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The selection of electrode material is a critical factor that determines the selectivity of electrochemical
organic reactions. However, the fundamental principles governing this relationship are still largely
unexplored. Herein, we demonstrate a photoelectrocatalytic (PEC) system as a promising reaction
platform for the selective radical-radical coupling reaction owing to the inherent charge-transfer
properties of photoelectrocatalysis. As a model reaction, the radical trifluoromethylation of arenes is
shown on hematite photoanodes without employing molecular catalysts. The PEC platform exhibited
conventional

superior mono- to bis-trifluoromethylated product

electrochemical methods utilizing conducting anodes. Electrochemical and density functional theory

selectivity compared to

(DFT) computational studies revealed that controlling the kinetics of anodic oxidation of aromatic

substrates is essential for increasing reaction selectivity. Only the PEC configuration could generate
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Accepted 17th September 2024 sufficiently high-energy charge carriers with controlled kinetics due to the generation of photovoltage
and charge-carrier recombination, which are characteristic features of semiconductor photoelectrodes.
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Introduction

The development of chemoselective synthetic methodology is of
utmost importance in organic chemistry. Selectivity is particu-
larly essential for the synthesis of complex organic molecules,
as it allows for precise control over multiple reactive sites
leading to the efficient and selective construction of desired
target molecules. In recent decades, radical-mediated organic
transformations have emerged as attractive synthetic strategies
enabling the straightforward generation of complex target
molecules and overcoming conventional closed-shell
reactivity."” Recent advances by integrating radical intermedi-
ates with well-defined homogeneous redox-active catalyst
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understanding the intrinsic physicochemical properties of semiconducting materials.

systems* or semiconducting particles as photocatalysts®® have
been made to achieve the desired chemoselectivity. In partic-
ular, heterogeneous electrochemical systems merged with
homogeneous transition-metal catalysts pave a new way for the
synthesis of target organic molecules. This method takes
advantage of the intrinsic strength of electrochemical systems,
which enables facile regeneration of heterogeneous catalysts
and allows for straightforward scalability, especially when
combined with flow systems.”® Typically, the outcomes of the
reaction, such as reaction yield, product selectivity, and faradaic
efficiency, are closely linked to the choice of electrode materials
during operation, although the underlying principles governing
this relationship are still largely unexplored.*®

However, achieving chemoselectivity in radical organic
reactions at a heterogeneous interface without the use of
homogeneous catalysts remains challenging. The issue lies in
the formation of radical intermediates within the electric
double layer (EDL) region, a confined space (ca. 1 nm) at the
electrode surface, in contrast to homogeneous catalysis. Since
highly reactive radical species are produced in this tight space,
it is vital to control the radical production kinetics to regulate
the local radical concentration and achieve chemo-
selectivity."** This is particularly crucial for radical-radical
cross-coupling reactions, where balancing the generation
kinetics of the two different radical species involved in the
reaction is critical for increasing selectivity toward the cross-
coupled product.™™** Yet, in a typical electrochemical system,
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matching the radical generation current of the two reactants
having different redox potentials is challenging.

On the other hand, the photoelectrocatalytic (PEC) system
can be a promising platform for organic reactions involving
radical intermediates since the number of charge carriers can
be controlled by modulating the illumination intensity.
Recently, the use of semiconductor photoelectrodes for the
transformation of organic molecules has garnered intensive
research interest, owing to its energy-harvesting capability and
sustainable features.”'®>* Despite the extensive use of photo-
electrodes as tools for electron transfer reactions, the impact of
the semiconductor itself on the reaction outcome, such as
reaction efficiency and product selectivity, remains underex-
plored.”® Although regioselective arene C-H amination under
the PEC system was previously reported,* it is important to note
that the selectivity observed in this case was due to the hydrogen
bonding network between the reaction intermediate and the
solvent, rather than originating from the photoanode itself.

Herein, we describe the inherent advantages of photo-
electrodes in radical-radical coupling reactions by demon-
strating a mono-selective radical trifluoromethylation of arenes
under the photoelectrocatalytic system, which obviates the need
for a molecular catalyst (Fig. 1). In recent years, the generation
of trifluoromethyl (CF;) radicals by means of single electron
transfer (SET) has been shown to be a productive synthetic
strategy to access a wide range of trifluoromethylated organic
compounds.>** The electrochemical radical tri-
fluoromethylation also has been highlighted in several prece-
dent reports, particularly due to the ability to control the rate of
radical formation in the electrochemical method.** Recent
electrosynthetic techniques such as alternating current elec-
trolysis®® and electrophotocatalysis** were also successfully
demonstrated.

