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of Chemistry Proton-coupled electron transfer (PCET) is a crucial chemical process involving the simultaneous or

sequential transfer of protons and electrons, playing a vital role in biological processes and energy
conversion technologies. This study investigates the use of an organic photoredox catalyst to facilitate
a unimolecular PCET process for the generation of alkyl radicals from benzylic alcohols, with a particular

focus on alcohols containing electron-rich arene units. By employing a benzophenone derivative as the
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Accepted Sth December 2024 catalyst, the reaction proceeds efficiently under photoirradiation, achieving significant yields without the
need for a Brensted base. The findings highlight the potential of this unimolecular PCET mechanism to

DOI: 10.1035/d4sc07048h streamline radical generation in organic synthesis, offering a more efficient and flexible alternative to
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Proton-coupled electron transfer (PCET) is a fundamental
chemical process in which protons and electrons are transferred
simultaneously or sequentially (Fig. 1A)."* This process plays
a significant role as an elementary step in biological processes
(e.g., photosynthesis and cellular respiration) and energy
conversion technologies (e.g., fuel cells and solar cells).* The
PCET reaction combines two basic steps, electron transfer (ET)
and proton transfer (PT), which proceed either concertedly or
stepwise. The reaction mechanism of PCET is strongly influ-
enced by oxidants and bases. For example, the oxidative PT/ET
mechanism predominates when a moderately strong base is
used, and an equilibrium concentration of the substrate's
conjugate base is present in the reaction solution. The ET/PT-
type mechanism also prevails when a moderately strong
oxidant is used to oxidise the substrate directly, promoting the
activation of more electron-rich substrates. The use of the PCET
mechanism for bond cleavage in organic synthesis has not been
extensively explored. In the past decade, it has been demon-
strated that free alkyl radical intermediates can be generated
under mild conditions and directly from readily available start-
ing materials based on the PCET mechanism, with notable
contributions by the Knowles group (Fig. 1B-I).* They described
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that photoredox-catalysed multi-site PCET (MS-PCET) with mild
Bronsted bases in a cooperative manner allows the direct
generation of energetic intermediates, such as alkoxy radicals
from alcohols, despite their high BDFE (ca. 105 kcal mol *).?
Conventional methods for alkoxy radical generation require the
preparation of pre-functionalised radical precursors with readily
activatable O-X bonds.® These designed precursors can effi-
ciently undergo thermal/photo/radical-induced bond cleavage to
generate alkoxy radicals, which serve as synthetically useful
intermediates, commonly producing C-centred radicals along
with aldehyde or ketone via B-scission. Recent advances in alkoxy
radical generation have been achieved in conjunction with
transition-metal-based photoredox-catalysed, photoinduced
PCET and LMCT.” More recently, organic photoredox catalysis
based on acridinium salt (Fukuzumi catalyst) has served as
a strong single-electron oxidant, though examples are limited.®
Alkyl radicals generated from alcohols have been applied to C-C
bond formations, such as Giese addition, Minisci reaction, and
Ni-catalysed cross-coupling (Fig. 1B-II).* Overall, oxidative MS-
PCET enables direct activation of C-H or O/N-H bonds via
electron and proton transfers to two distinct acceptors. Recent
developments typically employ a photoredox catalyst as the
electron-transfer agent and a Brensted base as the proton-
transfer reagent separately.**® By physically partitioning the
photoredox catalyst and proton-transfer reagent, the MS-PCET
mechanism covers a broader thermodynamic range and alters
chemoselectivity compared to conventional hydrogen atom
transfer (HAT) mechanisms, offering more flexibility in reaction
conditions. However, this approach is entropically unfavourable
and often results in reduced reaction efficiency due to multiple
intermolecular interactions. In this context, establishing
a unimolecular organic photocatalytic PCET process not only
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Fig.1 Proton-coupled electron transfer process (A) schematic model
for PCET processes. Flavin-promoted PCET mechanism in biological
processes. (B) Ir photoredox-catalysed PCET enabling generation of
alkoxy radical. Application of alkyl radical via B-scission to organic
synthesis. (C) Organic photoredox-catalysed unimolecular PCET
enabling alkyl radical generation (this work).

leads to more efficient alkoxy radical generation but also elimi-
nates the previously essential Brgnsted base.

