. HOKKAIDO UNIVERSITY

Title Adaptable Blueprint for Non-metal Near-Infrared Organic Photocatalysts by Aromatic Sulfones
Author (s) Yoshida, Kazuya; Suzuki, Toshiaki; Biju, Vasudevanpillai et al.
Citation ACS applied materials & interfaces, 17(3), 4813-4820

https://doi.org/10.1021/acsami.4c17410

Issue Date 2025-01-13

Doc URL https://hdl. handle.net/2115/97377

This document is the Accepted Manuscript version of a Published Work that appeared in final
form in ACS applied materials & interfaces, copyright © American Chemical Society after peer

gt review and technical editing by the publisher. To access the final edited and published work
see https://pubs. acs.org/articlesonrequest/AOR-IM28PEJW3YXXV8I2WXXJ
Type journal article
File Information 112469. pdf

kaido
wo¥ Uo%

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




An Adaptable Blueprint for Non-Metal Near-Infrared Organic Photo-
catalysts by Aromatic Sulfones

Kazuya Yoshida?, Toshiaki Suzukib, Vasudevanpillai Biju*ac, Yuta Takano*ac

aGraduate School of Environmental Science, Hokkaido University, N10, W5, Sapporo 060-0810, Japan.
bUnisoku Co. Ltd, Hirakata, Osaka 573-0131, Japan.
cResearch Institute for Electronic Science, Hokkaido University, N20, W10, Sapporo 001-0020, Japan.

KEYWORDS. Photoredox catalysts, electron transfer reactions, radical reactions, sulfone-rosamine, NIR dye molecules

ABSTRACT: We present a versatile approach to designing and utilizing high-performance non-metal near-infrared (NIR) or-
ganic photocatalysts based on aromatic sulfones. Current NIR photocatalysts are mainly metal complexes and inorganic ma-
terials, while the few reported non-metal organic NIR photocatalysts primarily use photosensitization to produce active spe-
cies such as singlet oxygen. Our sulfone-rosamine-based redox photocatalyst 3 demonstrates exceptional capabilities, includ-
ing high ability for metal-free photo-oxidative bromination, intrinsically oxygen-independent redox reactions, and remarka-
ble photostability with a turnover number (TON) exceeding 2800. We showcase the photocatalyst's efficacy in photo-oxida-
tive bromination of aromatic compounds under 738 nm illumination. The reaction mechanism is elucidated through electro-
chemical studies, time-resolved spectral measurements, and DFT calculations. Transient absorption measurements using the
randomly interleaved pulse train (RIPT) method reveal the photo-excited state of 3 in the reaction. The photocatalyst 3
demonstrated its versatility for several aromatic substances, including those exhibiting strong light absorption in the visible
region. This aromatic sulfone-based approach offers a robust blueprint for developing non-metal NIR organic photocatalysts
with superior photo-oxidation ability and stability, addressing key limitations of conventional organic NIR photocatalysts.

Introduction

Photoredox catalysis has revolutionized covalent bond for-
mation under mild conditions.! Non-metal organic catalysts
offer advantages in cost-effectiveness and low environmen-
tal impact.2 However, most organic photocatalysts primar-
ily use UV-visible light, which presents challenges such as
selectivity issues, undesirable side reactions, and competi-
tion with substrates and products for light absorption.13

The expansion of organic photocatalysts into the near-in-
frared (NIR) region (2 700 nm) has gained significant inter-
est.3 NIR light's high permeability allows for broader appli-
cations based on more extensive substrate selection and
fewer side reactions in photocatalytic processes.*>

Despite their potential, the development of NIR organic
photocatalysts has faced challenges. The main reason is that
limited organic molecules can efficiently absorb NIR light
energy and utilize it for catalytic reactions. This limitation
stems from the difficulty in designing organic structures
that combine a narrow band gap and high reactivity in the
photoexcited state. Current NIR photocatalysts are predom-
inantly metal complexes,3¢ upconverting organic mole-
cules’ or inorganic materials.?