Most of the precedent literature regarding arene radical tri-
fluoromethylation showed modest to low efficiency with
electron-rich substrates.*® Electrochemical trifluoromethylation
has recently been developed for highly electron-rich substrates,
but the method was not effective for moderately electron-rich
and neutral substrates.®*® More importantly, although some
prior studies noted the formation of a comparable amount of
bis-trifluoromethylated byproducts, limited attention has been
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Fig. 1 Photoelectrocatalytic trifluoromethylation of arenes. Potential
values with respect to Ag/Ag*.
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devoted to enhancing the selectivity towards mono-substituted
products.?*3%%7

In this study, the newly developed PEC system exhibits good
yields and high mono- to bis-trifluoromethylation selectivity,
particularly for electron-rich arene substrates compared to
electrochemical methods using conducting electrodes such as
carbon or fluorine-doped tin oxide (FTO) anodes. Photo-
generated holes were capable of oxidizing both arene substrates
and the CF; radical source, eventually leading to the formation
of mono-substituted products through the radical-radical
coupling pathway. The exceptional selectivity of the PEC
configuration originates from the charge-transfer characteris-
tics of the photoanode itself, such as charge-carrier recombi-
nation and the generation of photovoltage.

Results and discussion
Selective mono-trifluoromethylation on the PEC system

We have first examined whether radical trifluoromethylation is
a suitable example for demonstrating potential advantages of
photoanodes in radical-radical coupling reactions by voltam-
metric studies. Hematite (a-Fe,Oj3) is chosen as a photoanode
material due to its fairly positive valence-band maximum (Eygy)
and its stable operation in a wide range of organic solvents.”***

Linear sweep voltammograms (LSVs) of sodium tri-
fluoromethanesulfinate (CF;SO,Na), a precursor of a CF;
radical, and aromatic substrates (1,3,5-trimethoxybenzene and
anisole) were obtained at a glassy carbon (GC) electrode and
a hematite photoanode (Fig. 2). CF3SO,Na is chosen as a CF;
radical source because it readily generates CF; radicals via 1-
electron oxidation and has a relatively low oxidation poten-
tial.>»* At a GC electrode, each compound exhibits distinct
onset potentials and current slopes, resulting in significantly
different current densities at a certain overpotential (Fig. 2a).
This is because current-voltage behavior follows Butler-Volmer
kinetics under electrolysis conditions, which typically involve
high substrate concentrations and forced convection (Fig. 2c).
Thus, balancing the radical generation currents of the CF;
radical precursor and the arene substrates is challenging at the
conducting anode.

In stark contrast, LSVs obtained at a hematite photoanode
under illumination display relatively similar current densities
to each other (Fig. 2b). The onset potentials were shifted to
more negative values compared to those obtained at a GC
electrode, indicating generation of photovoltage at the photo-
anode.” Notably, anisole was directly oxidized by the photo-
anode at the given potential window, which was not the case
with the carbon anode, illustrating the greater oxidation power
of hematite due to its sufficiently positive Eygy (Fig. 2d and
S51). Also, the growth of photocurrents is less rapid compared
to the electrochemical system due to charge-carrier recombi-
nation.** These electrochemical data indicate that a hematite
photoanode is more adequate for a radical-radical coupling
reaction owing to its ability to “balance” the oxidation current of
the two reaction partners (CF;SO,Na and an aromatic substrate)
and sufficient oxidation power for generating aromatic radical
cation.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04570j

