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The open-shell catalytically active species, like radical cations or radical anions,
generated by one-electron transfer of precatalysts are widely used in energy-
consuming redox reactions, but their excited-state lifetimes are usually short.
Here, a closed-shell thioxanthone-hydrogen anion species (3), which can be
photochemically converted to a potent and long-lived reductant, is generated
under electrochemical conditions, enabling the electrophotocatalytic hydro-
genation. Notably, TfOH can regulate the redox potential of the active species
in this system. In the presence of TfOH, precatalyst (1) reduction can occur at
low potential, so that competitive H, evolution can be inhibited, thus effec-
tively promoting the hydrogenation of imines. In the absence of TfOH, the
reducing ability of the system can reach a potency even comparable to that of
Na° or Li°, thereby allowing the hydrogenation, borylation, stannylation and
(hetero)arylation of aryl halides to construct C-H, C-B, C-Sn, and C-C bonds.

Photoredox catalysis' provides numerous opportunities for substrate
activation by one-electron reduction or oxidation, which is a typical
single-photon process. Consecutive photoinduced electron transfer
(ConPET)*"®, which overcomes the energetic limitation of a single visible
light photon, is another efficient and useful synthetic strategy and has
been widely applied in some high-energy demanding reactions
like  dehalogenation and  further  functionalization®’*7,
pentafluorosulfanylation'®, carboxylation®?°, arene oxidation”, and
Birch reduction? under mild conditions. Electrocatalysis harnesses the
electrochemical potential to drive the reaction, thus avoiding the use of
large amounts of chemical reducing” > or oxidizing agents®**. Photo-
electrochemical reactors have been used for decades in energy and
solar fuels. Photoelectrochemical reactions have been applied in
organic synthesis for 40 years®?°. Combining the advantages of
photocatalysis®*? and electrocatalysis®*, electrophotochemistry
(EPC)* or photoelectrochemistry (PEC)***” has been heavily popular-
ized during the past few years® and is more and more important in
organic synthesis. For example, C-H functionalization*~°, dehalo-
genation functionalization®*, alcohol oxidation*’, C-H diamination®,
olefin difunctionalization®°, reductive cleavage®®, C-F arylation®’,
and enantioselective cyanation®*®' reactions were gradually developed

via such an electro-activated photoredox catalysis strategy. Notably,
although ConPET and PEC are different in the way of generating cata-
lytically active species, they both have the same SET process for pho-
toexcited active species and substrates®’. Generally, the excited-state
lifetime of open-shell active species, such as radical cations®*** or
radical anions®*°, accessed via one-electron transfer of precatalysts is
short due to the fast nonradiative decay (about picosecond timescale,
Fig. 1a, b). In recent years, anionic or dianionic species have been gra-
dually disclosed as closed-shell photocatalysts®’ 7. A long-lived closed-
shell catalyst that functioned by two-electron cycling was also recently
reported for oxidative transformations™. Because of the paired-electron
configuration, they have relatively long excited-state lifetimes®®®,
which offers more possibilities for organocatalysis. Herein, we pro-
posed a two-electron reducing electrophotocatalysis (2e” EPC) strategy
to generate a potent and long-lived closed-shell photoreductant by
merging the versatility of photochemistry®”, the high chemoselectivity
of electrochemistry”*, and the long lifetime of two-electron reduced
species®®®®, which was a potential platform for broadening catalyst
applications and developing new methodologies (Fig. 1c).

In our previous work’, 9-HTXTF (1) was identified as a potent and
long-lived photo-oxidant that oxidized p-xylene to provide a hydrogen
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source for alkene hydrogenation (Fig. 1d). Nevertheless, the two-
electron reduced form of 1 and its electrophotocatalystic applications
seem underexplored. In view of this, unveiling the reduction behavior
of 1is needed and valuable, which may help facilitate more reduction
transformations. Moreover, the application of electrophotocatalytic
strategy in hydrogenation reactions had been hampered due to the
competitive H, evolution reaction. Therefore, electrophotocatalytic
hydrogenation must be performed at low potential to avoid a com-
petitive reaction. However, it is difficult to find an efficient electro-
photocatalyst that can drive the hydrogenation reaction at low
potential. Thereupon, in order to address the above problems, we
envisioned using 1 as a new electrophotocatalyst to achieve a chemical
reductant-free hydrogenation reaction at low potential. In principle,
the major challenges are that (1) two-electron reduction of 1 at the
cathode can smoothly generate anion species 3, (2) this active species
can be excited by visible light, (3) the resulting closed-shell molecular

has a highly negative excited-state oxidation potential to reduce sub-
strates, (4) it possesses a long enough excited-state lifetime to collide
with reactants, and (5) water can release protons (H*) at the anode, but
it cannot be reduced to H, at the cathode. Notwithstanding these
challenges, we report herein an efficient, transition-metal-free, and
chemical reductant-free electrophotocatalytic hydrogenation of imi-
nes and reductive functionalization of aryl halides (Fig. 1e).