Among the scarce non-metal organic NIR photocatalysts,
molecules such as squaraine® and cyanine dyes!® have
shown promise, primarily utilizing photosensitization to
generate active reaction intermediates like singlet oxygen.!!
However, this mechanism constrains oxidizing power and
the choice of substrates. Moreover, singlet oxygen may de-
grade the photocatalysts, lowering their photo-stability in-
dicated by small turnover numbers (TON). Indeed, TONs
were rarely reported for NIR organic photocatalysts (Table
S1, see the supporting information), implying their low sta-
bility.

This study introduces a versatile strategy for designing
non-metal organic photocatalytic molecules that employ a
photoinduced electron transfer reaction triggered by NIR
light. Our NIR photocatalyst 3 (Figure 1A), a xanthene dye
with an SOz moiety, achieves an energetic state suitable for
reductive quenching cycles of photoredox reactions (Figure
1B), showing the highest photo-oxidation ability (Ered1*:
1.35 Vvs. Fc/Fc*) and TON (2830) among single molecular
NIR photocatalysts.
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Figure 1. (A) The molecular structure of sulfone-rosamine 3, where the counter anion CF3COO- is omitted for clarity, (B) reductive
quenching cycles of a photoredox catalyst, where P-Cat: photocatalysts, D: electron donor, A: electron acceptor, (C) HOMOs and
LUMOs of the present sulfone-system (left) and a corresponding sulfur system (center) and a cyanine 5.5 (right) as comparisons,
obtained by DFT calculations at the LSDA/6-311+G** level along with reported values of Amax1922 and (D) absorption and

fluorescence spectra (WLex: 690 nm) of 3 in MeCN.

We focus on aromatic sulfones as a promising class of
compounds for developing adaptable non-metal organic
NIR photocatalysts (Figure 1A). Combining the advantages
of organic non-metal photocatalysts with NIR light benefits
represents a significant advancement in photoredox cataly-
sis. Our molecular design strategy opens new avenues for
sustainable technologies and expands the possibilities in
the field.

EXPERIMENTAL
General information

A UV-Vis spectrophotometer (Evolution 220, Thermo
Fisher Scientific, USA) and a fluorescence spectrophotome-
ter (RF-6000, Shimadzu Co., Japan) were used to record the
absorption and fluorescence spectra. 'H and 3C NMR spec-
tra were measured using a JEOL JNN-EX400 spectrometer
(Tokyo, Japan). Electrospray ionization (ESI)mass spectra
were recorded using a JEOL JMS-T100LC instrument (Ja-
pan).

All chemicals used in this study were of analytical grade
and were used as received unless otherwise stated. Rea-
gent-grade solvents were obtained from FUJIFILM Wako
Pure Chemical Corporation (Osaka, Japan).

Density functional theory (DFT) calculations

The geometries of the molecules were optimized using
the Gaussian 16 Revision C.01 program with the Local Spin
Density Approximation (LSDA) functional in the default
Gaussian 16 package!?. The LSDA is a method keyword in
Gaussian 16 that requires a local spin density approxima-
tion calculation using the Slater exchange functional and
VWN correlation functional for the DFT calculation. The 6-

311+G(d,p)*3-15 basis set was used. Molecular orbital anal-
yses were performed with the natural transition orbitals
(NTO).16

Transient absorption spectral measurements

Subnanosecond laser-induced transient absorption
spectra were collected by a commercially available
measuring system (picoTAS; Unisoku, Japan) based on the
randomly interleaved pulse train (RIPT) method developed
by Nakagawa et al.'” The pump source is a mode-locked
picosecond laser (PL2210A/PG403, EKSPLA, 1 kHz, 25 ps,
355 nm/410-2300 nm). The time resolution of the system
was estimated to be 100 ps from a 10 to 90% rise time. For
nanosecond laser flash photolysis experiments, deaerated
MeCN solutions of the sample were excited by a Nd:YAG
laser (Continuum, SLII-10, 4-6 ns FWHM) at 355 nm with a
power of 10 m] per pulse. Transient absorption
measurements in the visible and near-IR regions were
performed with a continuous xenon lamp (75 W) as the
probe light, a photomultiplier (Hamamatsu R2949; 350-
800 nm), and an InGaAs PIN photodiode (Hamamatsu
G10899-01K; 800-1600 nm) as the detector. The outputs
from the photodiodes and photomultiplier were recorded
using a digitizing oscilloscope (HD04022, Teledyne Lecroy,
200 MHz).

