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ABSTRACT: Photoelectrocatalytic water splitting is an important goal of modern 0=—1-"Q % 0
chemistry that is hindered by the slow kinetics of anodic water oxidation. *__
Additionally, the O, byproduct of water oxidation catalysis is of little economic o=
value. One way to increase the energy efficiency as well as economic feasibility of HZO

photoelectrocatalytic water splitting as an industrial process is to couple the 1.8 Vs Ag/AgNO3
oxidation of water to the formation of value-added, oxygenated products such as ﬁ o O o

olefin epoxidation or other selective oxygenation or oxidation reactions—rather
than the coupling of two O-atom equivalents to O,. However, attempts at direct
olefin epoxidation at the same anode where water oxidation catalysis is happening
suffer from competing one-electron oxidation or overoxidation of the olefin
substrate. Hence, an O-atom-transfer mediator is needed. Hypervalent iodine reagents are known to perform olefin epoxidations via
O-atom transfer, oxidation reactions, as well as a myriad of other group-transfer reactions. A drawback addressed in the following
work is that the synthesis of hypervalent iodine reagents typically requires the use of a powerful oxidant such as I0,~ or KHSOj with
multiple steps and potentially explosive intermediates or side products. Herein, we report proof-of-principle electrochemical
syntheses of a series of hypervalent iodine reagents, including: 4*-0-iodosobenzoic acid (IBA) in up to 58% isolated yield with a
Faradaic efficiency 89%; the previously inaccessible A*-ethyl 2-iodosobenzoate (IBA-ester) with ~78% Faradaic efficiency; the well-
known A°-2-iodoxyphenyl tert-butyl sulfone (IBX-sulfone) with ~51% Faradaic efficiency; and a mixture of A*-2-iodosobenzene
sulfonic acid (IBA-sulfonic acid) with A>-2-iodoxybenzene sulfonic acid (IBX-sulfonic acid) with an overall Faradaic efficiency of
>789%. Mechanistic studies using H,'®O in the electrochemical synthesis demonstrate that the O-atom in the product is initially
transferred from the oxidized, O-atom-containing surface of the glassy carbon electrode, with '*0 from H,'®O then replacing the O-
atom vacancy on the carbon electrode surface. Overall, the present contribution demonstrates the electrochemical, green synthesis of
novel and well-known hypervalent iodine reagents using the O-atom from H,O. The reported studies also provide insights into the
electrochemical mechanism needed to optimize the synthesis yields as well as to exploit those syntheses using O-atom equivalents
generated via (photo)electrochemical water splitting.

Electrode assisted O-atom transfer

KEYWORDS: catalysis, oxygenation, electrosynthesis, green synthesis, group transfer, epoxidation, oxidation, electrochemical mediators

B INTRODUCTION electronic or steric modifications as is possible in organic-based
systems.

Alternatively, hypervalent iodine reagents such as A%
iodosobenzene (PhIO) or A*-o-iodoxybenzoic acid (IBX) and
their derivatives are known to perform O-atom-transfer
oxygenation reactions including olefin epoxidation, alcohol
oxidation, and alkane hydroxylation in the presence of a
transition-metal catalyst.”"" Furthermore, the A%-iodine
species o-iodosobenzoic acid (IBA) can perform oxygenation
of a,f-unsaturated ketones when converted to the n-
tetrabutylammonium salt,'” is selective toward peptide

Photoelectrocatalytic water splitting is an important if not
critical goal of modern chemistry.' However, the kinetic
bottleneck of water splitting is the anodic oxidation of water, a
4e”/4H" process and yields O, as a product of little economic
value. We and others” ® hypothesize that water oxidation
could be coupled to other chemical processes to yield value-
added products. Attempts to do direct oxygenation of organic
substrates anodically often lead to overoxidation or le”
chemistry forming unwanted byproducts—necessitating the
use of an electrocatalytic mediator.”*’” An important recent

example using an electrocatalytic mediator is the anodic
epoxidation of ethylene to ethylene oxide mediated by Cl/ Received:  February 24, 2021 Sistalnable

Chenustry Engmeermg

ClO™." The use of chloride as a mediator for O-atom transfer Revised:  April 7, 2021
is a convenient and simple method but is limited to a Faradaic Published: July 23, 2021
efficiency of ~70% even after optimization at 300 mA/cm”
with ethylene oxide production rate at ~170 mg/h’ and,
critically, the CI/CIO™ couple lacks synthetic tunability by
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Scheme 1. Structure, Equivalent Valency, and Abbreviations of Hypervalent Iodine Reagents Used Herein
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cleavage at tryptophan residues, ™" and also serves as a

precursor to other hypervalent group-transfer reagents. Those
known group-transfer reagents include (i) ethynylbenziodoxol-
(on)e that can be used in alkynylations;” (ii) 1-trifluor-
omethyl-1,2-benziodoxol-3(1H)-on, commonly referred to as
Togni’ s reagent that can perform transfer of a trifluoromethyl
group;'® and (iii) azidobenziodoxolone, a relatively stable
azide source.'’ In short, hypervalent iodine reagents are
versatile, O-atom, and other group-transfer reagents.

Although nominally described as hypervalent and often
drawn with an I=0 double bond, the I — O bond is more
accurately described as a dative bond.'® For simplicity, in this
work, the O-atom transfer reagents will be referred to using the
hypervalent nomenclature. A summary of abbreviations used in
the following is presented in Scheme 1 along with closer-to-
true representations of their bonding as discussed further
elsewhere.'®

A primary hypothesis examined in the present work is that
chemically versatile O-atom and group-transfer reagents based
on Ar—I such as iodosobenzoic acid (IBA) or iodoxybenzoic
acid (IBX) and their derivatives can be synthesized electro-
chemically using water as the O-atom source for potential use
in O-atom transfer catalysis. There is little reported in terms of
electrocatalysis or electrosynthesis of O-atom transfer reagents,
except for a report of the electrochemical formation of
iodoxybenzoic acid (IBX) from iodobenzoic acid precursor
(PhICO,H) in aqueous solutions.'”*° This stands in contrast
to the extensive progress with the electrochemistry of
hypervalent iodine as mediators in electrocatalytic reactions
such as fluorination and other group-transfer reactions.”' >