Results

Properties of the closed-shell anion species 3

Electrochemical experiments showed that a two-electron reduced
state of TX (i.e., TX*) could be generated by one-electron manifolds
(Fig. 2b). Similarly, 1 as an analog of TX could also generate a two-
electron reduced species by two-electron manifolds, forming 3
(Fig. 2b). Note that this phenomenon is in full agreement with the
recently reported one-electron and two-electron manifolds of
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Fig. 2 | Studies on properties of closed-shell anion species 3. a Electricity-driven
formation of 3 for electrophotocatalysis. b Cyclic voltammetry, ¢ electron para-
magnetic resonance, and d 'H NMR, for details, see Supplementary Information.

e The formation route of 3. Free energy of dissociation was evaluated using
quantum mechanical computations (see Supplementary Information for compu-
tational details). f HOMO-LUMO diagram and energies of 3. g Fluorescence emis-
sion spectra (ex =365 nm) of TX, 1 (TX (5 mM) and TfOH (10 mM)), and 3 (TX
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nickel(ll)-(pseudo)halide species’, supporting the formation of anion
species 3. Direct evidence for whether the reduced species is open-
shell radical species 2 (paramagnetic: EPR active, '"H NMR inactive) or
closed-shell anion species 3 (diamagnetic: EPR inactive, 'H NMR active)
was obtained by electron paramagnetic resonance (EPR) and 'H NMR
spectroscopic studies. The simulated EPR signal of 2 is expected to
identify radical species 2 (Fig. 2c). However, no EPR signal was
observed by in situ detection of the system (Fig. 2c). Notably, 'H NMR
spectroscopic studies showed the formation of a new set of peaks with
the prolongation of the electrolysis time, which can be assigned to the
aromatic hydrogens (Fig. 2d). Considering that no nonaromatic
hydrogen signals were observed, the possibility of formation of
thioxanthenol™ (i.e., protonated 3) could be ruled out. Combining CV,
EPR, and 'H NMR data, we reasoned that a conversion from 1 to 3 had
occurred, and the reduced species was the closed-shell anionic 3
(Fig. 2e). Using quantum mechanical calculations, we found that
9-HTXTF* (3°) favors dissociation of the TfO", likely due to the

electrostatic repulsion between 3 and TfO™ (Fig. 2e). Interestingly,
electronic-structure calculations for 3 unveil that the highest occupied
molecular orbital (HOMO) is delocalized over this 14-electron tricyclic
aromatic system (Fig. 2f). The significant delocalization allows 3 to
maintain a stable anionic structure and thereby prevent the formation
of a C(sp®)-H bond at the 9 site. The 14-electron tricyclic aromatic
system is necessary for visible light absorption. Indeed, 3 showcased a
characteristic fluorescence emission peak (1em,, =435 nm, Fig. 2g) and a
long excited-state lifetime (rs=4.1ns, Fig. 2h). Furthermore, the
UV-vis spectrum showed that 3 could be excited by visible light
(Fig. 2i). Taken together, the excited-state oxidation potential of 3 was
calculated to be -2.7V vs. SCE (Fig. 2a; For details, please see Sup-
plementary Information), indicating that 9-HTX™ (4) possessed a suf-
ficiently strong reductive capacity. Overall, the closed-shell anion
species 3 might play a key role in electrophotocatalytic reactions due
to its long excited-state lifetime, potent photoreduction power, and
visible-light excitation feature.
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Table 1 | Optimization of reaction conditions®

Standard Conditions I ..
415 nm LEDs (60 W) @

cl Me Me Al(+)/C(-), Uge = 1.8V, undivided cell C'\@?g'\ieMe
I e —DXEmt o oo 0
5 n-BuyNPFg (0.05 M) H

