppm are from
H grease.
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Figure V-37.TH NMR spectrum of trans-V.5f in CDCl3 (400 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d < 1.4 ppm are from
H grease.
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Figure V-38. 3C NMR spectrum of trans-V.5f in CDCl; (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-39. 'TH NMR spectrum of cis-V.5g in CDCl3 (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-40. 3C NMR spectrum of c¢is-V.5g in CDCI3 (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-41."H NMR spectrum of trans-V.5g in CDCl; (400 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d < 1.4 ppm are from
H grease.
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Figure V-42. 3C NMR spectrum of trans-V.5g in CDCl3 (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-43."H NMR spectrum of cis-V.5h in CDCl; (400 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d < 1.4 ppm are from H
grease.
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Figure V-44. 'TH NMR spectrum of trans-V.5h in CDCl; (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-45.13C NMR spectrum of trans-V.5h in CDCl; (100 MHz) at 23 °C.*CDCl3 solvent peak.
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Figure V-46. "TH NMR spectrum of cis-V.5i in CDCl; (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-47.3C NMR spectrum of ¢is-V.5i in CDCIl; (100 MHz) at 23 °C.*CDCls solvent peak.
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Figure V-48. 'TH NMR spectrum of trans-V.5i in CDCl3 (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-49. 3C NMR spectrum of trans-V.5i in CDCIl; (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-50. "TH NMR spectrum of trans-V.5j in CDCl3 (400 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d < 1.4 ppm are from
H grease.
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Figure V-51. 3C NMR spectrum of trans-V.5j in CDCl; (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-52. TH NMR spectrum of cis-V.5k in CDCl; (400 MHz) at 23 °C.*CDCls solvent peak.
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Figure V-53. 3C NMR spectrum of cis-V.5k in CDCl; (100 MHz) at 23 °C.*CDCls solvent peak.
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Figure V-54. TH NMR spectrum of cis-V.51 in CDCl; (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-55.13C NMR spectrum of ¢is-V.51 in CDCl; (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-56. "TH NMR spectrum of trans-V.51 in CDCIlz (400 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d < 1.4 ppm are from
H grease.
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Figure V-57.13C NMR spectrum of trans-V.51 in CDCIl; (100 MHz) at 23 °C.*CDCl; solvent peak.

327



CN

" S VN N R SN

I ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' | ' ]
ppm 9 8 7 6 5 4 3 2 1 0

Figure V-58. 'H NMR spectrum of cis-V.5m in CDClz (400 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d < 1.4 ppm are from
H grease. The doublet with d = 1.43 ppm is due to overlapped peak from H-atom abstraction side products.
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Figure V-59. 3C NMR spectrum of c¢is-V.5m in CDCl3 (100 MHz) at 23 °C.*CDClI; solvent peak.
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Figure V-60. 'TH NMR spectrum of cis-V.5n in CDCl; (400 MHz) at 23 °C.*CDCls solvent peak.
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Figure V-61.3C NMR spectrum of c¢is-V.5n in CDCl; (100 MHz) at 23 °C.*CDClIs solvent peak.
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Figure V-62.'"H NMR spectrum of trans-V.5n in CDCl; (400 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d < 1.4 ppm are from
H grease.

332



CH,
~Ts

o8

CO,Et

. . . . T . . . . . . . .
ppm 150 100 50

Figure V-63.13C NMR spectrum of trans-V.5n in CDCl; (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-64. "TH NMR spectrum of cis-V.50 in CDCl3 (400 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d < 1.4 ppm are from H
grease.
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Figure V-65.13C NMR spectrum of cis-V.50 in CDCIl3 (100 MHz) at 23 °C.*CDCl; solvent peak.

335



CHs
Ts

=z

B

' I ' [ ' I ' I ' I ' I ' I ' I ' I ' I
ppm 9 8 7 6 5 4 3 2 1 0

Figure V-66. "H NMR spectrum of trans-V.50 in CDCl; (400 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d < 1.4 ppm are from
H grease.
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Figure V-67.13C NMR spectrum of trans-V.50 in CDCl3 (100 MHz) at 23 °C.*CDCl; solvent peak.