The aforementioned PhIO, IBA, and IBX reagents have been
extensively explored, but their use is limited by their relatively
low solubility due to strong intermolecular bonding at the
highly polar iodine center.”'’ Reagents such as 2-iodoxyphenyl

https://doi.org/10.1021/acssuschemeng.1c01315
ACS Sustainable Chem. Eng. 2021, 9, 10453—10467


https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01315?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01315?fig=sch1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c01315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

Scheme 2. Chemical Synthesis of (a) IBA Using Periodate, Persulfate, and O, as Oxidants,”” (b) IBA-Sulfone Using Peracetic

Acid or Chlorine Followed by Hydrolysis,*"
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tert-butyl sulfone (IBX-sulfone) and 2-iodoxybenzene sulfonic
acid (IBX-sulfonic acid) are similar in reactivity and utility to
PhIO and IBX, but are significantly more soluble and often
more reactive. For example, IBX-sulfonic acid has been
reported to oxidize most organic solvents including methanol
and acetonitrile on contact.”” Additionally, IBX-sulfonic acid
has also been used catalytically for chemically driven alcohol
oxidation in near-quantitative yields using oxone as the
terminal, stoichiometric oxidant.""*®

Although IBA is relatively simple to synthesize and isolate
via chemical oxidation of o-iodobenzoic acid (PhICO,H) using
10,” and acetic acid,” or through hydrolysis of IBX (Scheme
2), synthetic routes are limited by the use of stoichiometric
oxidants.”””' Recent work used O, as a green chemistry
oxidant to synthesize IBA and other A*-hypervalent iodine
species which were then used with other oxidation and

oxygenation reactions.”> >* Other A*-iodine species are often
difficult to obtain due to their reactivity and propensity toward
disproportionation to the Arl and AS-species,” while the
synthesis of 1°-reagents typically requires the use of a powerful
oxidant such as oxone (Scheme 2).'">>?%

Herein, we report the selective electrochemical synthesis of
hypervalent iodine reagents iodosobenzoic acid (IBA), ethyl-2-
iodosobenzoate (IBA-ester), 2-iodoxyphenyl tert-butyl sulfone
(IBX-sulfone), and a reactive mixture of 2-iodosobenzene
sulfonic acid (IBA-sulfonic acid) and 2-iodoxybenzene sulfonic
acid (IBX-sulfonic acid) (Scheme 3). Isolated materials were
obtained where possible and the products were characterized
using 'H, C NMR, Fourier transform infrared (FT-IR)
spectroscopy, and mass spectrometry confirming the formation
of IBA, IBA-ester, IBX-sulfone, and IBA/IBX-sulfonic acid. We
also conduct initial mechanistic studies in the form of '*O
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Scheme 3. Electrochemical Synthesis of Hypervalent Iodine
Reagents via Bulk Electrolysis at a Glassy Carbon Electrode
with H,O as the O-Atom Source
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labeling studies using H,'®O revealing that the majority of the
at least initial O-atoms present in the oxygenated, hypervalent
iodine product comes from surface oxide species on the
(oxidized) glassy carbon. This carbon-surface oxide is
regenerated using H,'®O from solution leading to '*O
incorporation into the product, thereby using H,O as an O-
atom source. The implications for other hypervalent iodine
group-transfer reagents are discussed as are implications for
electrochemical and photoelectrochemical oxygenations using
water as the O-atom source.

B EXPERIMENTAL SECTION

General Considerations. All chemicals were purchased of the
highest possible purity and used without further purification.
PhICO,H, PhICO,Et, and Phl-sulfonic acid were purchased from
chemical suppliers, whereas PhI-sulfone was synthesized according to
literature methods as described in the Supporting Information.**
Solutions were prepared in glassware dried in an oven overnight at
200 °C and the LiClO, was dried by heating at 200 °C for 2 days.
MeCN was obtained from a solvent still and the MeCN LiClO,
solutions were degassed for >30 min using N, bubbled through
MeCN (to prevent evaporation of the MeCN) once the solution was
added to the U-cell. Glassy carbon electrodes were cut from a 2-mm-
thick sheet using a diamond-tipped saw. Except when noted, the
electrodes were cleaned between experiments by sonicating in
aqueous ascorbic acid (to help remove insoluble/oxidizing material)
and then polishing using 0.05 pm alumina slurry followed by
sonicating in water for S min and then sonicating in ethanol for S min.
All potentials are referenced against an Ag/AgNO; CH;CN solution
containing 0.01 M AgNO; and 0.1 M LiClO, All '"H NMR
experiments were conducted either by adding CD,CN to reaction
solutions or by dissolving the product in CD;CN. However, IBA is
only soluble in dimethylsulfoxide (DMSO), and in that case, dg-
DMSO was added to electrolysis solutions or the product was
dissolved in d-DMSO for NMR. For the quantitative '"H NMR, the

internal standard dimethyl sulfone (DMSO,) was used because it is
not easily oxidizable and commonly used in quantitative NMR
(qNMR).*®

Electrochemical experiments were conducted using a Gamry 600+
potentiostat or a Bio-Logic VSP-300. NMR spectra were collected on
a 400 MHz Bruker spectrometer. FT-IR spectra were collected on a
Bruker Tensor II in attenuated total reflectance (ATR) mode. Mass
spectrometry was collected on a Thermo Finnigan LTQ_electrospray
ionization mass spectrometer (ESI-MS).