We envisioned that the benzophenone catalyst could facili-
tate the generation of alkyl radicals from alcohols containing
electron-rich arene units via B-scission through a Brensted
base-free PCET process (Fig. 1C). Benzophenone and its deriv-
atives exhibit closely matched energies in the S1 and T1 states,
facilitating almost quantitative and expeditious intersystem
crossing (¢isc = 1.0, kisc = 1 x 10" s71).° This characteristic
enables these molecules to rapidly form excited triplet states
upon photoirradiation, leading to oxidation and reduction
reactions via electron or energy transfer, as well as HAT
processes via oxygen radicals. In contrast, the unprecedented
unimolecular PCET described in this study is achieved by
forming a hydrogen bonding network between the carbonyl
group of benzophenone and the alcohol, followed by single-
electron oxidation in the excited state.

To verify our hypothesis, we initially prepared the benzylic
alcohol 1a as a model substrate having an electron-rich arene

© 2025 The Author(s). Published by the Royal Society of Chemistry
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unit, which contributes to efficient reductive quenching of the
excited photocatalyst. We evaluated catalytic activity by the
production efficiency of aromatic aldehyde 2a with a variety of
benzophenone derivatives. Delightfully, with a catalytic amount
of benzophenone (PC1) (Ereq = +1.53 V vs. SCE in MeCN)" and
substoichiometric 2,4,6-triisopropylbenzenethiol (TRIP thiol),
the reaction of alcohol 1a provided 2a in 61% yield under
photoirradiation (Table 1, entry 1). Thioxanthone (PC2) (Ereq =
+1.43 V vs. SCE in MeCN)" showed higher activity as a photo-
catalyst, and the product was obtained in high yield even with
1 mol% of the catalyst (entry 2). While anthraquinone (PC3),
working as a strong oxidant (E,.q = +1.98 V vs. SCE in MeCN),"
afforded the product 2a in 90% yield, low loading of photo-
catalyst reduced reaction efficiency (entry 3). We found that
silicon-bridged benzophenone derivative PC4 (E.q = +1.43 V vs.
SCE in MeCN)" revealed comparable activity with PC2 and PC3

Table 1 Screening of reaction conditions

OH photocatalyst (5 mol %) [o]

TRIP thiol (0.5 equiv) Meo:©)L
H
MeO

CH,Cl, (0.1 M)
blue LED (390 nm/52 W), 2 h

1a 2a
Entry Photocatalyst® Yield” (%) of 2a
1 Benzophenone (PC1) 61
2 Thioxanthone (PC2) 83(83)°
3 Anthraquinone (PC3) 90(65)
4 PC4 87(59)°
5 PC5 77
6 PC6 93%(86)"
7 [Ir(dFCF;ppy).(dtbpy)]|PFs (PC7) 0°
8 [(tBu),MesAcr|BF, (PC8) 6°
9 4CzIPN (PC9) 17¢
10 Ce¢HsSH instead of TRIP thiol 84°
11 n-Dodecanethiol instead of TRIP thiol 28
12 Wj/o thiol 12°¢
13 MeCN instead of CH,Cl, 80°
14 W/o photocatalyst 0
15 Under dark 0°¢
0 o 0
Ph” pn Ph” ph
PC4 PC5 PC6