Eooq=-2.5V vs. SCE DCE (0.01 M), Ar, 30 °C, 22 h 6

Entry Variation from standard conditions 1  Yield® (%)

1 None 87 (85)°

2 No photo irradiation 0 (99)

3 No photo irradiation, 60 °C 0 (99)

4 No photo irradiation, 80 'C 0 (84)

5 No applied voltage 9 (85)

6 No TX 9 (77)

7 No TfOH 7 (75)

8 No H,O 13 (77)

9 No n-BusNPFg 15 (73)

10 Divided cell 46 (46)

1 3.0V,13h 54 (0)

12 2.0V,16h 76 (0)

13 15V, 22h 74 (17)

“Reaction conditions: 5 (0.2 mmol), electrode, constant voltage (U), thioxanthone (TX), TfOH,
H,0, electrolyte, DCE (0.01 M), undivided cell, 415 nm LEDs (60 W), 30 ‘C, argon atmosphere,
13-22h.

bYield and recovery were determined by 'H NMR analysis (400 MHz) of the crude reaction mix-
ture using CH,Br, (0.2 mmol) as the internal standard. Unreacted 5 in parenthesis.

‘Isolated yield of 6.

Reaction development

With the understanding of the photophysical and electrochemical
properties of 3, we first examined the electrophotocatalytic hydro-
genation of 5-chloro-2,3,3-trimethyl-3H-indole (5, Ereq = —2.5V vs. SCE,
Table 1) using this species. After optimization (For details, please see
Supplementary Table 1), Standard Conditions I consisted of TX
(5 mol%) + TFOH (10 mol%) as the catalyst, water (H,O, 3.0 equiv.) as
the hydrogen source, n-Bu;NPF¢ (0.05M) as the electrolyte, carbon
and aluminum as cathode and anode, respectively, in anhydrous DCE
with an applied cell voltage of 1.8 V (undivided cell) under visible light
irradiation (415 nm LEDs) at room temperature (Table 1, entry 1). Under
the above conditions, the hydrogenation product 5-chloro-2,3,3-tri-
methylindoline (6) was generated in an 85% isolated yield. Control
experiments indicated that light, electricity, TX, TfOH, H,0, and n-
Bu,NPF¢ were all necessary for reactivity (Table 1, entries 2, 5-9), which
further underscored the use of electrophotocatalysis strategy. In the
absence of light, increasing the reaction temperature had no effect on
the product yield, which ruled out a thermochemical driving force for
this reaction (Table 1, entries 2-4). When the reaction was conducted
in a divided cell, the reactivity was low, possibly due to the spatial
isolation of both protons generated in the anodic chamber and sub-
strate intermediates yielded in the cathodic chamber (Table 1,
entry 10). Notably, increasing the cell voltage from 1.8V to 2.0V
(Table 1, entry12) or 3.0 V (Table 1, entry 11) resulted in a lower yield yet
a higher reaction efficiency, and decreasing the potential exhibited an
acceptable yield yet a lower reactivity (Table 1, entry 13), which high-
lighted that the synchronous actions of photocatalytic and electro-
catalytic steps were exceedingly crucial.

Mechanistic studies
After confirming that 1 could catalyze the electrophotochemical
hydrogenation of imine, we carefully studied the reaction mechanism