Safety Considerations. Many hypervalent iodine species are
known to explosively decompose at high temperatures and there are
accounts of explosions while drying IBX.>” These initial reports of
explosions are likely caused by side products formed during the
synthesis since analytically pure samples of IBX are not shock-
sensitive and but do explode at elevated temperatures.*”** Hence,
syntheses and reactions were carried out on small 20 mL scales to
mitigate the associated risk (except when the scale-up electrolyses of
PhICO,H were conducted). The reported isolated yields are, as a
consequence, unoptimized lower limits meaning that the isolated yield
can be improved by prolonging electrolysis beyond 100% theoretical
conversion and on a larger scale where collection of the product will
be more efficient. Furthermore, because unknown, potentially
explosive,”*® side products can be formed (i.e., when the Faradaic
efficiency to the characterized product is <100%), all reactions were
quenched by slowly adding a reductant of solid ascorbic acid
(standard potential of ~+0.35 V vs normal hydrogen electrode
(NHE))* to the reaction solutions in the presence of KI/starch
(which is blue in the presence of oxidant and turns colorless upon
quenching) before disposing in the appropriate waste stream.

Electrochemistry of the lodine Precursors. Cyclic voltammo-
grams were collected using a 0.07 cm” glassy carbon disk electrode in
a vial containing 20 mM PhICO,H, PhICO,Et, Phl-sulfone, or PhI-
sulfonic acid with 0.1 M LiClO, supporting electrolyte, in degassed
CH;CN with no added water or water added at 1 or 10 v/v%. The
amount of water present in the MeCN/LiClIO, solution was
determined to be 180 ppm via Karl Fischer titration. The Ag/
AgNO; reference electrode and carbon felt counter electrode were
placed as close as possible to the working electrode <1 cm.

Electrochemical Synthesis and Characterization of Hyper-
valent lodine Reagents. Bulk electrolyses were carried out in a U-
cell (20 mL working solution unless otherwise stated) with the
reference and large working electrode (~8 cm? glassy carbon) on the
same side and separated from the counter electrode on the other side
of the U-cell by a fine glass frit with a 5—8 cm separation of the
working and counter electrodes while <1 cm separation of the
working and reference electrodes (Figure S1). Chronocoulometry was
conducted at 1.8 V with vigorous stirring, and 250 uL aliquots were
occasionally taken for '"H NMR. We sometimes had issues with our
potentiostat at early time points in experiments with an overload of
the control amplifier. These overloads indicate that a sufficient
potential cannot be applied at the counter electrode to meet the
current demand and are caused by the (relatively) high currents being
passed by the potentiostat when using the larger glassy carbon
electrode, the relatively insulating nature of the organic solvent, or
because we did not use a sacrificial reductant at the counter electrode
(thereby avoiding crossover effects between electrode cell compart-
ments). To mitigate against this, we used a carbon felt counter
electrode (to maximize counter electrode surface area) and adjusted
the potentiostat compliance to allow for a larger (more negative)
voltage to be applied at the counter electrode.

In the case of PhICO,H electrolysis in the presence of 1% added
water a white precipitate was observed and collected via vacuum
filtration through a fine fritted filter followed by 3 X 50 mL washes
with acetonitrile to remove unreacted PhICO,H and LiClO,, then
dried on the filter overnight. The product was collected and weighed
in a vial. 'H, ®C NMR, and FT-IR spectra were collected on the
product.

To test the scalability of this method bulk electrolysis was
conducted with 1% added water and 100 mM LiClO, on three
different scales: (i) the aforementioned 20 mL, 20 mM PhICO,H

10456 https://doi.org/10.1021/acssuschemeng.1c01315
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Figure 1. Cyclic voltammograms of PhICO,H (top left), PhAICO,Et (bottom left), Phl-sulfone (top right), and Phl-sulfonic acid (bottom right),
with no added water (cyan), 1% (green), and 10% (blue) added water (v/v). All CVs were acquired with 0.1 M LiClO, supporting electrolyte, 20
mM PhICO,H (or PhICO,Et), CH;CN solvent, 0.07 cm® glassy carbon working electrode, and Ag/AgNO; reference electrode with scans
beginning in the positive direction at 100 mV/s. In each case, increasing water increases the anodic current, indicating water’s involvement in the
net oxidation reaction. Background, control CVs of the dry, 1%, and 10% added water (but no Phl-based substrate present) are shown in Figure S3
in the Supporting Information and reveal little change, especially compared to the current observed from the addition of the PhI-derivatives.

(99.2 mg) at 100% conversion; (i) a 40 mL, 20 mM PhICO,H
(198 mg) solution electrolyzed to 85% conversion; and (iii) a 250
mL, 20 mM PhICO,H (1.24 g) solution electrolyzed for 48 h to 94%
conversion. In each case, the resulting precipitate was collected and its
identity was confirmed using 'H and *C NMR and FT-IR.
Quantitative NMR (qQNMR) using the method of standard addition
was conducted on the filtrate solution obtained from the 250 mL scale
bulk electrolysis. To do so, four NMR tubes were prepared containing
0.5 mL total solution volume that consisted of 0.25 mL of the filtrate
solution; 025 mL of d¢-DMSO; and 20 mM dimethyl sulfone
(DMSO,) as a reliable, chemically inert, internal standard;*® and
authentic IBA spiked to final concentrations of 0, 5, 10, and 20 mM.
The four 'H NMR peaks in the aromatic region of IBA were
individually integrated and divided by the integration of the
dimethylsulfoxide internal standard. The normalized intensity of
each peak was plotted against the concentration of added IBA and the
concentration of IBA in the original solution was determined by
averaging the absolute value of the x-intercept of the linear fits and
doubling to account for the dilution when mixing the 'H NMR
solutions.

For the case of electrolysis of PhICO,Et in the presence of 1%
water, the product is soluble in acetonitrile meaning that it cannot be
collected via filtration. Instead, the reaction solution was placed into a
vial and the LiClO, was precipitated using a 1:1 molar equivalent of
KF with vigorous stirring for 1 h at room temperature. The vial was
then placed into an ice bath for 45 min to allow for the precipitation
of KCIO, and LiF. Next, the precipitated salts were removed via
filtration through a fine fritted filter. The resulting solution was rotary
evaporated to obtain a yellow oil. The collected product was
characterized via 'H and *C NMR in addition to FT-IT in ATR
mode and electrospray ionization (ESI) mass spectrometry in
acetonitrile in positive-ion mode.

The total amount of IBA-ester was determined from these
collections using the integrated peak intensity in '"H NMR (these
calculations are presented in the Supporting Information for the
interested reader).