U
' AR

4CzIPN
PC9

Tt
Ph -gF,

[IdFCF3ppy)2(5,5'-dCF3bpy)]PFg  [(1Bu),MesAcr]BF,
PC7 PC8

¢ Reaction was carried out with 1a (0.1 mmol), photocatalyst (5 umol),
and TRIP thiol (0.05 mmol) in CH,Cl, (1 mL) under 390 nm blue LED
(Kessﬂ lamp) irradiation at ambient temperature for 2 h. ? 'TH NMR
yield. 1 mol% of photocatalyst was used. ¢ Isolated yield. ¢ 5 mol%
of PC6 was used as photocatalyst.
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(entry 4). Consequently, we evaluated disubstituted benzophe-
none catalyst PC5, bearing an electron-withdrawing and an
electron-donating group on each arene, reported by the
Molander group (E,4 = +1.75 V vs. SCE in MeCN),* and
higher yield was observed compared to unsubstituted benzo-
phenone PC1 (entry 5). This result can be attributed to the
captodative effect, which stabilises both the triplet ketyl radical
and the protonated radical intermediate via PCET. Conse-
quently, we designed and synthesised the push-pull type
silicon-bridged benzophenone PC6, which exhibited the most
effective catalytic activity for PCET-promoted B-scission (entry
6). Several conventional photoredox catalysts used in recent
PCET chemistry were also evaluated without Brgnsted bases. In
the presence of [Ir(dFCF;ppy).(5,5'-dCF3;bpy)|PFs (PC7) (Ereq =
+1.68 V vs. SCE in MeCN)," no reaction of 1a was observed.
Despite the advantage of its high reduction potential in the
excited state, only a low yield of aldehyde 2a was obtained when
using [(¢Bu),MesAcr|BF, (PC8) (E.q = *+2.15 V vs. SCE in
MeCN),* a photocatalyst effective for PCET in the presence of
Brgnsted base (entry 8). The reaction using 4CzIPN (PC9)
(E;.q = +1.43 V vs. SCE in MeCN), * which has a redox poten-
tial comparable to PC6, provided product 2a in a 17% yield
(entry 9). We also investigated the effects of thiols and solvents.
Arylthiol had no significant influence on yield (entry 10),
whereas aliphatic thiol or the absence of thiol as an additive
significantly hindered product formation (entries 11 and 12).
Solvent changes had little impact on the reaction outcome
(entry 13, see ESIt). It was confirmed that no reaction occurred
without photocatalyst or photoirradiation (entries 14 and 15).
Considering the mechanism of photoredox reactions, the redox
potentials of photocatalysts and substrates are critical factors
for catalytic activity. Therefore, we calculated the redox poten-
tials for the reductive quenching of benzophenone derivatives
and other photocatalysts, including PC7-PC9, to optimise
reaction conditions (Table 1). However, no clear correlation
with yields was observed (Fig. 2A). Absorption wavelength,
molar absorption coefficient, and excitation lifetime also affect
photoredox catalysis efficiency. Among the photocatalysts that
gave high yields, the push-pull type benzophenone catalysts
PC5 and PC6 displayed red-shifted absorptions compared to the
unsubstituted benzophenones PC1 and PC4. Thioxanthone
(PC2) and anthraquinone (PC3), which also showed high cata-
lytic activity, had relatively longer absorption wavelengths,
extending to around the reaction wavelength of 390 nm,
although their molar absorption coefficients were low (Fig. 2B).
These results suggest that wavelength may influence catalytic
efficiency. Subsequently, we evaluated the triplet state and
redox potential of PC6 using computational calculations, UV/vis
spectroscopy, fluorescence, and cyclic voltammetry (Fig. 2B and
D). The Kohn-Sham orbital, calculated at the UMO062X/6-
311++G(d,p) level, showed the distribution of the LUMO
(Fig. 2C). The excited state of benzophenone acts as a biradical,
with the C-O bond lengthening from 1.22 A to 1.33 A compared
to the C=0 bond in the X-ray structure'” (Fig. 2E).

The PCé6-catalysed B-scission of electron-rich benzylic alco-
hols via unimolecular photo-PCET demonstrated excellent
functional group compatibility (Fig. 3A). Reactions were
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Fig.2 (A) Redox potentials for reductive quenching of PC1-9. (B) UV/
vis spectra of PC1-PC6 (20 uM in MeCN). (C) Triplet state energies and
structural property of PC6 calculated by DFT at the UM062X/6-
311++G(dp) level. (D) Cyclic voltammogram PC6 (100 uM in MeCN),
electrolyte: nBusNClO,4 RE: Ag/AgNOs, WE: glassy carbon, CE: Pt wire.
(E) ORTEP diagram of PC6 (CCDC 2352222).

conducted under optimised conditions: using dichloromethane
as solvent, exposure to blue LED light at 390 nm for two hours,
5 mol% PC6 as catalyst, and a substoichiometric amount of
TRIP thiol as a co-catalyst. The effects of each additive (A1-A26)
were assessed in terms of aldehyde 2a formation and additive
recovery.'® Fortunately, almost all additives had no significant
effect on the target transformation, with quantitative recovery of
additives. Despite the HAT ability of benzophenone-type cata-
lysts, additives containing benzylic protons did not inhibit the
B-scission process, and aldehyde 2a was obtained in high yield
with quantitative recovery of Al or A2. Additives A3-9, con-
taining reactive functional groups or protic compounds, such as
alcohols and acids (A10-12), were also ineffective.