Open Access Article. Published on 23 September 2024. Downloaded on 12/6/2025 7:38:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
(a) (b) o7
1246 Fe,0, CF3SO,Na
25 06 sodium trifluoromethanesulfinate
1.0 - » i
% ’ OMe
— 08- E < 04
i 10 e o
S 5
<
£ 06 E 03- MeO OMe
3 00 3 1,3,5-trimethoxybenzene
02 o4 o6 o8 1o 1z 14
0.4 £V v AAT) 0.2
OMe
0.2 0.1
0.0 0.0 ,‘
— — ———r———— anisole
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
E (Vvs. Ag/Ag") E (Vvs. Ag/Ag")
(c) (d)
; [A*1>>[B™] 67 i AT]=[B"]
cB
Hoaat B oat
M in N + i
B - B/B A
< alli Photon BlE
[ h ig
E,
h./ VBM
i vB
Ep Eyp E
Conductive anode Enn+ Epp* Eapp E L ®

Photoanode

Fig.2 Linear sweep voltammograms (LSVs) of 50 mM substrate solutions in 0.1 M LiClO,4 in CH3CN at (a) a glassy carbon (GC) electrode and (b)
a hematite (Fe,0s) photoanode under 1 sun illumination (AM 1.5 G; 100 mW cm™2). The pale-colored lines indicate LSVs obtained in the dark. The
inset in (a) displays an LSV of anisole at wider potential range. Black = CFzSO,Na, red = 1,3,5-trimethoxybenzene, blue = anisole. Scan rate =
50 mV s~1. Schematic representation of charge-transfer pathways and the corresponding i—V curves in typical (c) electrochemical and (d) PEC

systems. E,o, = applied potential, Ex, = flat-band potential.

We commenced our investigation by choosing 1,3,5-trime-
thoxybenzene 1a as our model substrate, hematite as the pho-
toanode and platinum plate as the cathode (Fig. 3). The working
electrode potential (Ewg) was set at 0.8 V, where both the CF;
radical precursor and 1a could undergo photo-oxidation, and
no dark current flowed (Fig. 2). After optimization, we observed
that the application of both blue light (456 nm) and electric bias

OMe
"standard conditions" CF3
OMe undivided cell
CF3SO;Na (2 equiv.) MeO OMe
1b
MeO' OMe l Fe,05(+)/Pt(-) (Ewg = 0.8 Vvs Ag/Ag™) OMe
o 215 l & 456 nm LED, ca. 80 mW/cn? FiC CF,
£ mmo LICIO4 (0.1 M)
DMSO/H,0 (10:1; 0.05 M), Na, rt., 14 h  [MeO OMe
1c
Entry Variation from "standard conditions" Yield (%) Ratio of 1b:1c
1 none 78 19:1
2 w/o applied voltage 1 -
3 w/o light 1 -*
4 CH3CN instead of DMSO 24 >20:1
5 w/oH20 61 1:1
6 MeOH instead of H,O 61 19:1
7 HFIP instead of H,O 87 5:1
8 TBACIO4 instead of LiClO4 49 4:1
9 under air 88 5:1

Fig. 3 Reaction parameter optimization. Yields determined by °F
NMR using CFsCO,H as an internal standard.

© 2024 The Author(s). Published by the Royal Society of Chemistry

was necessary to yield the desired mono-trifluoromethylated
product 1b selectively over bis-trifluoromethylated product 1c
(Fig. 3, entries 1-3). This is because electron-hole pairs are
generated through photo-excitation of electrons in the valence
band, followed by separation of two charge carriers by electric
field within the space-charge region induced by the applied
potential. The optimal conditions employed 2.0 equivalent of
CF;SO,Na as the radical precursor and LiClO, as the electrolyte
under dimethyl sulfoxide (DMSO) and water as the co-solvent.
Since the concentration of CF;SO,Na affects the radical gener-
ation rate match and hence the mono/bis-selectivity, both the
radical generation rate and the total amount of radicals should
be optimized by adjusting the concentration of the radical
precursors (Fig. S9t).

The solvent systems other than DMSO/H,O such as aceto-
nitrile (CH3CN) were not effective (entry 4). Both reaction yield
and product selectivity decreased in the absence of water (entry
5). Furthermore, water was found to be the most efficient proton
source compared to other protic co-solvents such as methanol
and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (entries 6-7). The
choice of electrolyte was also crucial in both reactivity and
mono/bis-selectivity (entry 8). When the reaction was carried
out under ambient conditions, the mono/bis-selectivity was
significantly dropped compared to the standard conditions,
while the overall yield was slightly increased (entry 9).

