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Abstract The design and optimization of novel electrocatalysts re-
quires robust structure-activity data to correlate catalyst structure with
electrochemical behavior. Aryl iodides have been gaining attention as
metal-free electrocatalysts but experimental data are available for only
a limited set of structures. Herein we report electrochemical data for a
family of 70 aryl iodides. Half-peak potentials are utilized as proxies for
reduction potentials and reveal that, despite differences in electro-
chemical reversibility, the potential for one-electron oxidation of 4-sub-
stituted aryl iodides to the corresponding iodanyl radicals is well-cor-
related with standard Hammett parameters. Additional data are
presented for 3- and 2-substituted aryl iodides, including structures
with potentially chelating 2-substituents that are commonly encoun-
tered in hypervalent iodine reagents. Finally, potential decomposition
processes relevant to the (in)stability of iodanyl radicals are presented.
We anticipate that the collected data will advance the design and appli-
cation of aryl iodide electrocatalysis.

Key words hypervalent iodine, electrochemistry, linear free-energy
relationships, sustainable catalysis, oxidation

Aryl iodide electrocatalysis provides a conceptual plat-
form to combine the inherent sustainability of electro-
chemical oxidation with the mechanistic diversity available
to hypervalent iodine-mediated transformations.'-> Thus
far, realization of this ideal has been plagued by challenges
including 1) achieving selectivity for the oxidation of aryl
iodides over the oxidatively labile nucleophiles needed for
specific transformations, 2) developing strategies to aggre-
gate multiple one-electron events to achieve the multielec-
tron transformations that characterize synthetic organic
chemistry, and 3) needing high applied potentials owing to
the instability of odd-electron oxidation states (i.e., iodanyl
radicals).5-10 As a result, the application of aryl iodide elec-
trochemistry is often limited to ex-cell applications in

which anodic aryl iodide oxidation is temporally separated
from substrate functionalization, which prevents undesired
side reactions but obviates the potential for electrocataly-
SiS.ll_lG

4-lodoanisole has often been employed as the aryl io-
dide mediator in synthetic hypervalent iodine electrocatal-
ysis because the electron-donating methoxy group sup-
presses the onset potential needed for anodic oxidation rel-
ative to iodobenzene.®'” Guided by the hypothesis that
cooperative I-1 redox could stabilize open-shell intermedi-
ates generated during anodic oxidation, we recently
demonstrated one-electron anodic oxidation of aryl iodides
to form isolable iodanyl radicals (i.e., I(Il) species).!”18 We
further showed that these iodanyl radicals can promote
mild and selective C-H/E-H coupling without necessitating
two-electron iodine-centered oxidation. Although this dis-
covery represented an advance in catalyst lifetime and
turnover number, systematic studies to evaluate design
principles in aryl iodide electrocatalysis were not pursued.

The lack of electrochemical data for a broad family of
aryl iodides prevents systematic identification and optimi-
zation of this class of electrocatalysts. Herein, we report
systematic studies of the structure-function relationships
that dictate aryl iodide electrochemistry. Half-peak poten-
tials, which are derived from cyclic voltammetry,'® of 70
aryl iodides are collected. Below we present the results of
these investigations organized by aryl iodide structure as
follows: 1) 4-Substituted aryl iodides, 2) 2- and 3-substitut-
ed aryl iodides, 3) 2-substituted 4-iodoanisole derivatives,
4)2-substituted iodoveratrole derivatives, and 5) additional
miscellaneous electron-rich aryl iodides. After presenting
these data, we discuss the potential decomposition mecha-
nisms available to iodanyl radical intermediates that must
be considered when designing new aryl iodide electrocata-
lysts.