Isolation of the product from the bulk electrolysis using PhI-sulfone
and Phl-sulfonic acid in the presence of 1 or 10% water proved
difficult. The product remained soluble in solution and addition of KF
to reaction solutions (to precipitate the electrolyte) caused significant
changes in the 'H NMR spectrum indicating structural changes.
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Hence, the product analysis was limited to 'H NMR. The Faradaic
efficiency of the reactions was determined using the relative peak
intensity of the most upfield (and unobscured) '"H NMR peak in the
aromatic region of the starting material compared with the most
unobscured peak for the generated hypervalent iodine species.

Electrochemical Synthesis of Hypervalent lodine Using
H,'80. Bulk electrolysis was conducted in a U-cell (20 mL working
volume) reaction vessels using 1% added water that consisted of '*O-
labeled water (97 atom %) in the working compartment with 0.1 M
LiClO, and 20 mM PhICO,Et. Taking into account the amount
already present in MeCN/LiClO, (180 ppm), the amounts of '*O
and %0 are 95 and 5 atom %, respectively. The solutions containing
the added '*OH,, electrolyte, and substrates were mixed and placed
into glassware that had been dried at 230 °C overnight prior to
addition of the electrodes and electrolysis. Electrolysis was conducted
until 2e”/PhICO,Et had accumulated. The products were collected in
the same manner as mentioned previously for PhICO,Et. Electrospray
ionization mass spectrometry (ESI-MS) was conducted on the '*O-
labeled product from the electrolysis of PhICO,Et. Isotopic labeling
experiments were not conducted with Phl-sulfone or PhI-sulfonic acid
due to their reactivity and difficulty in isolation.

Consecutive H,'®0 Electrolyses Using the Same Electrode.
Bulk electrolysis was conducted using PhICO,Et in the same manner
as above except instead of cleaning the electrode between experiments
the electrode was immediately moved into a fresh electrolyte solution
containing unreacted PhICO,Et. Bulk electrolysis was then again
conducted on the PhICO,Et solution until complete electrolysis had
occurred. This process was repeated twice for a total of three
electrolysis solutions. The PhICO,Et from each electrolysis was then
collected using the KF precipitation method and analyzed via ESI-MS.

B RESULTS AND DISCUSSION

Cyclic Voltammetry of lodine Species in CH;CN with
and without Added Water. The cyclic voltammograms of
PhICO,H, PhICO,Et, Phl-sulfone, and PhI-sulfonic acid (20
mM) in acetonitrile containing 0.1 M LiClO, supporting
electrolyte are shown in Figure 1 with no added water and with
1 or 10 v/v% added water (the native water in the MeCN/
LiClO, was determined to be 180 ppm (i.e., ~0.018% v/v%)
by Karl Fischer titration). The characteristics of the oxidative
wave in all cases are affected by the presence of water. In the
case of PhICO,H the onset of oxidation is shifted to a lower
potential, the peak current is diminished and the peak appears
to separate into two distinct electron-transfer events at 10%
water (Figures 1 and S2 of the SI). For the case of PhICO,Et
the peak current actually increases with added water and the
formation of a species which is reduced upon scanning to —0.5
V is observed. A similar trend is observed with Phl-sulfone and
Phl-sulfonic acid where the peak potential and peak current are
shifted to higher voltage and higher current with greater water
content (note that the solutions for Phl-sulfonic acid remained
slightly turbid, indicating incomplete dissolution of PhI-
sulfonic acid which likely accounts for the amount of noise
observed in the CV, Figure 1). Controls with 0, 1, and 10%
added water in the absence of Arl precursors are presented in
Figure S3 in the Supporting Information and demonstrate
virtually no change in the anodic current.

We initially interpreted these observations to be consistent
with electrochemical oxidation of the Arl precursors which
subsequently reacts in a chemical step involving water (an EEC
mechanism, vide infra). However, the anodic current is not
linear with respect to the water concentration as one might
expect if it were involved with a fast, chemical step.
Nonetheless, we decided to pursue our hypothesis of the
electrochemical oxidation involving water to form hypervalent
species as shown in Scheme 1. Hence, next we conducted bulk

electrolysis to accumulate enough material for further analysis
and characterization.

Bulk Electrolysis of PhICO,H in the Presence of Water
and Characterization of the Isolated Material. Bulk
electrolysis was conducted at 1.8 V vs Ag/AgNO; on 20 mL
solution of a 20 mM PhICO,H (0.4 mmol, substrate) solution
in the working side of a U-cell with a large ~8 cm’ glassy
carbon electrode (Figure 2; see Figures S1 and S4 in the
Supporting Information for pictures of the U-cell). For
solutions of this size and concentration and assuming 2e”/
mol, a 100% theoretical conversion of 0.4 mmol of PhICO,H
corresponds to 77.2 C of charge passed through the electrode
(calculations are provided in the Supporting Information for
the interested reader). The reaction progress was monitored
via 'H NMR and compared with authentic IBA and IBX
(Figures 3 and SS in the Supporting Information). 'H, *C
NMR, and FT-IR of this product confirmed the identity of the
collected precipitate to be 2*-IBA and not A*-IBX (Figures 3a,
SS, S6 and S7 in the Supporting Information).

The PhICO,H and IBA relative concentrations were
calculated using the relative peak intensities of their respective
"H NMR peaks. The Faradaic efficiency remains near 100% for
the first half of the reaction without the appearance of any
other detectable byproducts (Figure 3b). The Supporting
Information provides an explanation of the calculations to
determine the Faradaic efficiency. At approximately 50%
conversion of PhICO,H oxidation, a white precipitate appears
(Figure S4 in the Supporting Information). After full
theoretical (100%) conversion (77 C), the white precipitate
was collected via filtration and weighed 30 mg, 28% isolated
yield at this scale (yields in the same U-cell configuration were
reproducible). "H NMR of the filtrate solution reveals that
residual IBA product remains soluble in MeCN along with a
small amount of unreacted starting material. Importantly, no
other peaks were observed in the '"H NMR, so contributions
from the decomposition of the hypervalent iodine precursor or
product are minimal.