(Fig. 3). The test results showed that when the cell voltage was 1.8 V, the
cathode potential was —0.8V (Ecathode =—0.8V vs. SCE; note: The
cathode potential was measured by inserting a reference electrode at
the beginning of the reaction), which meant that the cathode was not
able toreduce TX (Eeq, 7x=—1.7 Vvs.SCE) or imine 5 (Ereq 5 =— 2.5V vs.
SCE), but it could reduce 1 (E;eg,1=— 0.5V vs. SCE) into 3 (Ered, 5 < Ered,
1x < Ecathode < Ered, 1)- And, 3 could absorb the energy of a visible light
photon (Fig. 2i) to form 4 that had sufficient capacity to reduce 5 (Eox,
4=—2.7Vvs.SCE < Ereq, 5). Next, luminescence quenching experiments
indicated that 5 could quench 4 with a rate constant (k) of 8.61 x
10°M™? s according to Stern-Volmer plot (Fig. 3a, b), supporting
anion species 4 for the active species that carries most of the catalytic
activity. Furthermore, the NMR yields of 6 at different cathodic
potentials from —0.03 to -1.23 V were collected and arranged together
with the cyclic voltammogram of 1in Fig. 3c. These data indicated that
this transformation was triggered only when 1 was reduced. Light on-
off experiments indicated that light is critical for imine hydrogenation,
supporting the electro-activated photoredox catalysis process (Fig. 3d,
ground-state 3 generated via electrocatalysis cannot drive the trans-
formation, but photoexcited 3 (i.e., 4) can catalyze the reaction.).
Lastly, deuterium labeling experiments were performed, as shown in
Fig. 3e. 3 equivalents of D,O resulted in only a partial deuterium ratio
due to the trace amount of H,O in the system. As the D,O content
gradually increased, the deuterium ratio of the 2 sites in 18-d also
increased accordingly. When 50 equivalents of D,O were added, the
deuterium ratio of the 2 sites in 18-d reached 92% (Fig. 3e). The above
results concomitantly supported that: (1) H comes from water; (2) H is
involved in the reaction as a proton. All the above results suggested
that this reaction proceeded via tandem cathodic precatalyst reduc-
tion, subsequent light excitation, and following substrate reduction.

In consideration that the abovementioned redox potentials
(4 and 5) support the conversion from 5 to 5B in the first step (Fig. 3g),
quantum mechanics computations were carried out to further probe
the energetics of the second step on the basis of a model reaction
(5B - 6, see Fig. 3f). Notably, 5B is an electron-rich radical and exhibits
a substantial AG of 23.4 kcal/mol to be reduced by 3. Moreover, the
calculated potential (Eeq, s =—2.3V vs. SCE; For details, please see
Supplementary Information) excludes the possibility that 5B is directly
reduced by the cathode (Ecyhode =— 0.8V vs. SCE). One might hypo-
thesize that 4 is capable of reducing 5B towards carbanion 5 C, which is
indeed supported by an exergonic AG of —22.0 kcal/mol. However, this
pathway involves a bimolecular elementary process where excited-
state species 4 and short-lived species 5B need to be encountered. We
propose instead that a formal intramolecular hydrogen atom transfer
(HAT) occurs to transplant the H atom on the more enriched 2 to the
radical site of 5B. The calculations suggest that 2 is able to form a T-1t
stacking complex (TS-1) with 5B. Notably, the discovery of non-
covalent t-Tt stacking assemblies is of great importance and has been
well-established in PEC reactions by Barham and co-workers®~". Such a
formal intramolecular HAT process avoids intermolecular collisions
between two high-active and short-lived species. The accelerative
effects of the nonbonded attractions allow the HAT to occur with a
feasible barrier of only 11.3 kcal/mol, smoothly leading to the fully
hydrogenated product 6.

Overall, these results underscore dual modes of action for the
reported electrophotocatalyst 1, which include: (1) SET of 5 A by the
super-reducing and long-lived 4, (2) HAT of 5B via a m-Tt stacking-
assisted formal intramolecular process.

On the basis of the above studies, a mechanistic rationale for this
electrophotocatalytic imine hydrogenation is shown in Fig. 3g. The
reaction commences with the anodic oxidation of Al into AP*. The
latter reacts with H,O to release protons (H"), meeting the demand for
a hydrogen source for the electrophotocatalytic imine hydrogenation.
Meanwhile, a two-electron reduced state of 1 could be generated at the
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cathode, forming 3. The following photoexcitation furnishes a potent
reducing species 4, which can donate an electron to protonated imine
5A to form a m-1 stacking complex TS-1. Through a m-Tt stacking-
assisted formal intramolecular HAT process, TS-1 yields the final

hydrogenated product 6 and regenerates TX.

Substrate scope

After understanding the reaction mechanism, the scope of electro-
photocatalytic imine hydrogenation was carefully explored under
Standard Conditions I (Fig. 4). A variety of 3H-indole substrates with

electronically diverse substituents could deliver the corresponding
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Al(+)/C(=), Ucgy = 1.8 V, undivided cell

Hydrogenation of imines?

| | =
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Ring-substituted imines
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N N H
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Multi-aromatic cyclic imines

S Br.
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e
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26 h, 82%
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Fig. 4 | Electrophotocatalytic hydrogenation of imines. *Standard conditions I: imine substrate (0.2 mmol), TX (5 mol%), TfOH (10 mol%), H,O (3.0 equiv.), n-BuyNPF¢
(0.05 M), DCE (0.01 M), cell voltage (Ucei =1.8 V), Al(+)/C(-), undivided cell, 415 nm LEDs (60 W), 30 °C, argon atmosphere. Isolated yield was reported.