Electrochemical Measurements:

Electrochemical measurements were performed using a
BAS ALS 630 electrochemical analyzer. The redox potentials
were determined by differential pulse voltammetry (DPV)
in dried and argon-purged MeCN. A glassy carbon (3 mm di-
ameter) working electrode, Ag/AgNOs reference electrode,
and Pt wire counter electrode were used. Ferrocenium hex-
afluorophosphate was used as the internal standard.



Photocatalytic reactions by 3

Typically, a CDsCN solution (0.75 mL) containing 3 (0.2
mM), a substrate (4.0 mM), and HBr aq. (20 mM), in a quartz
cuvette with a silicon lid. Dimethylsulfone (DMS, 0.08 mM)
was added as an internal standard. The solution was irradi-
ated with an LED (738 + 34 nm, 370 mW / cm?). After pho-
toirradiation, the corresponding brominated product was
identified and quantified by comparing the 'H NMR spectra
with an authentic sample and the internal standard.

Photocatalytic bromination by 3 in the absence of 02

The CD3CN solvent (0.75 mL) in a sealed test tube was
added with 3 (0.2 mM), TMB (4.0 mM), and HBr aq. (20 mM),
and freeze-pump-thaw cycling was repeated three times,
and argon was added. The solution was irradiated with an
LED (738 + 34 nm, 370 mW/cm?) and stirred. The reaction
solution was analyzed using 'H NMR spectroscopy and ab-
sorption spectra.

RESULTS AND DISCUSSION

Molecular designing strategy, synthesis, and character-
ization

We designed sulfone-rosamine with a mesityl group (3) as
a candidate for an NIR photocatalytic molecule, supported
by theoretical calculations (Figures 1A and 1C). Although
sulfone-rosamines have been previously studied for their
unique NIR absorption and fluorescent properties,!8-20 their
photocatalytic ability remains unexplored. We hypothe-
sized that sulfone-rosamines could act as excellent photoox-
idants because of their remarkably lower HOMO levels com-
pared to other NIR dyes such as sulfur-rhodamines and cy-
anines (Figure 1C). The strong electron-withdrawing na-
ture of the SO2 moiety decreases the electron density of the
aromatic system,?! resulting in a low HOMO level, which is
crucial for photoinduced oxidative electron transfer reac-
tions as the initial step of photocatalytic reactions (Figure
1B).

The use of aromatic sulfones offers two additional ad-
vantages as photocatalysts. First, it enhances photo-stabil-
ity. The attachment of two oxygen atoms to the sulfur atom
significantly lowers the corresponding triplet excited state,
decreasing the probability of intersystem crossing from its
singlet excited state. DFT calculations suggest a remarkably
low triplet excited level in 3, where intersystem crossing is
unlikely to occur (Figures S1 and S2, see Supporting Infor-
mation). While B3LYP is often the first choice for DFT
calculations, it tends to overestimate the first transition
energy corresponding to the first absorption maximum for
aromatic sulfones.?? Thus, the LSDA was used in the present
study because it demonstrated the best match with the
experimentally observed values (Table S2). This property
prevents singlet oxygen generation, which can degrade
compounds in photoredox reactions. This was experimen-
tally confirmed using 1,3-diphenylisobenzofuran (DPBF) as
a chemical probe for singlet oxygen detection. The corre-
sponding absorption spectra and absorption time-time pro-
files of the reaction mixture are shown in Figure S3, indicat-
ing extremely low singlet oxygen production efficiency of 3
compared to that of Rose Bengal (QY: 53 %?23). Conversely,
singlet oxygen production by 3 is negligibly small.