The durability of the electrode is also a crucial factor in
electrochemical organic reactions. Often, the electrodes expe-
rience surface passivation which is mainly caused by the

Chem. Sci., 2024, 15, 16705-16714 | 16707


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04570j

Open Access Article. Published on 23 September 2024. Downloaded on 12/6/2025 7:38:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

100 b
(a) (b) Ve

5
¢
i

TRFVE:
3 1) %jfi:

)

80 L)

60 4

Yield (%)

40
L OP=2
e PRt S0 N,

4 Nt 1 o od AESH
20 ow .(“d’as’t

1 um v'.

EY =
S

0 T T T T T
1 2 3 4 5

Number of Usage

AT A

View Article Online

Edge Article

(C) — Used
—— Fresh

Intensity (a.u.)

T T T T T T T T
294 292 290 288 286 284 282 280 278 276
Binding energy (eV)

Fig. 4 Stability test for iterative usage of the photoanode. (a) Yield of the reaction under the “standard conditions” for five iterative uses. (b) SEM
image of a hematite photoanode before and after five iterative uses under the standard reaction conditions. (c) XPS spectra of carbon 1s region

before and after five iterative uses.

deposition of polymeric films produced by undefined side
reactions of reaction intermediates.'®*>** The catalytic activity
of a hematite photoanode was retained during five iterative uses
(Fig. 4a), exhibiting excellent robustness and catalyst-
regeneration capability. The surface analysis by using scan-
ning electron microscopy (SEM), X-ray photoelectron spectros-
copy (XPS), and X-ray diffraction (XRD) further revealed that the
morphology, chemical composition, and the band structure of
the electrode surface were identical to those of a freshly-
prepared photoanode (Fig. 4b, ¢ and S6f). It is worth
mentioning that the carbon-containing polymeric film was not
observed, which could potentially lead to passivation of the
photoelectrode. The robustness of the hematite surface also
highlights its advantage in radical reactions.

Next, we employed our optimized reaction conditions to
arene substrates with a range of different electronic properties
(Fig. 5). For the substrates with electron-rich or neutral
substituents, moderately high mono- to bis-
trifluoromethylation selectivity was observed when using
a hematite photoanode. Late-stage functionalization of phar-
maceuticals containing electron-rich aromatic rings, such as
Boc-protected melatonin (8) and gemfibrozil methyl ester (9),
was successfully demonstrated, highlighting the practical utility
and versatility of the PEC method. It was notable to see that 1,4-
dicyanobenzene showed low reactivity, which cannot be photo-
oxidized by the photoanode since its oxidation peak potential is
more positive than the Eygy of hematite, ca. 1.7-1.8 V
(Fig. S51).*®

For comparative purposes, the reaction was carried out using
a carbon-felt anode in a two-electrode configuration, which is
one of the most adopted configurations in electrochemical
organic synthesis. The cell voltage was chosen within a range
where the initial current is closely matched to that of the PEC
system (see page S7 in the ESIf for the detailed procedure).
Typical cell voltage ranged from 2.6 to 3.2 V, which corresponds
to a working electrode potential of 0.6-0.8 V vs. Ag/Ag" (Table
S1f). The semiconductor electrode exhibited notably greater
mono/bis-selectivity in contrast to the conducting anode, except
in case where 1,4-dicyanobenzene was employed as the
substrate (Fig. 5). Moreover, even though the mono/bis-
selectivity slightly decreases with extended reaction time, the

16708 | Chem. Sci, 2024, 15, 16705-16714

selectivity in the PEC system still outperforms the electro-
chemical analog at all reaction times (Fig. S107).

These results suggest that a semiconductor electrode can
selectively produce mono-substituted products when both
reactants undergo electrochemical oxidation at the photo-
anode. This can be attributed to the relatively positive Eygy of
hematite and the photovoltage generated within the PEC
system, allowing the efficient oxidation of substrates ranging