hydrogenation products in high yields (7-11). Potentially sensitive
functional groups, such as fluorine (13), chlorine (6), bromine (12),
nitrile (14), and trifluoromethyl (15), albeit with the apparent presence
of such a strong reducing agent, were nicely tolerated, allowing the
production of indolines. Given that monosubstituted aryl imines per-
formed well in this hydrogenation reaction, disubstituted reactants
with electronically differentiated substitutes were next tested (16-17).
Notably, 2-aryl-substituted 3H-indoles (18-19), a class of substrates
that were more challenging due to their inherently large steric hin-
drance, could also be hydrogenated under Standard Conditions I. A
series of imines bearing different ring substituents at the C3 site were
subjected to this electrophotocatalytic hydrogenation to obtain amine
products (20-22). Multi-aromatic cyclic imines containing thiophene
or naphthalene were also competent, furnishing moderate to good
yields of indolines (23-26). Moreover, acyclic imine (27) also reacted
but showed moderate yield, likely due to its hydrolysis under acidic
conditions.

So far, we have developed the 1-catalyzed electrophotochemical
hydrogenation reaction. In order to avoid competitive H, evolution,
the above reaction must be carried out at low potential. The addition
of TfOH leads to the perfect precatalyst 1, which can efficiently cat-
alyze this reaction at low potential. But this makes the reducing
power of 4 insufficient to challenge substrates with very negative

reduction potential. It can be noted from the CV that once TX is
reduced, a super-reducing active species will be generated (Fig. 2b),
and this species is likely to catalyze some exceptionally challenging
reductions. Based on the above reasoning, TFOH was removed to
further improve the reducing power of this system, which is expected
to unlock the shackles of modern photoredox catalysis. After opti-
mization, Standard Conditions Il was developed for electro-
photocatalytic reductive functionalization of aryl halides (Fig. 5).
Reductive dehalogenation occurred without radical trapping agent
(For control experiments, please see Supplementary Table 2), form-
ing the C-H bond (28). In order to assess the reducing capacity of this
catalytic system, some other more challenging aryl halides were used
in cross-coupling reactions. For selected examples, B,Pin, reacted as
a coupling partner with different functional group substituted
halides, including aryl chlorides (29-30), aryl bromides (31-32), and
aryl iodides (33-34), to produce borylation products in moderate to
excellent yields, rendering the C-B bond. To examine the scope of
boronate esters, aryl chloride was chosen to couple with a variety of
diboron esters, which gave the corresponding aryl borates as
expected (35-38). Using hexamethylditin as a radical trapping agent,
electrophotocatalytic stannylation of aryl chloride was developed,
furnishing the C-Sn bond (39). Furthermore, aryl fluorides (40-41),
chlorides (42-43), and bromides (44-45) could couple with (hetero)
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Fig. 5 | Electrophotocatalytic reductive functionalization of aryl halides.
Standard Conditions II: aryl halide (0.4 mmol), TX (5 mol%), K3PO, (L5 equiv.),
trapping agent (2.0 equiv.), n-BusNPF¢ (0.2 M), MeCN (0.1 M), cell voltage
(Ueen =3.0V), C(+)/C(-), undivided cell, 415 nm LEDs (60 W), 30 °C, argon

atmosphere. Isolated yield was reported. °No trapping agent. ©1,3,5-Trimethox-
ybenzene (5.0 equiv.) was used. ‘Pyrrole (20.0 equiv.) was used. °K3PO, (3.0 equiv.)
was used. For full experimental details, see Supplementary Information.

arenes in varying yields, respectively, successfully constructing the
highly congested C-C bond (40-41). Notably, substrates 42 and 43
possess very negative reduction potentials, which are beyond the
capacity of modern photoredox catalysis™. The running of these two
exceptionally challenging substrates revealed that this electro-
photocatalytic platform offered potency comparable to that of Na°®