Second, the use of aromatic sulfones provides chemical
stability. The SO2 moiety decreases the electron density of
the molecules, resulting in resistance to oxidation. Conse-
quently, aromatic sulfone compounds are generally stable
against oxidative decomposition, making them suitable
photoredox catalysts. Moreover, sulfone-rosamines possess
a small HOMO-LUMO gap originating from a interaction be-
tween the vacant d-orbital on the sulfur atom and the m*
bond,'® enabling NIR light absorption(Figure S4).

The synthesis of target molecule 3 involved a two-step
process (Schemes S1 and S2). Initially, a sulfonation reac-
tion using bis[4-(dimethylamino)phenyl]methane as the
starting material afforded 3,6-bis(dimethylamino)-9H-thi-
oxanthen-9-one-10,10-dioxide (2). Subsequently, an organ-
olithium reaction using 2 yielded the target product, 9-me-
sityl  sulfone-rosamine  with trifluoromethylacetate
(CF3COO0") as the counter anion (3). Introducing the mesityl
group at the 9-position is crucial to protect this position
from undesired nucleophilic attack.2* Measurements, in-
cluding absorption, fluorescence, high-resolution ESI mass
spectra, and NMR spectra, confirmed the successful for-
mation and isolation of product 3 (Figures S5 and S6).

The absorption spectrum of 3 exhibits a characteristic
NIR absorption band at 700 nm in MeCN (Figure 1D), with
a molar absorption coefficient of 1.14 x 105 M-* cm. This
result indicates that 3 can effectively utilize NIR light over
700 nm. Additionally, 3 demonstrated moderate fluores-
cence centered at 734 nm with a quantum yield (®r.) of
0.160 (Figure 1D), implying an efficient formation of the sin-
glet excited state.

Photophysical properties and redox potentials

The transients of 3 were observed and explained through
sub-nanosecond transient absorption (sns-TA) spectral and
time-resolved fluorescence spectral measurements and
were supported by DFT calculations. We employed the ran-
domly interleaved pulse train (RIPT) method,'” which can
cancel emission signals and enables clear observation of
transient absorption spectra on the time scale where emis-
sion exists simultaneously, that is typically 1-100 ns for or-
ganic molecules.

sns-TA spectra of 3 in argon-purged MeCN demonstrated
remarkable bleach signals centered at 700 nm with a rate
constant of 4.3 x 108 (t: 2.3 ns) by single exponential fitting
(Figures 2A and 2B). This was accompanied by signals at
500 nm and 640 nm, exhibiting identical rate constants to
700 nm, indicating their common origin in the excited state.

The time-resolved fluorescence decays of 3 demon-
strated a single exponential decay with a lifetime of 2.4 ns
(Figure 2C). Considering the intrinsic errors of the apparat-
uses (< 5% error), this result indicates that the observed de-
cay at 700 nm in sns-TA spectra (t: 2.3 ns) is attributed to
the first singlet excited state of 3. The comparable lifetimes
suggest negligible nonradiative recombination from the sin-
glet excited state.
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Figure 2. (A) Transient absorption spectra of 3 (WLex: 660 nm),
(B) decay profiles obtained from Figure 24, and (C) time-re-
solved fluorescence decays of 3 (WLex: 630 nm, WLem: 725 nm)
in the presence (green) and absence (blue) of 20 mM HBr and
the instrumental response function (IRF) (dark blue). Solvent:
MeCN.

Another important observation from the sns-TA spectra
is the absence of a detectable triplet excited state for 3. We
measured the spectra up to 1600 nm and could not detect
any signals other than its singlet excited state (Figure S7).
Natural transition orbital (NTO) analysis by DFT calcula-
tions predicted a low probability of triplet excited state for-
mation (Figure S1B). The efficiency of intersystem crossing
can be predicted by the energy gap between the singlet and
triplet excited states,?5 in which a smaller gap corresponds
to a larger probability of the intersystem crossing. In 3, this
gap is 0.87 eV, which is much larger than the corresponding
sulfur-rosamine (0.33 eV) or other compounds showing
characteristic triplet signals in TA.2¢6 Consequently, 3 was
found to be an excellent molecule for utilizing its singlet ex-
cited state energy in photocatalytic reactions while avoiding
side effects caused by the triplet excited state and singlet
oxygen generated by energy transfer from the triplet
state.?¢