© 2023. Thieme. All rights reserved. Synthesis 2023, 55, 3019-3025
Georg Thieme Verlag KG, RiidigerstraBe 14, 70469 Stuttgart, Germany

Downloaded by: Texas A&M University. Copyrighted material.


http://orcid.org/0000-0003-3717-2001

3020

1,Eppp= 058 2Ep}2 030 3Ep,2—131 4 ,2_.132

5, Ep= 140 SEp,2 161 7,Epp=1.70 sEp,2_172

Ip=0.94 lp=0.51 |
} 1: l_] — ] \ :IJ [.I ——
+0.50 V +100V +150V

b)

Iogegiogivg g
Br | i
9, Eprp=1.66 10, Eyp=1.72 o, Ep=179 iz, Ep,2 180 I40,E,p=1.04 —

l_l

%%ﬁf

+2.00V

E)(/H(p/2)

o
[N
J T

+150V

Hoog” FsC Et0,C ON 0.2 ; = 2

17, Epp=2.00 10 05 00 05 1.0

L Epe=175  15,Epp=195  16,Eyp=1.96

o
T

+200V

Figure 1 Summary of electrochemical data for 4-substituted aryl iodides with a) electron-donating and b) electron-withdrawing substituents. I, values
are reported for all quasireversible substrates. c) Hammett analysis provided from E, ;) versus the substituent constant (). Blue squares indicate

quasireversibility and black squares indicate irreversible CVs.

Differently substituted aryl iodides show disparate elec-
trochemical behavior, from fully reversible to fully irrevers-
ible one-electron oxidation. To obtain detailed understand-
ing of the relationship between structure and electrochem-
ical activity, despite the differences in electrochemical
reversibility, we have used the method of half-peak poten-
tials (E,p). In general, we observe linear free energy rela-
tionships for the E,, of substituted aryl iodides. These lin-
ear relationships include both substrates that display re-
versible and irreversible oxidation waves by CV analysis,
which suggests that the measured E,, are well-correlated
with the thermodynamic potential for one-electron oxidation.

This method was chosen as a result of the inability to
measure a reductive peak potential (E,.) for irreversible sys-
tems, which prevents direct experimental determination of
E;j, and because simple reporting of the peak oxidative po-
tential (E,,) traditionally overestimates thermodynamic po-
tentials.'¥ Practically, E,, was calculated by finding the po-
tential at half of the baseline-corrected peak oxidative cur-
rent (I,,)." Quasireversible and reversible redox events
were further evaluated by the peak current ratio (I,/I,, = I,),
which is a parameter that describes the extent of reversibil-
ity of the redox process. E,,, values are presented for all aryl
iodides and I, values (in blue in the figures) are presented
only for those aryl iodides that display quasireversible elec-
trochemistry. In all cases, cyclic voltammograms (CVs)
were measured by using 0.1 M [TBA]PF; solutions in hfip
with 5 mM of the relevant analyte at 0.1 V/s and were refer-
enced to Fc*/Fc (TBA: tetrabutylammonium; hfip:
1,1,1,3,3,3-hexafluoroisopropanol; Figure S1-S70 in the
Supporting Information). All of the reported electrochemi-
cal experiments are carried out in hfip owing to the ubiqui-
ty of this solvent in reported electrochemical systems.?’

Electrochemical Properties of 4-Substituted Aryl lo-
dides

We began our studies by investigating the effect of 4-
substitution on the electrochemistry of aryl iodides (Figure
1). These studies indicated a predictable relationship be-
tween the donicity of the para substituent and the resul-
tant potential for one-electron oxidation: electron-donating
groups (Figure 1a) lower the E,, and electron-withdrawing
groups (Figure 1b) increase the E,,.?' The Hammett plot,
generated by plotting the half-peak potential of variously
4-substituted aryl iodides (Ey)) normalized by the half-
peak potential of iodobenzene (Ey,)) versus the substitu-
ent constant (o), is linear with p = 0.46 (Figure 1c). The elec-
trochemical reversibility of the substrates included in this
plot, evaluated by the ratio of I,./l,,, varies significantly (1,
2, and 4 display various degrees of reversible one-electron
oxidation [I, = 0.94, 0.51, and 0.30, respectively], whereas 3
and 5-17 display irreversible oxidation [I, = 0.00]). The lin-
earity of the Hammett plot, despite these differences in re-
versibility for the constituent species, suggests that the
electron-transfer kinetics are similar across this family of
substituted aryl iodides.