Recent reports of catalytic photo-PCET of alcohols or amides
usually require a base for concerted deprotonation, suggesting
that acidic substrates may not be compatible. However, some
additives showed moderate to low efficiency in the PCET
process, affecting either conversion rates or additive recovery.

For instance, additive A13 (thiol) resulted in a 68% conver-
sion rate and 77% recovery of thiol, while A14 (benzylamine)
had a detrimental effect, with a 51% conversion and no
recovery. Additives A18, A24, and A25 affected alcohol 1a
conversion, while A23 and A26 resulted in low additive recovery,
likely due to undesired alkyl radical addition pathways.
Although A25 could act as a hydrogen atom transfer (HAT)
donor or a mild base, comparison with the calculated BDFEs for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Additive effect on catalytic photo-PCET. (a) 1 equivalent of additive was added. (B) Substrate scope of alcohols. (b) Cis-isomerisation

was observed. (c) Reaction was carried out with 1 (0.2 mmol), PC6 (0.01 mmol), and TRIP thiol (0.1 mmol) in CH,Cl, (2 mL) under 390 nm blue
LED (Kessil lamp) irradiation at ambient temperature for 2 h. (d) Anthraquinone was used as a photocatalyst. (e) Yield of HAT product in
parenthesis. (f) 10 mol% of photocatalyst was used. (g) Reaction was stirred for 6 h. (C) Giese addition (h) reaction was carried out with 1 (0.3
mmol), PC2 (0.04 mmol), and alkene 3 (0.2 mmol) in MeCN/MeOH (9/1, 2 mL) under 390 nm blue LED (Kessil lamp) irradiation at ambient
temperature for 24 h. (i) Reaction was carried out with 1g (0.2 mmol), PC2 (0.04 mmol), and alkene 3 (0.4 mmol) in MeCN (2 mL) under 390 nm

blue LED (Kessil lamp) irradiation at ambient temperature for 24 h. (j) 4e:4e’ =18:1, drofde =1:1. (k) 4j:4j =1:1.9,drof 4/ =1:13.

thiol (81.6 and 67.5 kcal mol ) suggests no significant impact
on the reaction (see ESIt).

Next, we investigated the substrate scope (Fig. 3B), using PC6
as an organic photocatalyst to initiate unimolecular PCET,
leading to the formation of aldehydes or ketones via B-scission
of the hydroxyl group. The substrate scope included various

© 2025 The Author(s). Published by the Royal Society of Chemistry

alcohols with different substituents, demonstrating the versa-
tility of the reaction. Initially, we examined alkyl units gener-
ating the alkyl radical from substrates with electron-rich arenes.
In addition to 1a, which has ¢Bu groups, substrates with benzyl
and cyclohexyl groups (1b and 1d) gave 3,4-dimethox-
ybenzaldehyde (2a) efficiently. B-Hydroxyesters 1d and 1e, easily