OMe product bis-subst.  ratio /—\ product bis-subst.  ratio
CFy 74 g6 18.5 QP 62 49 3.9
I 35 I I\ I 16 28 1.8
MeO ome 41 e s~ CFa I 0 1
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1b 2b
OMe product bis-subst.  ratio 1\ product bis-subst.  ratio
CF; N~ CFy
61 6.0 59 43 11.8
42 29 20 I
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(Boc-protected melatonin)
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Fig. 5 Reaction results when hematite (red) and carbon felt (black)
electrodes were used as working electrodes, respectively. Mono- to
bis-CFz substituted product ratio is presented except for 1,4-dicya-
nobenzene. First peak potentials of anodic curves (Ep) obtained from
5 mM substrate solutions are reported with respect to an Ag/Ag*
reference electrode. Bis-subst. = bis-CFs substituted product. Late-
stage functionalization of pharmaceuticals is also presented, high-
lighting the practical utility and versatility of the PEC method.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from electron-rich to neutral aromatic compounds, as well as
the CF; radical source.

DFT computational studies for possible reaction pathways

To explain the superior chemoselectivity of the PEC system, we
deliberated the possible reaction pathways of the tri-
fluoromethylation of the aromatic compounds (Fig. 6). The CF;
radical source should first be oxidized to generate a CF; radical
and consequently, the trifluoromethylated products. The reac-
tion pathways thus bifurcate depending on whether the
aromatic substrate is electrochemically oxidized or not (Fig. 6a).
The formation of the radical cation intermediate 1a"* by photo-
oxidation at a hematite photoanode is confirmed by a radical
trapping experiment (Fig. S111). However, the oxidation of 1a
hardly occurs with the electrochemical system at the operating
potential (i.e. 0.6-0.8 V; Fig. 2a).

When the substrate 1a is oxidized at the photoanode surface
(Fig. 6a-A), the corresponding radical cation 1a’" couples with
a CF; radical, generating the cationic intermediate [1a-CF;]".
Deprotonation of [1a-CF;]" gives the mono-substituted product
1b. Thus, the kinetics of the radical-radical coupling pathway
will also depend on the oxidation potential of the substrate. On
the other hand, the reaction can also be initiated by attack of
a CF; radical on the aromatic substrate (Fig. 6a-B). This radical-

(a) Two possibl ion p: ys of ( Jelectrocatalyti
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attack leads to the formation of the radical intermediate [1a-
CF;]’, followed by the radical-polar crossover at the electrode
surface. Rearomatization of the cationic intermediate [1a-CF5]"
gives the product 1b.

We anticipate that the radical-radical coupling pathway is
dominant on the photoanode since hematite can oxidize the
aromatic substrates. On the other hand, the radical-attack
pathway is likely to occur when utilizing a carbon anode,
since the aromatic compounds were hardly oxidized at the
applied potential range, even though the system exhibited
a comparable current level (ca. 2 mA) to the PEC configuration
(Table S17). The ratio of activation barriers between the mono-
substitution step and the bis-trifluoromethylation step will
determine the selectivity of the mono-substituted compound 1b
over the bis-trifluoromethylated byproduct 1c (the ratio between
AG*(1a,coup) and AG*(1b,coup) for the radical-radical
coupling, AG*(1a,att) and AG*(1batt) for the radical-attack
pathway. See Fig. 6 for the abbreviations).

Density functional theory (DFT) calculations were performed
to obtain kinetic insights of each step (Fig. 6b, see page S12 in
the ESI} for the computational details). The mono-substitution
step of the radical-radical coupling pathway occurs without
a free-energy barrier since the coupling of two reactive radical
species is highly favorable. On the other hand, the activation

e /@
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(a) Two possible reaction pathways of (photo)electrocatalytic (bis-)trifluoromethylation of 1a. (b) DFT computational study on the two

possible reaction pathways at E = 1.8 V vs. Ag/Ag*. Pathway drawn in black = radical-radical coupling, grey = radical-attack.
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barrier of the second substitution step is found to be
AG*2,coup) = 6.98 kcal mol ™!, indicating that the second
coupling step is kinetically less favorable than the first one.
Also, because the mono-trifluoromethylated compound 1b
exhibits more positive oxidation potential compared to the
substrate 1a, generating the radical cation 1b'* is kinetically
slower than 1a'* (Fig. S7t). Consequently, the radical-radical
coupling pathway will facilitate kinetically selective formation
of the mono-trifluoromethylated product.