Conducting the bulk electrolysis at a 40 mL scale to 85%
conversion produced 105 mg of material (180 mg theoretical, a
58% isolated yield). Bulk electrolysis of a 250 mL, 20 mM
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Figure 2. Example bulk electrolysis of PhICO,H with 1% water
current shown in black and total accumulated charge shown in blue.
Black arrows indicate the current spikes where the electrolysis was
paused to take aliquots for '"H NMR.
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Figure 3. (a) Comparison of the "H NMR aromatic region of PhICO,H, IBX, IBA, and the isolated material from the bulk oxidation in d;-DMSO
added and (b) 'H NMR aromatic region from bottom to top of PhICO,H before oxidation, at 19 and 38 C of charge passed, the precipitate
isolated after 77 C of oxidation (filtrand) and the filtrate from the same solution. Black arrows indicate the peaks consistent with IBA product, and
the asterisks indicate the peaks of the PhICO,H starting material. Detection of IBA in the filtrate demonstrates that a small amount remains soluble
and was not collected by filtration. The appearance of a singlet at ca 8.0 ppm due to an unknown species sometimes occurs when isolating IBA from
the electrolysis solution. However, the 'H NMR spectrum of bulk electrolysis is well matched to the IBA spectrum demonstrating the formation of
IBA and not A°-IBX as the main product. The *C NMR and FT-IR spectra also support IBA as the primary product (Figures S6 and S7 in the

Supporting Information).

PhICO,H solution (5 mmol) electrolyzed 48 h to 900 C (94%
theoretical conversion, 1.24 g theoretical yield), produced 597
mg of isolated product (a total isolated yield of 48%).
Quantitative 'H NMR (qNMR) of the electrolysis filtrate
solution using DMSO, as an internal standard showed 7.6 +
0.2 mM IBA, corresponding to 502 + 14 mg IBA remaining in
solution (Figure S8 in the Supporting Information).*® Hence,
the total amount of IBA is ~1100 mg (corresponding to an
89% Faradaic efficiency). The remainder of the unaccounted
material can be attributed to unreacted PhICO,H or IBA that
has crossed the glass frit into the other side of the U-cell during

10459

the electrolysis. These results indicate both that scale-up is
possible, but that an optimized scale-up will require its own,
separate study, which is not surprising given the known issues
of scale-up in general” and electrochemical scale-up in
particular.*!

Bulk Electrolysis of PhICO,Et in the Presence of
Water and Characterization of the Isolated Material.
Bulk electrolysis was conducted using PhICO,Et in the same
conditions as above (20 mL working solution, 1% water, 20
mM PhICO,Et, 1.8 V). Again, the reaction progress was
monitored throughout the reaction and was compared with

https://doi.org/10.1021/acssuschemeng.1c01315
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Figure 4. (a) '"H NMR aromatic region from bottom to top of PhICO,Et, IBX-ester, and the isolated material after 77 C of electrolysis (2¢”/
PhICO,Et) with d;-MeCN. 'H NMR spectrum of the isolated material does not match either IBX-ester or PhICO,Et. (b) '"H NMR aromatic
region of the PhICO,Et solution from bottom to top before oxidation, 21, 42, 77, and 83 C of charge passed. The peaks labeled with asterisks (*)
in the top spectrum correspond to the unconverted PhICO,Et following the expected triplet, triplet, doublet, doublet as is typically the case for
PhICO,H derivatives (see also Figure 3). The peaks in the spectrum labeled with arrows correspond to the formation of the new product.

authentic IBX-ester (Figures 4 and S9 in the Supporting
Information). We could not compare the electrolyzed material
with authentic IBA-ester because it has not been previously
synthesized, to our knowledge. IBA-ester cannot be synthe-
sized using traditional methods because the ester hydrolyzes
during the traditional chemical syntheses shown back in
Scheme 2. Notwithstanding, the following evidence is
consistent with and supportive of the product being IBA-
ester: (i) the mass spectrum of the isolated material from the
electrolysis of PhICO,Et has a primary peak that is consistent
with the molar mass for the protonated HIBA-ester” (~293 g/
mol, Figure S11 in the Supporting Information) and, again, not
the A>-IBX-ester (expected at ~309 g/mol). Additionally, (ii)
comparison of the "H NMR of the electrolyzed solution with

IBX-ester exhibits peaks inconsistent with the formation of
IBX-ester (Figures 4 and S9 in the Supporting Information),
specifically the aromatic protons of the IBX-ester electrolysis
follow triplet, triplet, doublet, doublet from upfield to
downfield in the starting material, but the observed A*-product
protons are shifted upfield and switched to triplet, doublet,
triplet, doublet, indicating a similar resonance pattern with the
oxidized iodine atom as was observed with the free acid, IBA;
(iii) the *C NMR does not show a peak near 150 ppm which
is expected for A° species (Figure S10 in the Supporting
Information)** and (iv) FT-IR of the electrolyzed PhICO,Et
(Figures S12 and S13 in the Supporting Information) is similar
to that of the free acid IBA in that the C=O stretch peak
appears at 1613 cm™, which has been attributed to the C=0
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Figure 5. "H NMR aromatic region of 20 mM Phl-sulfone, 100 mM LiClO, supporting electrolyte with (a) 1% and (b) 10% added water (v/v%)
showing the peaks before electrolysis; for samples taken during electrolysis, the charge accumulation is shown on the right-hand side. The
theoretical yield for the unknown species in (a) was calculated assuming 2e™/molecule and for (b) IBX-sulfone based on 4e~/molecule. The 'H

NMR peaks for IBX-sulfone match the literature.**

involved with the pseudocyclic species (Figure S13 in the
Supporting Information).*® Hence, anodic oxidation of Phl-
esters provides a synthetic route to the novel hypervalent
iodine reagent A*-IBA-ester shown in Scheme 1, and by
implication other hypervalent iodine esters as well.