337



CHj

T
o

Cl

! T ! T ! T ! T ! I ! I ! T ! T ! I
ppm 9 8 7 6 5 4 3 2 1

Figure V-68. 'TH NMR spectrum of cis-V.5p in CDCl; (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-69. 3C NMR spectrum of cis-V.5p in CDCl; (100 MHz) at 23 °C.*CDClI; solvent peak.
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Figure V-70. 'TH NMR spectrum of trans-V.5p in CDCIl; (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-71. 3C NMR spectrum of trans-V.5p in CDCl; (100 MHz) at 23 °C.*CDCl3 solvent peak.
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Figure V-72."H NMR spectrum of cis-V.5q in CDCl; (400 MHz) at 23 °C.*CDClI; solvent peak. Peaks with d < 1.4 ppm are from H
grease.
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Figure V-73.13C NMR spectrum of cis-V.5q in CDCl; (100 MHz) at 23 °C.*CDCls solvent peak.
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Figure V-74.'"H NMR spectrum of trans-V.5q in CDCl; (400 MHz) at 23 °C.*CDClI; solvent peak. Peaks with d < 1.4 ppm are from
H grease.
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Figure V-75.13C NMR spectrum of trans-V.5q in CDCl; (100 MHz) at 23 °C.*CDCl3 solvent peak.
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Figure V-76. "TH NMR spectrum of cis-V.5r in CDCIlz (400 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d < 1.4 ppm are from H
grease.
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Figure V-77.13C NMR spectrum of ¢is-V.5r in CDCl; (100 MHz) at 23 °C.*CDCIs solvent peak.
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Figure V-78. "TH NMR spectrum of trans-V.5r in CDCl3 (400 MHz) at 23 °C.*CDC]l; solvent peak. Peaks with d < 1.4 ppm are from
H grease.
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Figure V-79. 3C NMR spectrum of trans-V.5r in CDCl; (100 MHz) at 23 °C.*CDCIs solvent peak.
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Figure V-80. 'TH NMR spectrum of compound V.5s in CDCl; (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-81.3C NMR spectrum of compound V.5s in CDCl; (100 MHz) at 23 °C.*CDClIs solvent peak.
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Figure V-82. 'H NMR spectrum of rotamer 1 of compound V.7 in CDCl; (400 MHz) at 23 °C.*CDClI; solvent peak. Peaks with d
=5.30 ppm is from residual CH>Cl,.
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Figure V-83. 13C NMR spectrum of rotamer 1 of compound V.7 in CDCl; (100 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d
=53.2 ppm is from residual CH>Cl,.
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Figure V-84. 'H NMR spectrum of rotamer 2 of compound V.7 in CDCl; (400 MHz) at 23 °C.*CDClI; solvent peak. Peaks with d
=5.30 ppm is from residual CH>Cl,.
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Figure V-85.13C NMR spectrum of rotamer 2 of compound V.7 in CDCl; (100 MHz) at 23 °C.*CDCl; solvent peak. Peaks with d
=53.2 ppm is from residual CH>Cl,.
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Figure V-86. 'TH NMR spectra for thermal interconversion of rotamers (V.7) at 23 °C in CDCI; solvent. *CDCl; solvent peak. (a)
mixture of rotamers generated from the solution of rotamer 2 in CDCI3 upon evacuation and dissolution in CDCl3, (b) interconversion
of rotamer 2 to rotamer 1 when heated at 50 °C for 16h, and (¢) '"H NMR spectrum of rotamer 1.
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Figure V-87. 'TH NMR spectrum of compound V.9a in CDCI; (400 MHz) at 23 °C.*CDCls solvent peak.
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Figure V-88.13C NMR spectrum of compound V.9a in CDCl; (100 MHz) at 23 °C.*CDCIs solvent peak.
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Figure V-89. 'TH NMR spectrum of compound V.9b in CDCl; (400 MHz) at 23 °C.*CDCIs solvent peak.
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Figure V-90. 3C NMR spectrum of compound V.9b in CDCI3 (100 MHz) at 23 °C.*CDClI; solvent peak.
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Figure V-91. 'TH NMR spectrum of compound V.9¢ in CDCl3 (400 MHz) at 23 °C.*CDClI; solvent peak.
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Figure V-92. 3C NMR spectrum of compound V.9¢ in CDCIl3 (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-93. 'TH NMR spectrum of compound V.9d in CDCl; (400 MHz) at 23 °C.*CDCIs solvent peak.
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Figure V-94. 3C NMR spectrum of compound V.9d in CDCI3 (100 MHz) at 23 °C.*CDClI; solvent peak.
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Figure V-95. 'TH NMR spectrum of compound V.9¢ in CDCl3 (400 MHz) at 23 °C.*CDClI; solvent peak.
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Figure V-96. 3C NMR spectrum of compound V.9¢ in CDCIl3 (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-97. 'TH NMR spectrum of compound V.9f in CDCIl3 (400 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-98. 13C NMR spectrum of compound V.9f in CDCIl; (100 MHz) at 23 °C.*CDCl; solvent peak.
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Figure V-99. 'TH NMR spectrum of compound V.9¢g in CDCI; (400 MHz) at 23 °C.*CDCls solvent peak.
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Figure V-100. 3C NMR spectrum of compound V.9¢g in CDCIl; (100 MHz) at 23 °C.*CDCl; solvent peak.
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CHAPTER VI