On the other hand, relatively similar activation barriers of
AG*(1a,att) = 13.70 kcal mol' and AGi(1batt) =
14.47 kcal mol " were obtained for the radical-attack pathway.
This result implies that achieving mono/bis-selectivity is less
probable under mild overpotentials insufficient to oxidize the
aromatic compounds. It is noteworthy that a CF; radical is less
likely to attack 1a or 1b instead of 1a™" when the oxidation
potential of a hole is sufficiently high, since AG*(1a,att) and
AG*(1b,att) are much greater than AG*(1a,coup). The energy
profile demonstrated in Fig. 6 represents the result at 1.8 V.
However, the activation barriers of the radical-attack pathway at
0.8 V were identical to those obtained at 1.8 V, as the change in
electrode potential only affects the free energy of the electron-
transfer steps (Fig. S147).

Thus, the present computational study suggests that suffi-
ciently positive valence band position of hematite facilitates
direct photoelectrochemical oxidation of the aromatic
compounds, eventually leading to a selective production of
mono-substituted product through radical-radical coupling.
This explanation is consistent with the experimental result that
both the PEC system and the carbon anode-based electro-
chemical setup exhibited identical reaction result with the
highly electron-deficient substrate that cannot be directly
oxidized by a hematite photoanode (Fig. 5).

Inherent advantages of the PEC configuration in selective
radical reactions

Given that direct oxidation of the substrate may enhance the
selectivity of the mono-substituted product, a series of electro-
chemical systems utilizing different electrode materials was
employed for the trifluoromethylation of 1a to explore whether
sufficient overpotential can improve the selectivity of electro-
chemical configurations (Fig. 7).

First, the reaction was conducted with a hematite electrode
in the dark at 1.8 V, which approximately corresponds to the
Eypm, to dictate the direct electrochemical oxidation of the
substrate without light irradiation (black open circle). Both the
yield and mono/bis-selectivity were reduced, implying that the
PEC reaction condition (red star) outperforms its purely elec-
trochemical counterpart. It is known that electrochemical
oxidation is not possible on the hematite surface in the absence
of light due to its nature as an n-type semiconducting mate-
rial.** Consequently, the oxidation of organic molecules is ex-
pected to take place at the pinholes of the underlying
conductive substrate, FTO.*>*® Comparable yields and product
ratios to the dark condition were observed when employing
a bare FTO electrode as the anode (blue open triangle),
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Fig. 7 Reaction yield and selectivity depending on electrode material
and applied voltage. Eygm corresponds to the valence band edge of
hematite, 1.8 V vs. Ag/Ag™.

suggesting that the hematite layer does not exhibit catalytic
activity under dark conditions. Hence, the reaction selectivity of
the PEC system should be explained by the charge-transfer
characteristics under illumination.

Conversely, no reaction took place at FTO at 0.8 V (blue filled
triangle), which corresponds to the operating potential of the
PEC system, as it is a relatively inert electrode material that
demands a greater overpotential to facilitate the identical
electron transfer reaction (Fig. S8t). The reaction was also
conducted using a carbon anode at 0.8 V within a three-
electrode system. Although the initial current level was almost
identical to that of the PEC system, the inferior mono/bis-
selectivity was observed (green filled square), consistent with
the computational result.

When a potential of 1.8 V was applied to a carbon anode for
the direct electrochemical oxidation of the substrate, it resulted
in a slight increase in product selectivity but a decrease in the
overall yield (green open square). The decrease in overall reac-
tion yield can be attributed to the significant increase in current
resulting from the application of high voltage. Owing to the
elevated current density, a considerable amount of radical
intermediates is generated in close proximity to the electrode
surface, rendering the radical reaction uncontrollable and
ultimately leading to a reduction in overall yield of the cross-
coupled product.*»** A similar reactivity pattern was observed
with the semiconductor photoanode. When the initial current
was increased by the strong irradiation (ca. 300 mW cm %) while
maintaining a constant overpotential, the product yield was
deteriorated from 74% to 58% (pale red, filled circle). The
elevated current density also deteriorated the product selectivity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from the standard PEC reaction conditions, possibly because
excessive charge carriers caused the oxidation of the mono-
substituted product 1b, thereby facilitating the second tri-
fluoromethylation step.