Interestingly, electrolysis of PhICO,Et did not yield a
precipitate, likely because the intermolecular bonding that
forms the polymeric precipitate is interrupted by the ethyl
ester.’’ However, using integration of the "H NMR peaks, the
Faradaic efficiency of the electrolyzed PhICO,Et is ~78% for
the production of IBA-ester (Figure 4b). No other peaks are
observed in the aromatic region, indicating substrate-to-
product selectivity for the production of IBA-ester.
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Bulk Electrolysis of Phl-Sulfone in the Presence of
Water and Characterization of the Produced Material.
Electrolysis of Phl-sulfone (20 mM) was conducted at 1.8 V
on a 20 mL solution and the reaction progress was monitored
using '"H NMR. A variety of products was observed when
conducting the oxidation in 1% water (Figures Sa and S14 in
the Supporting Information), including a hitherto unidentified
initial product (which does not match the expected '"H NMR
resonances of IBA-sulfone) and eventually IBX-sulfone. When
the oxidation of Phl-sulfone is conducted in 10% water, only
IBX-sulfone is observed and is produced at ~51% Faradaic
efficiency (Figure Sb), estimated from the 'H NMR
integration. Attempts to isolate the products from bulk
electrolysis using KF to precipitate the LiClO, proved
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Figure 6. "H NMR aromatic region of 20 mM PhI-sulfonic acid, 100 mM LiClO, supporting electrolyte with 10% added water (v/v%) showing
peaks before electrolysis and after 19, 59, and 120 C of charge passed and the same 120 C solution aged 2 days. '"H NMR peaks for IBA- and IBX-
sulfonic acid match the literature.””**** "The theoretical yield for IBX-sulfonic acid was determined assuming full conversion to IBX-sulfonic acid
(i.e., 4e”/molecule). See the Supporting Information for a sample calculation of the Faradaic efficiency and additional discussion.

unsuccessful in that significant changes in the 'H NMR are
observed before and after addition of KF—potentially
indicating substitution of the [O] with F.

Bulk Electrolysis of Phl-Sulfonic Acid in the Presence
of Water and Characterization of the Produced Materi-
al. Because Phl-sulfonic acid does not dissolve fully in just 1%
water in MeCN at room temperature, the bulk anodic
oxidation electrolysis of Phl-sulfonic acid was conducted
under 10% water under MeCN conditions. Specifically, bulk
electrolysis on a 20 mL solution of Phl-sulfonic acid (20 mM.
0.4 mmol) was conducted. The theoretical amount of charge
for complete, 100% conversion of Phl-sulfonic acid into IBA-
sulfonic acid and IBX-sulfonic acid is 77 and 154 C,
respectively (i.e., 2e”/molecule and 4e”/molecule, respec-
tively). The bulk electrolysis led first to the formation of IBA-
sulfonic acid until >60 C of charge had accumulated, after
which further oxygenation to IBX-sulfonic acid became
observable by '"H NMR (Figures 6 and S15 in the Supporting
Information). After 120 C of charge had accumulated all of the
starting material was consumed and ~20% of the IBA-sulfonic
acid was converted to IBX-sulfonic acid. Hence, after a
significant amount of IBA-sulfonic acid accumulates it can be
anodically oxidized again to form the more reactive IBX-
sulfonic acid (Figure 6). By totaling the amount of charge
associated with both IBA-sulfonic acid and IBX-sulfonic acid,
the total Faradaic efficiency was determined to be 78% post
120 C of electrolysis, respectively (see the Supporting
Information for additional details). Interestingly, after aging
the electrolyzed solution for 2 days, the 'H NMR peak
intensity of IBX-sulfonic acid is decreased and a slight recovery
of IBA- and Phl-sulfonic acid is observed, consistent with
previous reports that IBX-sulfonic acid is reactive toward
oxidation of common organic molecules, even relatively inert
ones such as acetonitrile.””** Hence, the Faradaic efficiency is
>78% given the highly reactive nature of the IBX-sulfonic
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acid—a desirable feature for subsequent O-atom transfer
catalysis.

In short, PhICO,H, PhICO,Et, Phl-sulfone, and PhI-
sulfonic acid can be electrochemically oxidized to form
hypervalent products with isolated yields ranging from 28 to
48% and Faradaic efficiency ranging from 51 to 89% (Table S1
in the Supporting Information). A comparison of the chemical
synthesis procedures to the electrochemical synthesis proce-
dures developed herein is presented in the Supporting
Information.

Electrochemical Mechanism of Arl — O Formation. A
better understanding of the underlying electrochemical
mechanism is needed before attempts to scale up and optimize
both the synthesis and use of hypervalent iodine reagents.
Hence, we started by considering three prospective, arguably
most likely mechanisms (Scheme 4):* (i) an EEC mechanism
wherein the Arl undergoes a 2e” oxidation at the electrode
(i.e, double-oxidized) and then diffuses away from the
electrode, where it is quenched by nucleophilic attack by
water; (ii) an ECE mechanism where Arl is oxidized by le™ to
form an intramolecularly stabilized radical intermediate which
reacts with water and then undergoes a subsequent le”
oxidation to form the product; and finally previously little
considered (iii) an EEC-electrode mechanism wherein an O-
atom from one or more of several possible glassy carbon O-
containing sites*® (Scheme 4, mechanism (jii)) is transferred
directly to form the hypervalent iodine product.

We had initially hypothesized that the EEC mechanism was
the most likely path given that addition of water had an effect
on the anodic current in the CVs (Figure 1). However, we
subsequently demonstrated that the anodic current is not only
not first order with respect to water, the maximum anodic peak
current is essentially zero order with respect to water over a
~550-fold range of water concentration (ranging from 0.018%
background water in the zero added water conditions to 10 vol
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Scheme 4. Electrochemical Mechanisms Considered for the Formation of Hypervalent Iodine Species via Anodic Oxidation at

a Glassy Carbon Electrode
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% water; Figures 1 and 7 as well as Figure S2 in the Supporting
Information). It is possible that mechanism (i) or (ii) proceeds
through a fast electron transfer and is followed by a slow
chemical step involving water, but water is not involved in the
current-limiting step: evidence against mechanisms (i) and (ii)
but not sufficient evidence to disprove them.