Chem. Sci., 2025, 16, 3150-3156 | 3153
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prepared by the Aldol reaction, also yielded 2a in high yields.
This suggests that the C-C bond formed in the two-electron
process can behave as an alkyl radical via B-scission. Addition-
ally, 1e, with an intramolecular carboxylic acid, was challenging
for conventional photocatalyst-base cooperative PCET but per-
formed well here. Ring-opening occurred in the case of cyclic
alkyl alcohols, such as 1f and 1g, yielding the corresponding
ketones 2f and 2g. Similarly, alcohols with a heteroatom
substituted at the B-position, such as 1h, 1i, and 1j, were easily
synthesised by nucleophilic substitution of the corresponding
a-bromoketone with a nucleophile such as alcohol, followed by
reduction of the carbonyl group. C-C bond cleavage proceeded
efficiently with these substrates, and 2a was obtained in high
yield. In the estradiol derivative 1k,** while PCET proceeded
only with the electron-rich arene-substituted alcohol, the other
alcohol unit remained intact, yielding aldehyde 2a and
a product in which the phenolic hydroxyl group of estradiol was
formally methylated. Furthermore, photo-PCET has recently
gained attention as a powerful tool in lignin degradation,*
a representative biomass. Our catalytic photo-PCET system
similarly worked with the lignin model molecule 11, leading to
degradation that afforded the corresponding aldehydes 2a and
phenols. Next, we examined the reaction efficiency by varying
the aryl unit of the substrate.

The monoalkoxy-substituted substrate 1m achieved quanti-
tative conversion, showcasing the reaction's applicability with
different structural motifs. The phenoxy group-substituted
substrate 1n yielded the corresponding aldehyde in 84%,
further illustrating the effectiveness of the method. Using
anthraquinone (PC3) as a photocatalyst, which acts as
a stronger oxidant, alcohols with less activated arenes, such as
naphthyl and alkylphenyl-substituted alcohols (10, 1p, and 1q),
were successfully converted into the corresponding aldehydes.
Pleasingly, non-benzylic alcohol 1r was also applicable to our
catalytic system, yielding 2r in moderate yield via C-C bond
cleavage, with formaldehyde also formed. We then explored the
potential of this method for generating alkyl radicals from
aliphatic alcohols (Fig. 3C). After re-screening the photocatalytic
conditions for Giese addition, we found that PC2, thioxanthone,
provided the best results. We attribute this to the distinct
mechanism of the Giese addition, which slightly alters the
required photocatalytic performance. The B-alkylation of acry-
late 3a and vinylsulfone 3b proceeded, albeit with low yields of
the corresponding products 4a and 4b. The reaction of malo-
nate 3c and benzylidene malononitrile 3d, both more electron-
deficient alkenes, afforded moderate yields (4c and 4d). Fortu-
nately, high efficiency in alkyl radical addition was observed
with dehydroalanine derivative 3e, suggesting that this protocol
could be applied to protein modification.”® Whereas the reac-
tion using 1g as an alkyl radical source resulted in a regioiso-
meric mixture (4e + 4e’), the regioisomer 4e’ likely formed via
a 1,5-HAT process after PCET-promoted ring-opening B-scission
of 3e. Based on the bond dissociation energy (BDE) comparison
between a typical C-H bond (100 kcal mol *?* and an -
carbonyl C-H bond (92 kcal mol*),?> intramolecular HAT can
readily occur, thus allowing the generated a-carbonyl radical to
attack 3e, forming the regioisomer 4e’. We also explored the

3154 | Chem. Sci., 2025, 16, 3150-3156
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alcohol scope in Giese addition. Using alcohols 1a and 1c,
which generate tertiary-butyl and cyclohexyl radicals, Giese
addition produced high yields of the corresponding adducts (4f
and 4g). This method also enabled the generation of a-oxy and
a-thiomethyl radicals, applying them to radical additions that
furnished the corresponding products 4h and 4i. The electron-
rich arene-pendant cyclohexanol 1f gave results similar to 1g,
producing a regioisomer 4j via the intramolecular HAT process.