Electrochemical Properties of 3- and 2-Substituted
Aryl lodides

An analogous set of data was obtained for 3-substituted
aryl iodides (see the Supporting Information, Section D).
The E,, values measured for these systems were less sensi-
tive to the identity of the substituent (p = 0.24 (R? = 0.41);
see Section D.2 in the Supporting Information for the Ham-
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mett plot), and the CVs were uniformly irreversible regard-
less of the functional group (see the Supporting Informa-
tion, Section D.1).

We next evaluated 2-substituted aryl iodides (Figure 2),
both simple 2-substituted structures (18-26), and struc-
tures in which the 2-substituent can participate in five-
membered chelates via coordination to the oxidized iodine
center (27-34). The Taft plot, generated by plotting the
half-peak potential of simple 2-substituted aryl iodides
(Ex(pj2y) normalized by the half-peak potential of iodoben-
zene (Ey,) versus the polar substituent constant (6*),2 is
linear with p = 0.26 (Figure 2c). In general, data obtained
from CV analysis of compounds with ortho substituents dis-
play a similar trend in E,;, values to that observed with
para-substituted compounds: electron-donating substitu-
ents suppress the potential needed for oxidation, whereas
electron-withdrawing substituents increase the potential
required. The CVs of electron-rich substrates in which the
4-substituent features a non-bonding pair of electrons, that

1 (4-N,N-dimethylamino), 2 (4-amino), 4 (4-methoxy), 9
(4-bromo), and 12 (4-fluoro), display E,, values lower than
the corresponding 2-substituted derivatives, that is, 19 (2-
N,N-dimethylamino), 20 (2-amino), 21 (2-methoxy), 25 (2-
bromo), and 26 (2-fluoro).?® These observations are consis-
tent with a combination of resonance and inductive effects:
both 4- and 2-substituents are resonance donors but induc-
tive effects are more significant for 2-substituents than for
the corresponding 4-substituents. Despite the similar
trends in the E;, values, stark differences in reversibility
were noted for 4- versus 2-substituted aryl iodides: in con-
trast to the reversible CVs for 1 (4-N,N-dimethylamino), 2
(4-amino), and 4 (4-methoxy), reversibility was severely di-
minished or lost entirely for the corresponding ortho deriv-

L CL . CC
OH NMe, NH, OMe

atives 19 (2-N,N-dimethylamino), 20 (2-amino), and 21 (2-
methoxy).

The differences in E,, between 4- and 2-substituted
aryl iodides with potentially chelating substituents provide
insight into the potential stabilization of the anodically
generated iodanyl radicals by intramolecular coordination.
The CVs of compounds 27 (2-carboxylate), 29 (2-ethyl ben-
zoate), and 30 (2-nitro) provided E,, values that were 80-
160 mV lower in potential than those of the para-substitut-
ed counterparts 13 (4-carboxylate), 16 (4-ethyl benzoate),
and 17 (4-nitro), likely as a result of stabilizing chelation of
the substituent to the incipient iodanyl radical. In the case
of redox-active functional groups, such as 2-iodobenzoate
(27) a second irreversible oxidation event is observed at

E,p = 1.42 V vs. Fc*[Fc, in addition to the E,;, = 1.71 V vs.
Fc*/Fc that we attribute to aryl iodide oxidation; we hy-
pothesize that this additional feature arises from direct oxi-
dation of the carboxylate functional group (Figure S27). A
second oxidation event is also observed for 4-iodobenzoate
(13) at E;;, = 1.70 V vs. Fc*/Fc, 280 mV higher than that for
27 (Figure S13). The additional oxidative features observed
for 13 and 27 are not observed for the carboxylic acid or
ethyl benzoate substituted aryl iodides 28 and 29, respec-
tively (Figure S28 and S29).