However, a second, telling test of the mechanisms in Scheme
4 is that mechanisms (i) and (ii) predict that the use of H,"*0O
should result in the incorporation of '*O atoms into the
product, whereas mechanism (iii) can show little to no 'O
incorporation at least in the initial product if the native surface-
O species on the glassy carbon are not isotopically enriched.
Hence, bulk electrolysis was conducted using 97 atom % '*O-
enriched H,'%0.

PhICO,Et was chosen as the model substrate because the
product, IBA-ester, is soluble and stable enough such that it
can be analyzed via ESI-MS (while IBA is insoluble and both
IBA-sulfone and the IBA/IBX-sulfonic acid mixtures are too
reactive/unstable for EIS-MS). For the isotopic experiments,
bulk electrolysis was conducted using a freshly cleaned glassy
carbon electrode in a standard 20 mL working solution with 20
mM PhICO,H, and 0.1 M LiClO, in MeCN with 1% added
water (v/v) that was, 97 atom % 'O and gave to a final 95
atom % '80 when accounting for water that was already
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present in the MeCN/LiClO, solution. The reaction solutions
with the MeCN/LiClO,, PhICO,Et, and 1% added water were
mixed prior to electrolysis, meaning that the 95 atom % '*OH,
was present in solution throughout the entirety of the anodic
oxidations.

When conducting electrolysis in this manner, a peak at +293
m/z is observed, consistent with the nonisotopically enriched
IBA-ester, CoHgI'*O;*. Importantly, the +295 peak for
CyHI'%0,'0" was either not observed or was observed at a
relative intensity (i.e., CoHgl'°0,'"*0" vs CoHgI'®05*) that was
always <20% and certainly <«95% as expected if the
mechanism consisted of solution-based nucleophilic quenching
by water. Furthermore, to disprove solution-based ligand
exchange of the water atom, we dissolved CoHgI'®O;" in a
MeCN solution containing 0.1 M LiClO, and 1% water (95
atom % '®0) (i.e, the same constitution as the electrolysis
solutions) and stirred the solution for 24 h before isolation of
the material. No incorporation of %0 was observed from the
material isolated from the ligand exchange solution. This
observation is consistent with previous studies where '°O and
80 atoms of PhIO are not exchanged in aqueous solutions,
and the ligand exchange can only occur through the
iodobenzene dimethoxide intermediate synthesized in anhy-
drous conditions.” Furthermore, IBA-ester is stabilized

https://doi.org/10.1021/acssuschemeng.1c01315
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Figure 7. Plot of maximum anodic current vs the amount of water in
solution (%) for all of the PhIR compounds and in the absence of
added PhIR (blank). None of the maximum currents exhibit more
than a ~0.05 power — and hence effectively zero-order —
dependence on added water over the ~550-fold range of added
water (i.e., over and above the ~0.018% background water present).

through an intramolecular bond and any direct ligand exchange
would most likely proceed through nucleophilic attack by
water but the backside position is sterically hindered by the
ethyl ester group.

If the reaction were to proceed through mechanism (i) or
(ii), then incorporation of *O into the product should match
the solution amount of 95 atom % which it does not! Hence,
these experiments disprove both the (i) EEC and (ii) ECE
mechanisms. They instead support the EEC-electrode
mechanism where the O-atoms incorporated into the hyper-
valent iodine products originate from the surface sites
containing transferable O atoms of the glassy carbon—not
what we had originally hypothesized. However, it is not
surprising that the glassy carbon electrode is able to transfer an
O-atom given that its surface of glassy carbon has a variety of
O-containing functional groups such as carboxyls, peroxides,
quinones, etc.*

We further checked the predictions of the EEC-electrode
mechanism (jii) with the following series of three labeling
experiments. If the EEC-electrode mechanism is correct, then
80 incorporation into the product should increase with time
during the reaction as a greater portion of the “active sites” on
glassy carbon have time to become regenerated with 'O
(Scheme S). This hypothesis is consistent with small, <20
atom % being observed in other H,'®O labeling experiments
conducted, where "*OH, was present in 95 atom % prior to
and during the anodic oxidation.

To test this hypothesis and mechanism (iii) further, three
consecutive electrolyses were conducted in which the same
glassy carbon electrode was used without cleaning between the
reactions (so as to preserve the surface oxide formed during
the previous electrolysis). Each experiment used a fresh
solution containing 20 mM PhICO,H, and 0.1 M LiClO, in
MeCN with 1% water (v/v) that was 95 atom % %0 and the

Scheme 5. Glassy Carbon-Mediated O-Atom Transfer and Solution-Based Regeneration of Active Sites Yielding a Small

Amount of '*O-Incorporated Product”
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Table 1. Consecutive Electrolyses Using O in Solution and
the Percentage of '*0 Incorporation into the Hypervalent
Iodine Product”

electrolysis number 80 IBA-ester 1°O IBA-ester (%)

1 9.7
2 14.3
3 17.8

“The known *0/'°0 ratio in solution was 95:5.

electrode was immersed in the premixed solution prior to
electrolysis. The results of that experiment are shown in Table
1 where the ratio of CoHgI'*0,"%0" vs CoHgI'®0," increases
with each consecutive experiment, consistent with our
hypothesis that glassy carbon “active sites” can be regenerated
from solution-based water. This additional '*O labeling
experiment provides further evidence consistent with,
supportive of—and in fact predicted by—the EEC-electrode
mechanism. These results also portend the need to understand
better—ideally before attempting scale-up and optimization
studies—the rate laws, elementary steps, and their rate
constants for carbon-surface-O to Phl-based substrate O-
atom transfer, then carbon-surface-[vacancy] + H,0 to
regenerate the carbon-surface-O.