CONCLUDING REMARKS AND OUTLOOK

VI.1 Summary

Hypervalent iodine reagents are a broadly useful class of selective two electron
chemical oxidants based on 3-centered, 4-electron (3c-4e) iodine-ligand bonds and are
often prepared using hazardous reagents such as peracids or metal-based oxidants. In the
preceding chapters of this dissertation, sustainable synthetic methods for hypervalent
iodine compounds with Oz and electrical current as the terminal oxidants were discussed.
In Chapter II and III, the development of aerobic hypervalent iodine catalysis as a platform
to accomplish an array of organocatalytic aerobic oxidation reactions was illustrated.!6*:
239 This chemistry enabled O, to be employed as a terminal oxidant in many of the
transformations for which hypervalent iodine intermediates have been developed,
including direct C-H/N-H cross coupling, carbonyl a-functionalization, and alcohol
oxidation.

Detailed study of the mechanism by which aerobic oxidation is achieved resulted
in the recognition that a one-electron mechanism based on addition of aerobically
generated acetoxy radicals to aryl iodides was operative.*??> Based on this mechanistic
hypothesis, development of aryl-iodide-catalyzed electrochemical C—H amination was
described in Chapter IV. Previously reported electrochemical oxidation of aryl iodides
significantly suffered from high onset potential required for its oxidation, leading to very

limited electrocatalytic application. During our electrocatalytic studies, we have
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discovered that anodically generated iodanyl radicals (i.e., I(II)) from some aryl iodides
directly engage with the substrate without forming corresponding I(III) compounds.*** To
accommodate relatively high potential for oxidation of aryl iodides, expansion of library
of aminating reagents was discussed in Chapter V.*!

Hypervalent iodine compounds are often used in stoichiometric amounts to carry
out substrate functionalization, and the research described herein using O, and
electrochemistry would encourage catalytic use of such reagents in diverse chemical

settings, rendering more economical and sustainable method for small molecule synthesis.

V1.2 Future Directions
Aerobic Aerobic Asymmetric Hypervalent lodine Catalysis

While aldehyde autoxidation mediated aerobic hypervalent iodine catalysis serves
as an attractive launching platform, generation of reactive radical intermediates from
aldehyde autoxidation limits the substrate generality. Thus, development of other
mediators for coupling O reduction with aryl iodide oxidation is needed. After our initial
report of aerobic hypervalent iodine catalysis, aerobic hypervalent iodine photocatalysis
was developed in the context of dearomatization of electron-rich aromatics to afford
spirocyclic lactams with very low catalyst loadings (Figure VI-1).**° In this chemistry,
sequential oxidation of aryl iodide was proposed by the action of O2 and photosensitizer
(mesityl-2,6-diphenylpyrylium tetrafluoroborate, MDPT) to form the active hypervalent

iodine(IIT) oxidant which undergoes spirocyclization reaction.
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Figure VI-1. Hypervalent iodine catalyzed aerobic spirocyclization reaction under
photochemical conditions. MDPT=mesityl-2,6-diphenylpyrylium tetrafluoroborate.
Adapted from reference 429.