Redox potential measurements were performed to char-
acterize the photocatalyst 3 further. Table 1 shows the data
for 3 and 9-mesityl acridinium (Mes-Acr*) dyad, one of the
most studied photoredox catalysts invented by Fukuzumi
and co-workers.12728 [t was found that 3 possesses a first

reduction potential of 1.35 V vs. Fc/Fc* couple in its photo-
excited state (Ered1*).! To our knowledge, this value is the
highest among the reported organic NIR-photocatalysts (cf.
an osmium-cased complex, 0s164%; Erea1*: 1.14 V vs. Fc/Fc*,
by subtracting +0.10 V from the reported value in V vs.
Ag/AgCl), suggesting that 3 could act as a strong photo-oxi-
dant in photocatalytic reactions.

As the photocatalytic reactions were performed in the
presence of 10 mM HBr (vide infra), we also recorded the
potentials of 3 in the presence of 10 mM HBr (Table 1). We
found no remarkable change in the values, particularly in its
reduction potentials (-0.42 V without HBr and -0.41 V with
HBr). We also confirmed that the absorption, fluorescence,
and TA spectra did not change after adding HBr (Figure S8).
This stability in the presence of HBr further supports the
potential of 3 as an effective photocatalyst under acidic re-
action conditions.

Table 1. Redox potentialsl2l and Eo,0 valuest®]

Erear Eoxi Eoo Erear™

[V] [V] [eVIPl | [V]I]

3 -0.42 1.050d] 1.75 1.33
3in HBr -0.41 0.95!d 1.75 1.34
Mes-Acr” -0.95l¢l | 1.68ll | 2.57( 1.62

[a] Values versus Fc%/+ couple. Conditions: A glassy carbon elec-
trode was the working electrode, the counter electrode was the
platinum wire, and Ag/Ag* was the reference electrode. [b] Ob-
tained from the offset in the absorption spectra. [c] Obtained
from Ered1 + Eo,0 according to Refl. [d] Irreversible. [e] Obtained
from Ref29, where the redox potentials vs. SCE were subtracted
by +0.38 to set Fc0/+ as the standard.

The thermodynamic feasibility of photocatalytic oxida-
tive reactions was determined from the Gibbs free energy
change (AG") of photoinduced electron transfer based on the
the well-established Rehm-Weller equation3°:

AG' = Eox(Sub.) — Ereq(3) — Eoo(3) eq. 1

where Eox(Sub) is obtained from the first oxidation potential
of the substrate of interest, Ereda(3) is from the reduction po-
tential of 3, and Eo0(3) is the zero-zero excitation energy of
3. eq. 1in the present case is equal to:

AG" = Egxy(Sub.) — Eyear * (3) eq. 2
where Ereda1"(3) is the estimated reduction potential of 3 in
its photoexcited state.!

For instance, considering the photo-oxidation of 1,3,5-tri-
methoxybenzene (TMB) with an oxidation potential of 1.05
V, and applying the equation to this reaction using 3,

AG' =1.05eV - (-0.42 eV) -1.75 eV = -0.28 eV = -4.5 x
1020]

The negative value of AG' (-0.28 eV=-4.5 x 10-20]) indicates
that the photo-oxidation is thermodynamically favorable.

Photocatalytic bromination by 3

To verify the utility of 3 as a NIR photoredox catalyst, we
selected photocatalytic bromination for this study, as it is a



useful reaction for preparing various functional molecules
and drugs. 2731
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Figure 3. (A) The photocatalytic reaction scheme using TMB,
HBr and 3, (B) 'H-NMR spectra of the reaction mixture before
(orange, upper) and after (blue, lower) 30 min illumination of
738 nm light, (C) time profile of the generation of the bromin-
ated product, TMB-Br, using excess amount of TMB and HBr,
with a fitting curve extrapolating production amount and (D)
light-intensity-dependent generation of the brominated prod-
uct. The peak position of water in 1H-NMR spectra changed af-
ter the reaction because of the pH change.