Electrochemical Properties of 2-Substituted 4-lodo-
anisole Derivatives

Based on the ubiquity of 4-iodoanisole as a mediator in
hypervalent iodine electrocatalysis and electrochemistry,
we focused specific attention on the impact of substitution
on this scaffold. Figure 3 summarizes the electrochemical
data collected for a family of 2-substituted 4-iodoanisole
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Figure 2 Summary of electrochemical data for 2-substituted aryl iodides with a) simple functional groups and b) potentially coordinating Lewis basic
substituents. |, values are not given for irreversible systems. c) Taft plot analysis provided from E, ) versus the polar substituent constant (o). Black

squares indicate irreversible CVs.
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Figure 3 Summary of electrochemical data for 2-substituted 4-iodoanisole derivatives. I, values are not given for irreversible systems.

derivatives. Similar to the trends observed for 2-substituted
aryl iodides above, electron-rich substrates bearing 2-hy-
droxy (35), 2-N,N-dimethylamino (36), or 2-amino (37)
substituents in the ortho position display lower E,, values
than that of 4; however, these derivatives feature decreased
electrochemical reversibility relative to that of 4. Electron-
deficient substrates, such as those bearing 2-iodo (39), 2-
fluoro (40), 2-bromo (41), 2-chloro (42), 2-ethyl benzoate
(44), 2-carboxy (45), 2-trifluoromethyl (46), 2-tert-butyl-
sulfonyl (47), and 2-nitro (48), display increased E,, values
on comparison with that of 4-iodoaniosle (4); however, in
contrast to the aforementioned electron-rich iodoanisole
derivatives, they retain varying degrees of reversibility. In
general, the presence of a para-methoxy substituent in
compounds 36, 39, 40, 44, and 46 results in increased re-
versibility relative to that of the corresponding compounds
without this substituent, that is, 18, 24, 33, 28, and 34, re-
spectively. Surprisingly, despite trifluoromethyl being elec-
tron withdrawing, the CV of 46 showed a 400 mV decrease
in E,; in comparison with that of 34, as well as complete
electrochemical reversibility (I, = 1.00). We hypothesize
that the observed electrochemical behavior of 46 is a result
of stabilization from a pseudocyclic five-membered chelate
with one of the C-F bonds to the iodine-centered radical
cation. Other ortho Lewis bases such as the carboxylate
(43), carboxylic acid (45), tert-butylsulfone (47), and nitro
(48) provide irreversible CVs. ortho-Halogenated com-

MerC(I Me0:©/l MeOII
MeO OMe MeO MeO

50,Epp=1.13  51,Epp=1.19

49, E,p=0.86
Ip=0.85 Ip=0.65 Ip=0.94

pounds such as the bromide (41) and chloride (42) display
irreversible anodic features, in contrast to 39 and 40, likely
as a result of poor orbital overlap with the neighboring io-
dine.

Electrochemical Properties of Dimethoxy lodoben-
zene Derivatives

Based on the recent demonstration that diiodoveratrole
(51) is an efficient electrocatalyst for C-H/E-H coupling via
an isolable iodanyl radical,'® we examined the electrochem-
ical properties of a family of dimethoxy iodobenzene deriv-
atives (Figure 4). In general, this family of compounds dis-
plays enhanced electrochemical reversibility relative to the
values for the anisole derivatives summarized in Figure 3. In
particular, despite ortho-bromo (41), ortho-carboxylic acid
(45), and ortho-tert-butylsulfonyl (47) substitution produc-
ing irreversible CVs in the monomethoxy aryl iodides, simi-
lar substitutions with the veratrole moiety, that is, com-
pounds 53, 57, and 59, provided quasireversible CVs with I,
=0.70, 0.53 and 0.90, respectively. Compounds with ortho-
iodo (51), ortho-fluoro (52), and ortho-ethyl benzoate (56)
substitutions showed significantly increased reversibility
(I,=0.94, 0.98, and 1.03, respectively) relative to that of the
corresponding monomethoxy derivatives 39, 40, and 44
(I, = 0.16, 0.14, and 0.08, respectively). Notably, the ortho-
fluorinated compound 52 displayed the same reduction po-
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I MeO F MeO Br MeO NO,
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Figure 4 Summary of electrochemical data for iodoveratrole derivatives. I, values are not given for irreversible systems.
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tential (E,;, = 1.19 V) as the ortho-iodinated compound 51
(Epp2 = 1.19 V), which is in contrast to the trend observed in
Figure 2 between compounds 26 (E,, = 1.87 V) and 24 (E,,
= 1.75). The CV of 3,4-dimethoxyiodobenzene (50) results
in two redox waves, at 1.13 V vs. Fc*[Fc (I,=0.65) and 1.36 V
vs. Fc*[Fc (I, = 0.06, Figure S50). Lastly, in contrast to the ir-
reversible CV with the ortho-methoxy substituent in the
anisole derivative (38), the CV of the trimethoxy-substitut-
ed aryl iodide 49 displays moderate electrochemical revers-
ibility, I, = 0.85, and a decreased E, 0f 0.86 V vs. Fc*[Fc.