A similar trend was observed when driving PEC tri-
fluoromethylation of 1a and anisole (6a) at 0.4 V (Fig. S127). At
this potential, 1a still oxidizes, but 6a barely does (Fig. 2b).
Therefore, almost identical result was obtained for 1a. On the
other hand, the selectivity of mono-trifluoromethylated product
of 6a is decreased at 0.4 V. Since 6a is not oxidized at 0.4 V and
only CF; radicals can be generated, the reaction does not
proceed through radical-radical coupling, leading to decreased
selectivity for mono-substituted products.

Therefore, we have concluded that the reaction yield and
product selectivity should be compromised at an electro-
chemical system utilizing a conducting electrode. At a low
overpotential, the radical-radical coupling reaction cannot
occur, resulting in relatively unselective behavior. At a high
overpotential, even though reaction selectivity slightly increases
due to radical-radical coupling, overall yield decreases because
of high current density and generation of excess radical species.
Since current and overpotential are coupled at a conducting
electrode and cannot be independently optimized, additional
strategies such as surface modification with electron-transfer
mediators and/or incorporation of homogeneous catalysts are
needed to enhance the selectivity of electrochemical systems.*

On the other hand, overpotential and photocurrent density
can be independently tuned when using photoelectrodes
because the number of photogenerated charge carriers is not
only a function of overpotential but also depends on the illu-
mination intensity. This characteristic feature of semi-
conductor photoelectrodes enables independent optimization
of photocurrents under constant overpotential, while securing
sufficient redox power by carefully selecting semiconducting
material with a suitable band-edge alignment.

Numerous applications can stem from the intrinsic physi-
cochemical properties of semiconductor photoelectrodes high-
lighted in this study. For instance, introducing various surface
defects can help regulate the spatial distribution of ‘hole-
emitting’ sites, where radical intermediates are generated.*®
Since the allocation of catalytic sites significantly affects the
efficiency of radical coupling reactions,* appropriate surface
treatment will maximize the benefits of PEC systems in these
reactions.

Several characteristic features of a photoelectrode that have
not been experimentally examined in this research may also
affect the selectivity of reactions. For example, the presence of
surface states is a distinctive feature of photoelectrodes
compared to conducting electrodes.****** However, their role in
the transformation of organic molecules has not been thor-
oughly investigated to date. The presence of native surface
states may result in photogenerated holes having different
oxidation potentials at the electrode surface, just before their
transfer into the solution phase (Fig. S13+1). This, in turn, could
reduce the difference between the effective overpotential for
each oxidation reaction (n; and 7, in Fig. S13t), consequently
decreasing the disparity in the two oxidation currents.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In summary, we have explored the impact of distinct charge-
transfer characteristics of a semiconductor photoelectrode on
the selectivity of radical reaction by demonstrating PEC tri-
fluoromethylation of aromatic compounds as a model reaction.
Since a PEC system is capable of controlled release of highly
reactive minority charge carriers as well as balancing the radical
generation currents between the two radical precursors,
a selective radical-radical coupling reaction was successively
achieved without help of a transition-metal-based homoge-
neous catalyst. Considering that the choice of electrode mate-
rial significantly influences reaction outcomes, studying the
impact of the charge-transfer characteristics of photoelectrodes
on the reaction result will facilitate the development of more
efficient PEC organic synthesis methods, as well as under-
standing mechanistic features.

Conclusions

In this study, to link the physical aspects of semiconductor
photoelectrodes and their charge-transfer properties to reaction
outcomes, we have demonstrated the radical tri-
fluoromethylation of aromatic substrates at a hematite photo-
anode without employing a homogeneous catalyst. The PEC
system outperformed conventional electrochemical systems
utilizing conducting anodes in terms of product selectivity and
reaction yield. By combining the photoelectrochemical analysis
with the DFT computational studies, the outstanding selectivity
of the PEC configuration is attributed to the following three
characteristic charge-transfer behaviors of the hematite photo-
anode. First, the sufficiently positive valence band edge of the
hematite enabled direct oxidation of the aromatic substrate,
eventually leading to a radical-radical coupling pathway that
enhances the mono- to bis-trifluoromethylation selectivity.
Second, the overall photocurrent could be optimized under
a constant overpotential by regulating the illumination inten-
sity, preventing excessive generation of radical species while
maintaining the oxidation power for generating radical inter-
mediates. Third, the photocurrents for radical generation from
each precursor could be well-balanced on the photoanode
surface due to photocurrent generation and charge-carrier
recombination. This work shows that understanding the
inherent nature of semiconductor photoelectrodes can facilitate
the development of more efficient and selective radical
reactions.