Based on the redox potentials, we hypothesized that 3
could catalyze the bromination of certain aromatic com-
pounds upon irradiation. In a typical experiment (Figure
3A), 0.20 mM of 3, 4.0 mM of TMB, and 20 mM of aqueous
HBr in 0.750 mL of CDsCN solution was irradiated by NIR
light (LED, Amax = 738 nm, FWHM 34 nm, 370 mW/cm?). The
bromination was monitored by 'H-NMR with dimethyl-
sulfone as an internal standard (Figure 3B). After 30 min ir-
radiation, a brominated product was confirmed. In the NMR
spectra, the signal derived from the aromatic ring of TMB at
6.09 ppm shifted to 6.27 ppm, attributed to 2,4,6-tri-
methoxy bromobenzene (TMB-Br). The absence of new
peaks from the other product indicated the high selectivity
and conversion yield of the photocatalytic reaction by 3.

The overall reaction yield of the bromination was deter-
mined to be >99%.

Notably, no change in the signal intensities of 3 was ob-
served in 'H-NMR spectra after the reaction (Figure S9),
confirming its high photo-stability. To determine the lon-
gevity of 3, the reaction was monitored for an extended pe-
riod using excess TMB and HBr. Figure 3C shows the plot for
production over time, fitted with a formula considering the
first- or pseudo-first-order Kinetics of the formation of
TMB-Br and decomposition of 3. The fitting curve allowed
us to estimate the TON of 2830 at a sufficiently long reaction
time (t > 500 h), which is, to the best of our knowledge, the
highest TON reported for non-metal organic photocatalysts
as a single-molecule NIR-photocatalyst (Table S1). This was
achieved by the successful molecular design of 3 mentioned
above to offering its notable stability. Furthermore, the ap-
propriate photo-oxidation ability of 3 is expected to inhibit
undesirable autoxidative degradation, as previously ob-
served with redox reagents that are too strong, such as the
Mes-Acr* system.3?

The dependency on induced light energy for the reactions
was studied by tracking the reaction using various light in-
tensities (Figure 3D). The turnover frequency (TOF) in-
creased with light intensity (1.94, 2.50, and 4.41 min-! for
93, 185, and 370 mW cm-2). This is likely due to the heat
generation associated with intense light positively affecting
the reaction rate.

Given that the light source used in this study has a peak
wavelength of 738 nm and a full-width half maxima
(FWHM)of 34 nm (Figure S10), the above reactions were
undoubtedly triggered by light above 700 nm. This confirms
that 3 is a unique NIR photocatalyst composed of non-metal
organic molecules.

Photocatalytic bromination by 3 in the absence of 02

Surprisingly, 3 could proceed with the photocatalytic bro-
mination without molecular oxygen. This was confirmed
through a three-times freezing-thaw process for degassing,
followed by the photocatalytic oxidative bromination of
TMB with HBr under the NIR illumination (Figure S11). In
the absence of O3, the formation of TMB-Br was observed,
whereas a partial decomposition of 3 was observed after
the reaction in the absence of O (Figures S11A and S11B).
This is likely because Oz acts as a quencher of an unstable
intermediate, most probably the one-electron reduced form
of 3 (i.e., 3*), in the reaction.

The decomposition likely involves the transformation of
3~ into several possible products. Based on our analysis and
literature reports of similar systems,33-3>we propose that
this transformation may occur through dimer formation via
radical anion coupling, molecular reduction possibly involv-
ing sulfone group cleavage, or intramolecular rearrange-
ment. These pathways align with the known reactivity of
sulfone-containing compounds under photochemical condi-
tions. While definitive product identification would require
further analyses, this initial framework offers valuable in-
sights into potential decomposition mechanisms of 3.