It is known that glassy carbon has a native oxide layer, which
can affect the observed electrochemical performance.*® It is
also known that under anodic conditions, glassy carbon can
decompose into CO,* or other polyaromatic hydrocarbons,*’
and that the surface of glassy carbon can be functionalized
using these vacancies.”’ However, to our knowledge (including
a SciFinder, Google Scholar, and Web of Science searches of
“carbon electrode oxygenations,” “oxidation of organics
involving water,” and “glassy carbon functionalization”
among others), the present work is a rare and apparently the
first example of glassy carbon-mediated O-atom transfer where
glassy carbon selectively oxidizes a solution-based molecule
and then the carbon anode active sites are regenerated from
solution-based water. While we do not, at present, know the
precise nature or identity of the carbon anode active sites, the
present study likely has more general implications for
electrocatalytic reactions using glassy carbon electrodes
under anodic conditions as well as for electrosyntheses of
hypervalent iodine and other such compounds.

B CONCLUSIONS

The electrochemical oxidations of PhICO,H, PhICO,Et, Phl-
sulfone, and Phl-sulfonic acid in the absence, and then
presence, of added H,0, have been investigated. Character-
ization ("H and “C NMR, FT-IR, and mass spectrometry
where relevant) of the products obtained from bulk electrolysis
at 1.8 V of PhICO,H, PhICO,Et, Phl-sulfone, and PhI-sulfonic
acid in the presence of added water yields the well-known
hypervalent iodine reagents IBA (89% Faradaic efficiency) in
up to 58% isolated yield, as novel IBA derivative, IBA-ester
(~78% Faradaic efficiency), IBX-sulfone (~51% Faradaic
efficiency), and a mixture of IBA /IBX-sulfonic acid (>78%
Faradaic efficiency). IBA-ester has been previously inaccessible
because the known chemical routes would hydrolyze the ester
(Scheme 2); hence, a new electrochemical synthetic route to
hypervalent iodine reagents has been demonstrated.

Initial investigations of the electrochemical mechanism of
formation revealed that native oxide functionality of glassy
carbon directly transfers an O-atom to the hypervalent species
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in solution. The surface oxide of the glassy carbon is then
regenerated using the O-atoms from solution as demonstrated
using H,'®O labeling studies. Thus, although the initial
incorporation of solution-based water molecules is low, in
the limit of prolonged oxidation, the bulk of the O-atoms
incorporated into the product increasingly come from water.
The results are a proof of principle of oxygenation reactions or
Phl-based reagents to hypervalent iodine species using water as
an abundant, green chemistry O-atom source. The mechanistic
studies herein allow future opportunities to scale up and
optimize reaction conditions as the electrochemical mecha-
nism is crucial for rational optimization.

In terms of electrocatalysis, there is much to be explored.
IBA is known to perform direct O-atom transfer to a,f-
unsaturated ketones without an added transition-metal
catalysts;'” it is also a precursor to other group-transfer
reagents.”> Preliminary results with IBA-ester show that it is
capable of performing O-atom transfer to PPh; without added
catalyst. Additionally, both IBX-sulfone and IBA/IBX-sulfonic
acid can be used for the oxidation of alcohols, or epoxidation
reactions with a transition-metal catalyst.'"*”**** Although
IBX-sulfonic was not isolated in this manuscript, one would
likely not isolate the O-atom mediator in these cases and
would instead be used directly for oxygenation, ideally in a yet-
to-be-realized electrocatalytic manner.

Overall, this work provides a proof of principle precedent for
the required first step toward the use of hypervalent iodine
reagents such as PhICO,H, PhICO,Et, and Phl-sulfone/
sulfonic acid as O-atom-transfer mediators for coupling
(photo)electrocatalytic water splitting to oxygenation and
oxidation reactions yielding value-added products. The syn-
thesis and use of hypervalent iodine reagents in electrocatalytic
oxidation and oxygenation reactions conforms to at least three
of the principles of green chemistry including: (i) use of a
catalytic reagent (Ar-I) rather than a stoichiometric oxidant
such as bleach or oxone; (ii) atom economy, using the O-atom
from water when producing H, and an oxygenated product;
and (jii) less hazardous chemical synthesis/inherently safer
chemistry—there are reports of explosions during the synthesis
of hypervalent iodine reagents;37 however, using electro-
catalytic methods, the hypervalent iodine can at least in
principle be used catalytically. Future work will develop the use
of Ar-I reagents for electrocatalytic oxygenations and
oxidations using water as the O-atom source and (photo)-
electrochemistry as the driving force of the reaction. In
addition, we will report on the electrochemical synthesis of
hypervalent iodine species at a Pt electrode and some
interesting findings there.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01315.

Synthesis of Phl-sulfone following literature methods;
calculation of theoretical conversions and Faradaic
efficiency determined by 'H NMR; picture of U-cell
used for bulk electrolysis of hypervalent iodine
derivatives (Figure S1); full-size cyclic voltammograms
from top to bottom of PhICO,H, PhICO,Et, PhI-
sulfone, and Phl-sulfonic acid (Figure S2); background
CVs of the 0.1 M LiCIO, MeCN solution, with no
added water, 1% and 10% added water (Figure S3);
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picture of U-cell during bulk electrolysis of PhICO,H at
50% conversion (Figure S4); full-size Figure 3 from the
main text (Figure S5); *C NMR of PhICO,H, IBX,
IBA, and precipitate isolated from the bulk electrolysis of
PhICO,H; all of the '*C NMR peaks of the isolated
material are consistent with the formation of 1*-IBA and
not A°>-IBX (Figure S6); FT-IR spectra of authentic
PhICO,H, IBA, and electrochemically synthesized IBA
(Figure S7); gNMR plot of the normalized peak
integration of the post electrolysis, 250 mL scale-up
reaction, spiked with authentic IBA (Figure S8); full-size
Figure 4 from the main text (Figure S9); *C NMR of
PhICO,Et, IBX-ester, and isolated IBA-ester (Figure
$10); mass spectrum of isolated PhICO,Et (blue) and
electrochemically synthesized IBA-ester (red) (Figure
S11); FT-IR spectra of PhICO,Et and the isolated IBA-
ester after 77 C of electrolysis (Figure S12); FT-IR
spectra of the isolated IBA-ester and compared with the
free acid IBA (Figure S13); full-size Figure S from the
main text (Figure S14); full-size Figure 6 from the main
text (Figure S15); and product, isolated yield, and
Faradaic efficiency and PhIR electrolyses (Table S1)
(PDEF)
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