Experimental
Preparation of the photoanode

Hematite photoelectrodes were synthesized according to the
previously reported procedure.”»** Briefly, cleaned fluorine-
doped tin oxide (FTO, Solaronix, Switzerland) glass was
soaked in a precursor solution containing 0.15 M FeCl; and
1.0 M NaNO;, and enclosed with stainless steel autoclave. The
temperature of the system was raised to 95 °C and kept for 4
hours to form B-FeOOH film on the FTO substrate. After cooled
at 4 °C for 45 minutes, the electrodes were sonicated for 3
minutes to remove poorly adsorbed particles. The substrates
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were then annealed at 550 °C for 2 hours to convert the as-
deposited B-FeOOH film into hematite (a-Fe,O3;) nanowire.
Then, the hematite electrodes were additionally annealed at
800 °C for 20 minutes to improve their PEC activity.

General procedure for photoelectrocatalytic
trifluoromethylation of arenes

Electrolysis experiments were conducted using an MPG-2 multi-
potentiostat (Biologic). Kessil PR160 blue LED (A = 456 nm) is
used as a light source. An oven-dried, 10 mL two-neck glass tube
was equipped with a magnetic stir bar, a rubber septum,
a threaded Teflon cap fitted with electrical feed-throughs,
a hematite photoanode (1.0 x 1.0 cm?, connected to the elec-
trical feedthrough via a 9 cm in length, 2 mm in diameter
graphite rod), a platinum mesh cathode (0.5 x 1.0 cm?), and an
Ag/Ag' reference electrode. To this reaction vessel, LiClO,
(42.5 mg, 0.4 mmol), an arene substrate (0.2 mmol, 1.0 equiv.),
and CF;SO,Na (62.4 mg, 0.4 mmol, 2 equiv.) were added. The
cell was sealed and purged with a nitrogen-filled balloon for 15
minutes. Before initiating the photoelectrocatalytic reaction,
a cyclic voltammogram was obtained in the dark to determine
the potential range where dark current does not flow. Typical
potential-range limit was 0.6-0.8 V, where the initial current was
approximately 2 mA. The photoelectrochemical reaction was
conducted under illumination with a blue LED (distance ~5 cm)
at room temperature for 14-18 hours. The reaction mixture was
then filtered by silica or Celite and concentrated under reduced
pressure. The residue was subjected to flash column chroma-
tography on silica gel (eluted with hexane/ethyl acetate) to yield
the desired product.

Procedures for voltammetric studies

(Photo)electrochemical experiments were conducted using
a Gamry Reference 600 potentiostat (Gamry Instruments). A
glassy carbon (GC) rod electrode (d = 4 mm) or an FTO glass was
used as a working electrode. A platinum wire was used as
a counter electrode. Ag/Ag’ reference electrode was used as
a reference electrode. For an FTO glass, a homemade Teflon
electrochemical cell was used, and electrode area was defined
by a super-viton P6 O-ring (inner diameter = 5.8 mm; Anyseal,
Korea). Scan rate is 50 mV s~ ', unless otherwise noted.

Computational details

Density functional theory (DFT) calculations were conducted
using Q-Chem 4.4 program® to obtain optimized structures and
energies of each reactant, product, transition state, and inter-
mediate species. The range-separated wB97X-D3 hybrid func-
tional® with the 6-31G* basis set®™® was used for geometry
optimizations and vibrational frequency analysis. Solvation
effects were considered using the polarizable continuum model
(PCM) as implemented in Q-Chem,”” with a dielectric constant
of 46.7, corresponding to that of DMSO. To obtain the Gibbs
free energy, thermal corrections were applied to the single point
electron energy obtained on optimized structures with the same
functional but with the larger def2-TZVP basis set.*®
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To account for the potential effects, the computational
hydrogen electrode method was applied as in the previously
reported case.** In the computational hydrogen electrode
method, the chemical potential of the electron is referenced to
the standard hydrogen electrode (SHE) and the applied poten-
tial relative to the SHE.
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