In the absence of Oz, substituent quenchers may be Br:
that presents as a decomposition impurity from HBr, or 3 in
its photoexcited state. Although these proceeded with the



photocatalytic reaction, their quenching efficiencies are not
as good as Oz, promoting the decomposition of 3 via 3*-. This
result indicated that the photocatalytic reaction of 3 is in-
trinsically independent of Oz although it requires an elec-
tron acceptor to quench 3. This reaction mechanism
sharply contrasts with previously reported organic NIR-
photocatalysts mediated by 02.11

Reaction mechanism of the photocatalytic bromination
by 3

The fluorescence lifetimes of 3 with varying concentrations
of TMB were measured under conditions mimicking the
photocatalytic bromination, that is, in the presence of 20
mM HBr (Figure 4A). As the concentration of TMB increased
from 0 to 500 mM, the fluorescence lifetimes decreased
from 2.32 ns to <0.6 ns. This suggests a direct electron
transfer from TMB to 3 in the singlet excited state, produc-
ing a radical cation of TMB and a radical anion of 3. Notably,
argon-purged solutions did not show changes in fluores-
cence lifetimes, indicating that molecular oxygen does not
play a significant role in this stage of electron transfer.
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Figure 4. (A) Time-resolved fluorescence decays of 3 in the
presence of HBr (WLex: 630 nm, WLem: 725 nm) with various
concentrations of TMB(green: 0 mM, yellow: 50 mM, and blue:
500 mM), and the IRF (dark blue), (B) transient absorption
spectra of 3 in the presence of HBr (WLex: 660 nm), and (C) de-
cay profiles at 640 nm with various concentration of TMB (0,
25,50 and 500 mM). Solvent: MeCN.

sns-TA spectra of 3 under photocatalytic bromination
conditions showed characteristic bands around 500 nm and

700 nm (Figure 4B), similar to those observed for 3 alone
(Figure 2A). The key difference was in the rate constants in
the presence of TMB (Figure 4C and Figure S12), which in-
creased with increasing TMB concentration, aligning well
with the fluorescence lifetime trends (Figure 4A and 4C).
The formation of a triplet excited state was ruled out due to
the absence of any detectable bands or decay components
indicative of such a state.

NTO analysis by DFT calculations predicted the formation
of charge-separated states of 3 as meta-stable states (Figure
S1B). However, the bands attributed to these charge-sepa-
rated states were not observed, particularly the character-
istic band of the mesityl radical cation around 500 nm,3¢
which may originate from the partial structure of 3. This
suggests that the charge-separated state likely has a lifetime
shorter than our detection limit (~0.1 ns) in the present
condition and may not significantly contribute to electron
transfer reactions, given that this lifetime is shorter than the
diffusion rate of substrates in MeCN (~0.4 ns).37 In addition,
the sns-TA spectra did not show the detectable signal at-
tributed to TMB*+ (450 nm).2?” TMB*+ would exhibit a rapid
reaction with the excess Br- promptly forming a Br adduct
radical.?”

These results support a feasible mechanism for the initial
stage of the bromination reaction (Scheme 1). The process
begins when 3 is excited by NIR light. In its excited state, 3
directly oxidizes aromatic compounds through an electron
transfer, producing a radical cation intermediate of the sub-
strate and the reduced form of the catalyst, 3*-.

The formed 3°- then transfers an electron to an acceptor
in the system. In the present case, as discussed in the previ-
ous sub-section, it is predominantly molecular oxygen. 3°-
transfers an electron to the surrounding oxygen, generates
superoxide (027), and returns to its ground state.

In acidic conditions of the present reaction, Oz~ can react
with protons (H*) to form hydroperoxyl radical (HO2*), sub-
tracting hydrogen radical to form hydrogen peroxide
(H202).27 If Oz is absent, Br,, formed due to the electron
transfer from 3+~ to Brz, as described above, is expected to
take over the role of HO2*. Based on these results, we pro-
pose a catalytic reaction scheme as illustrated in Scheme 1.
This mechanism highlights the efficient utilization of NIR
light by 3 for the bromination.