To gain insight into the reaction mechanism, we conducted
several experiments and photophysical analyses. Minisci-type
reaction was investigated using lepidine treated with trifluoro-
acetic acid as a substrate (Fig. 4A). When MnO, was used as an
oxidant in the presence of PC6, the corresponding alkylated
product 5 was obtained in good yield, suggesting that our
protocol can work even under acidic conditions and expanding
its versatility. Using a stoichiometric amount of thioxanthone
(PC2) in the presence of the radical trapping reagent TEMPO,
the reaction afforded the ¢tBu radical adduct 7 in 55% yield. This
suggests the formation of alkoxy radicals, followed by B-C-C
bond cleavage to generate alkyl radicals (Fig. 4B). We also
examined the interaction between the photocatalyst and the
substrate in the reaction solution and the formation of charge
transfer complexes (EDA complexes). The UV-vis spectrum of
each component was measured, as well as that of the mixture
(Fig. 4C). As a result, no data supporting the formation of an
EDA complex were obtained. Substrate 1a exhibited no
absorption in the visible light range as expected (Fig. 4C, red
line), and no change in the absorption spectrum was observed
for the mixture of PC2 and 1a. A photo-quenching experiment
(Stern-Volmer plot) also provided mechanistic insight into the
organic catalytic photo-PCET process. While no photo-
quenching was observed for thioxanthone (PC2) with TRIP
thiol (Fig. 4D, blue line), the Stern-Volmer plot for the substrate
in the presence of PC2 showed significant photo-quenching of
the photocatalyst (Fig. 4D, yellow line). Given the redox poten-
tial of PC6 [E.q(PC*/PC'") = +1.43 V vs. SCE] and 1,2-dime-
thoxybenzene [E,, = 1.42 V vs. SCE],>® SET oxidation of the
substrate was feasible, but the SET efficiency for other benzylic
alcohols with higher oxidation potentials, such as 1m-1s, could
be significantly lower.

To further understand the reaction mechanism, we used
computational methods to evaluate plausible pathways and
energy profiles (Fig. 4E). The triplet state (T1) of the silicon-
bridged benzophenone exhibited a higher energy level. Inter-
estingly, the triplet state (T1) formed a highly stabilised complex
through interaction with substrate 1a, which we defined as the
starting point (0 kcal mol™"). The pathways leading to the
formation of alkoxy and ketyl radicals (INT1) via transition state
TS1 are proposed to involve either concerted electron/proton
transfer (CEPT) or a stepwise electron transfer followed by
proton transfer (ET/PT). However, distinguishing between these
two pathways using DFT calculations proved challenging. TS2
represents the transition state for the formation of the tBu
radical via C-C bond cleavage of the generated alkoxy radical.
Although the energy of TS2 was relatively high at
17.9 kecal mol ™", this value was reasonable. Based on experi-
mental, analytical, and computational analyses, we propose the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalytic mechanism outlined in Fig. 4F. Unimolecular PCET of
the excited photocatalyst with electron-rich benzyl alcohol
derivatives generates an alkoxy radical, followed by B-C-C bond
cleavage to form alkyl radicals and aldehydes. HAT with the
cocatalytic thiol quenches the resulting alkyl radicals, forming
thiyl radicals. Finally, ET/PT occurs between the ketyl radical
and the thiyl radical, regenerating the catalyst. BDFE analysis
provides additional support for the proposed PCET mechanism.
The O-H bond dissociation free energy (BDFE) of the optimal
catalyst PC6 (95.8 kcal mol ") closely matches that of the
substrate alcohol (95.5 kecal mol '), enabling efficient hydrogen
atom transfer. In contrast, thioxanthone, which has a higher
BDFE (98.9 kcal mol "), demonstrates slightly reduced activity,
likely due to its less favourable energy match with the substrate.
Furthermore, the thiol cocatalyst's low BDFE (67.5 kcal mol™")
highlights its role as HAT donor, facilitating the regeneration of
the photocatalyst during the catalytic cycle. Considering that
the Giese addition proceeds efficiently without the addition of
thiol, thiol is not strictly required for the generation of alkyl
radicals via the PCET process. Nonetheless, in the HAT system
with thiol addition, it remains possible that the thiolate,
generated through the reduction of the thiyl radical, acts as
a mild base to facilitate the PCET process.

Conclusions

In summary, we developed a Brensted base-free, unimolecular
PCET process catalysed by a benzophenone-type catalyst, which

© 2025 The Author(s). Published by the Royal Society of Chemistry

facilitates the generation of alkyl radicals from alcohols con-
taining electron-rich arene units. The base-free PCET enables -
scission of substrates with protic functional groups, including
carboxylic acids, probably due to the formation of a hydrogen-
bonding network between the excited triplet state of benzo-
phenone and the hydroxy group. This method presents a more
efficient and flexible alternative to conventional approaches,
with potential applications in C-C bond formations and other
organic transformations.
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