Electrochemical Properties of Miscellaneous Addi-
tional Aryl lodides

Figure 5 summarizes the electrochemical behavior of
additional electron-rich aryl iodides, as well as that of biaryl
structures that have found application in hypervalent io-
dine catalysis with peracids, not anodes, as the terminal ox-
idant.

In the context of electron-rich substrates, para-substi-
tuted diiododimethoxyarene 60 shows a decreased reduc-
tion potential (E,, = 1.09 V vs. Fc*/Fc) and a similar revers-
ibility (I, = 0.93) to those of 51 (E,;, = 1.19 V vs. Fc*[Fc, I, =
0.94). The dioxole moiety in compound 61 results in a
slightly decreased electrochemical reversibility (I, = 0.87)
relative to that of 51 (I, = 0.94). 1,2-Diiodo-4,5-dimethyl-
benzene (68) displayed a higher reduction potential (E,, =
1.58 V vs. Fc*/Fc) than that of 51 (E,, = 1.19 V vs. Fc*[Fc) and
with no observed electrochemical reversibility, proving the
importance of resonance from the methoxy substituents. In
the context of biaryldiiodides, compounds 63 and 64 both
display improved reversibility (I, = 0.70 and 0.35, respec-
tively) relative to that of the monoaryl counterparts, 50 and
62 (I, = 0.65 and 0.00, respectively). Both methoxy-substi-
tuted biaryldiiodides 63 and 64 show improved reversibili-
ty over that of the irreversible parent Kita catalyst 65.24

60, Epp=109 61, Epp=1.21
=093 =087

TL

62, Ep,g 120

Compound 63 displays two disparate reversible redox
waves, and overlaps with monomer 50, one at 1.13 V vs.
Fc*[Fc (I, = 0.70) and one at 1.36 V vs. Fc*/Fc (I, = 0.93, Fig-
ure S63). A general trend can be drawn that the overall
arene reduction potential decreases and electrochemical
reversibility increases with an increase of methoxy substit-
uents. Similarly, ortho-iodo and ortho-Lewis basic groups
generally show improved electrochemical reversibility.

Decomposition of Anodically Generated lodanyl
Radicals

The application of aryl iodides in electrocatalysis is of-
ten plagued by high catalyst loading, which we hypothesize
arises from the instability of anodically generated interme-
diates. Consistent with this hypothesis, the survey of anodic
aryl iodide chemistry above often resulted in the observa-
tion of electrochemically irreversible processes or complex
cyclic voltammograms. To evaluate the origins of the ob-
served electrochemical irreversibility and to evaluate po-
tential decomposition pathways, we pursued a detailed
study of the chemistry of iodanyl radicals derived from 4-
iodoanisole (4) and 3,4-dimethoxyiodobenzene (50), which
both present complicated quasireversible CVs (Figure 6).