OMe OMe

OMe OMe
Q b\O Ny
MeO Me MeO OMe MeO OMe MeO Me
H Br r
;

3
«—H .
0, ——Ho,

5
0,
NIR light
3

Scheme 1. Proposed catalytic reaction pathway in the
presence of 02

Photocatalytic reaction by 3 for various substrates, includ-
ing visible light-absorbing molecules



To confirm the versatility of the photocatalytic reaction cat-
alyzed by 3, we performed photocatalytic brominations of
aromatic compounds with different oxidation potentials
other than TMB under similar conditions (Figures 54, S13-
16). As shown in Table 2, 3 behaved as the photocatalyst of
the bromination for various substrates possessing oxida-
tion potentials lower than +1.33 V, as predicted by the Gibbs
energy change for photoinduced electron transfer esti-
mated by eq 1.

Finally, to emphasize the advantages of NIR-
photocatalysts and demonstrate the adaptability of 3 for a
visible light-absorbing substrate, we conducted a photo-
catalytic bromination reaction using fluorescein as the sub-
strate (Figure 5B). Fluorescein is a commonly used visible
dye that absorbs light below 500 nm (Figure 5C), however
it competes for light absorption with most conventional
photocatalysts. In a typical experiment, fluorescein (4.0
mM) and 3 (0.20 mM) in a solution of CD;CN with HBr (600
mM) was mixed. The mixture was irradiated with the LED
light source (Amax = 738 nm, FWHM 34 nm, 370 mW/cm?),
forming a red-brownish compound. NMR spectra confirmed
the disappearance of the signals of fluorescein in the reac-
tion mixture (Figure S17), and dibrominated fluorescein
was confirmed as the product. This result indicated that flu-
orescein was efficiently brominated. This result highlights
the advantage of using NIR light and our NIR photocatalyst
3 for visible light-absorbing substrates.

A

bstrat ~ 5.0mol% 3 duct
substrate + Br LED (738 nm) produc
CD4CN, rt
B
) _ 50mol% 3
’ " LED (738 nm)
HO™ CDsCN, 1t
C
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£
Q
w
o)
<
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Figure 5. (A) Photocatalytic reaction scheme using 3, HBr and
various substrates shown in Table 2, (B) photocatalytic reac-
tion scheme using 3, HBr and fluorescein, and (C) absorption
spectra of fluorescein of the reaction condition (blue: 4.0 mM)
and moderate concentration (orange 15 uM) in MeCN with HBr.
The signals over Abs. = 3.5 are saturated signals with noise.

Table 2. Photocatalytic reactions with various sub-
strate
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e
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[a] Obtained from Ref??, and [b] from Ref38, where the redox
potentials were subtracted by +0.38 to set Fc%+ as the
standard. [c] Obtained from eq. 2. [d] Determined by !H-
NMR spectra. [e] The product shown in Figure 5B.

Conclusions

In this study, we have demonstrated the first example of a
non-metal NIR organic redox photocatalyst using reductive
quenching cycles. It was achieved through the unique prop-
erties of aromatic sulfone analogs. Our study highlights sev-
eral advantages of aromatic sulfones that make them partic-
ularly suitable for photoredox catalysis.

1. Low-energy LUMO: This feature affords a low reduc-
tion potential as well as a high oxidation potential in the
photoexcited state, which is beneficial for photoin-
duced oxidative reactions.

2. Long-wavelength absorption: The d-orbital on the sul-
fur atom and m*-bond interaction enables absorption in
the NIR region, expanding the usable light spectrum for
photocatalysis.

3. High photo-stability: The SO2 group provides durability
against oxidation, which enhances the longevity of the
catalyst.

A key finding of our study is that the photocatalytic reac-
tion is essentially independent of molecular oxygen, alt-
hough oxygen assists in recovering unstable intermediate
3--. This oxygen independence is practically advantageous
because it allows photoredox reactions to be performed at
high substrate concentrations without the limitations typi-
cally imposed by oxygen solubility.

This study introduces a new class of NIR photocatalysts
and provides a versatile approach for designing high-per-
formance organic photocatalysts. The insights gained from
this study will pave the way for further developments in the
field of photoredox catalysis, potentially leading to applica-
tions in areas such as solar energy harvesting, phototherapy,
and green chemistry.
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