The potential required for oxidation of aryl iodides significantly varies with the
substituents on the aryl ring. With aldehyde autoxidation chemistry, oxidation of aryl
iodide is governed by the oxygenated radical species (i.e., acetoxy radical from
acetaldehyde autoxidation) with little variability in potential for different aldehyde
structure. On the other hand, required potential for oxidation of aryl iodides could be tuned
in by varying the structure of photosensitizers. Thus oxidation of more complex aryl
iodides (i.e., chiral aryl iodides) could be achieved under mild conditions using O> as
terminal oxidant whereas reactive radical intermediates from aldehyde autoxidation may
not be compatible. Optimization of suitable photosensitizer and aryl iodide structure could

lead to asymmetric aerobic hypervalent iodine catalysis.
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Green Platform for Metal-Free Cross-Coupling Chemistry

Hypervalent iodine compounds readily engage in the elementary steps necessary
for cross-coupling chemistry, namely well-defined two-electron oxidation-reduction
chemistry (i.e., oxidative addition and reductive elimination) and facile ligand exchange
reactions (i.e., transmetallation reactions) and have thus garnered significant attention as
a potential metal-free platform for cross-coupling chemistry. With the sustainable
synthesis of hypervalent iodine compounds under aerobic or electrochemical conditions,
these intermediates would constitute a green platform for cross-coupling chemistry. For
example, both aryl iodide and Pd catalyzed C—N cross-coupling reaction between arene
and N-methoxy-tosyl amine are compared in light of green chemistry metrics pentagon
(Figure VI-2).#% Aryl-iodide-catalyzed reaction is better in terms of yield and atom
economy but loses out to Pd catalysis on stoichiometric factor due to higher loading of
aryl iodide catalyst. Development of better aryl iodide catalyst structure could address this

problem and increase the sustainability.

0Oy, CHaCHO, MeO.  Ts

H H 1,2-15-CgH, (10 mol%) [Pd(allyl)Cl], (1 mol%) Br H
N CoCly*6H,0 (2 mol%) t-BuXPhos (3 mol%) N
MeO”™ "Ts + + MeO” "Ts
TFA, DCE, HFIP, 23 °C K2CO3, PhCHj, 80 °C
71% yield Yield 55%
AE AE
MRP Yield MRP Yield
RME 1/SF RME 1/SF

Figure VI-2. Green chemistry comparison between aryl iodide and Pd catalyzed C—
N cross coupling reactions. AE = atom economy, SF = stoichiometric factor, MRP =
material recovery parameter, RME = reaction mass efficiency. Adapted from reference
430.
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The development of electrocatalytic application of hypervalent iodine compounds
described in this dissertation could also open up the possibility of performing previously
reported ex cell reactions under electrocatalytic conditions. For example, an extension of
the C—N bond-forming processes to the construction of C—O, and C-X bonds utilizing
facile ligand exchange properties of iodine could be envisioned. To develop the
electrochemical cross-coupling chemistry of hypervalent iodine compounds, the structure
of the aryl iodide catalyst needs to be optimized by examining the effect of substituents
both on the oxidation-reduction electrochemistry and also on the efficiency of cross-

coupling chemistry.

I(1]) Catalysis in Organic Hypervalent Chemistry

While one-electron redox and iodine radical chemistry is well-precedented in the
context of inorganic hypervalent iodine chemistry, for example in the iodide-triiodide
couple that drives dye-sensitized solar cells,!> most organic hypervalent iodine chemistry
is predicated on the selective two-electron redox couples I(I)/I(IIT) and I(III)/I(V).
Contemporary hypervalent iodine chemistry is predicated on electrophilicity at the iodine
center, where substrate functionalization occurs with nucleophilic attack from the
substrate at the iodine center followed by formal reductive elimination. But with the
generation of I(II) intermediates, other modes of reaction such as hydrogen atom
abstraction (HAA) or extrusion of ligand radical to participate in the product formation
become available, thus adding to the diversity of hypervalent iodine chemistry. With the

new methods described in this dissertation to generate iodanyl radical under aerobic and
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electrochemical conditions, we view this research as an opportunity to advance I(II)
catalysis as a green alternative to traditional aryl-iodide-catalyzed chemical

transformations with peracid or metal-based reagents as terminal oxidants.
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