4-lodoanisole (4) is a competent electrocatalyst for C-
H/N-H coupling!” and gem-difluorination of dithioke-
tals;®1° however, its application in catalysis typically re-
quires 25 mol% catalyst loading (or higher). The CV of 4 in
hfip displays a shoulder with a peak potential (E;,) at 1.39 V
vs. Fc*/Fc (Figure 6a). Increasing the scan rate for the CV of 4
results in the disappearance of the shoulder. We hypothe-
sized that the increased reversibility may be a resut of re-
duction of the incipient iodanyl radical outcompeting
chemical degradation at higher scan rates (Figure S71a). To
evaluate this hypothesis, we carried out chemical oxidation
of a CH,Cl, solution of 4 with (bis(trifluoroacetoxy)io-
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MeO. l MeO. l
I Me’ | Me |
l I Me | Me l |
MeO MeO
Me

63, Ep,2 136 64, E,,,2 1.36 65, Epp=157
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Ip=0.29

69, Epp = 1.58 70, Epp=1.62

Figure 5 Summary of electrochemical data for additional electron-rich aryl iodides.
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Figure 6 a) Deiiodinative coupling via chemical oxidation of 4-iodoan-
isole (4, black line) to 4,4'-dimethoxy-1,1'-biphenyl (71, red line) and b)
dimerization of 3,4-dimethoxyiodobenzene (50, black line) to 2,2'-diio-
do-4,4',5,5'-tetramethoxy-1,1'-biphenyl (63, red line) with the corre-
sponding CV analysis.

do)benzene (PIFA, 0.5 equiv) and BF;-OEt,, conditions that
were previously developed for the synthesis of iodanyl radi-
cals.’® Combination of these reagents resulted in initial for-
mation of a dark blue solution, presumably 4*; upon warm-
ing, spectral bleaching occurred and 'H NMR analysis of the
resulting solution indicated the deiodinated dimer 71 in
92% yield. Independent analysis of the CV of biaryl com-
pound 71 indicated the presence of a feature at E,, = 1.49 V
vs. Fc*[Fc, which overlaps with the peak observed in the CV
of 4 and suggests that deiodinative coupling is operative on
the timescale of the CV; the shoulder in the CV of 4 arises
from in situ formation of 71. Importantly, electrolysis of 4
in the presence of [TMA]OACc, conditions necessary for cata-
lytic C-H/N-H coupling, does not result in the formation of
biaryl 71 (and the shoulder is not observed in the square-
wave voltammetry results for this mixture; Figure S71b,c).
These observations indicate that, although decomposition
of 4* to 71 is viable, reaction conditions can be optimized to
avoid this decomposition pathway and it is not observed
under catalytic conditions.

The electrochemistry of 50 demonstrates a different po-
tential dimerization pathway available to iodanyl radicals.
The CV of 50 displays two oxidation events with signifi-
cantly different amplitude. Similar chemical oxidation of a
CH,CI, solution of 50 with PIFA (0.5 equiv) and BF;-OEt, re-
sulted in the initial formation of a purple solution, and 'H
NMR analysis following spectral bleaching showed 98% ho-
mocoupled product 63 (Figure 6b). The CV of independently
prepared 63 displays two oxidation events with similar am-
plitudes, as would be expected for two one-electron oxida-
tion processes. The lower-potential features in the CVs of 50
and 63 are overlapping; the disparity in intensities ob-
served in the CV of 50 is likely owing to partial conversion

into 63 on the timescale of the CV experiment. Consistent
with this hypothesis, increasing the CV scan rate of 50 re-
sults in a decrease in the peak at Ej, = 1.49 V vs. Fc*/Fc, indi-
cating that this peak is likely the result of a rapid chemical
reaction following the first oxidation (Figure S72). The nuc-
leophilicity of 50 and vacant electrophilic ortho site of the
oxidized radical cation 50* apparently renders this iodanyl
radical susceptible to rapid dimerization.

In conclusion, we have provided a broad survey of the
electrochemical properties of aryl iodides. Despite the sig-
nificant differences in electrochemical reversibility across
this family of compounds, the potential required for one-
electron oxidation of these compounds obeys standard
free-energy relationships. These observations suggest that
the observed onset potentials are a useful proxy for the
thermodynamics of oxidation and may be a simple tool for
optimization of aryl iodide catalysts. In addition, we have
described two potential decomposition pathways for io-
danyl radicals in which dimerization, either with or with-
out concurrent deiodination, results in consumption of the
initial aryl iodide. We anticipate that the combination of
electrochemical data and well-described decomposition
mechanisms will be useful in guiding the continued devel-
opment of aryl iodides as metal-free electrocatalysts.
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