(-2.9V vs. SCE) or Li® (-3.3V vs. SCE)*.. The exergonic reduction of
43S (precursors of compounds 43, -3.4 V vs. SCE), which has a lower
potential than 42S (precursors of compounds 42, -2.9V vs. SCE), is
indeed supported by the computations (For details, please see Sup-
plementary Information). Notably, in previous reports, only systems
proven to involve photoexcited radical anions could access
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unactivated aryl halides™. Herein, such a closed-shell photoreductant
could nicely achieve the above transformation. In addition, com-
pared with previously reported electrophotocatalytic coupling
reactions™?, our protocol has the following advantages: (1) We
achieved reductive functionalization of aryl halides in an undivided
cell, avoiding the need for twice as many electrolytes and solvents to
use divided cells; (2) We employed radical intermediates as sacrificial
agents in an undivided cell, avoiding the use of additional terminal
reductants; (3) Our catalytic system could significantly improve the
faradaic efficiency of electrophotocatalytic reductive functionaliza-
tion (for detail, please see Supplementary Information).

Synthetic applications

To demonstrate the practicability of this protocol, a gram-scale reac-
tion was carried out. As shown in Fig. 5, the large-scale electro-
photocatalytic reaction of aryl chloride (6.0 mmol, 1.024 g) with B,Pin,
proceeded uneventfully to provide the borylation product 29 without
significant loss of yield. It is worth noting that product 29 was amen-
able to the synthesis of high-value-added drugs or bioactive molecules.
For instance, the oxidation of 29 gave methylparaben which was an
antimicrobial agent, preservative, and flavoring agent; the amination
of 29 generated Benzocaine analog; the hydrolysis of 47 or 48 pro-
duced antiseptics PHBA or sunscreen PABA, respectively; the Suzuki
reaction of 29 and subsequent hydrolysis yielded a highly isoform-
selective agonist at the human RARB2 receptor, AC-55649; and the
amidation of 29 followed by a Suzuki reaction afforded a hH-PGDS
inhibitor (53).

Discussion

In conclusion, we have demonstrated that 2e” EPC is a feasible strategy
for in situ generating a potent and long-lived closed-shell reductant 4.
Importantly, TfOH can regulate the redox potential of the catalytically
active species in this system. In the presence of TfOH, this reaction can
be operated at low potential. In the absence of TfOH, this system is
super-reducing. Based on these findings, we develop an efficient,
transition-metal-free, and chemical reductant-free  electro-
photocatalytic platform for hydrogenation of imines and reductive
functionalization of aryl halides.

Methods

General procedure for electrophotocatalytic hydrogenation

of imines

Standard condition I. An undivided cell was prepared and equipped
with a stir bar. To a flame-dried 25 mL of Schlenk tube were added
thioxanthone (0.01 mmol, 5mol%), n-BuyNPF¢ (1.0 mmol, 0.05M),
anhydrous DCE (20 mL), imine substrate (0.2 mmol, 1.0 equiv.), H,O
(0.6 mmol, 3.0 equiv.), and TfOH (0.02 mmol, 10 mol%) under argon
atmosphere. The cell was equipped with a carbon cathode and an
aluminum anode and was sealed using a rubber septum and parafilm.
The reaction mixture was electrolyzed at a constant cell potential of
1.8 Vunder irradiation of 415 nm LEDs (60 W) at 30 °C (maintained with
four cooling fans). The reaction was completed as monitored by TLC
(petroleum ether/ethyl acetate=20:1). The crude product was col-
lected by washing chamber and electrodes with EtOAc (10 mL x 3) inan
ultrasonic bath. The solvent was then removed, and the residue was
purified by flash chromatography on silica gel (eluent: petroleum
ether/ethyl acetate =20:1) to afford the desired product.

General procedure for electrophotocatalytic reductive functio-
nalization of aryl halides

Standard condition II. An undivided cell was prepared and equipped
with a stir bar. To a flame dried 10 mL of Schlenk tube were added aryl
halide (0.4 mmol, 1.0 equiv.), thioxanthone (0.02 mmol, 5mol%),
K3PO, (0.6 mmol, 1.5 equiv.), trapping agent (0.8 mmol, 2.0 equiv.), n-
BuyNPF¢ (0.8 mmol, 0.2 M), and anhydrous MeCN (4 mL) under argon

atmosphere. The cell was equipped with a carbon cathode and a car-
bon anode and was sealed using a rubber septum and parafilm. The
reaction mixture was electrolyzed at a constant cell potential of 3.0V
under irradiation of 415 nm LEDs (60 W) at 30 °C (maintained with four
cooling fans). The reaction was completed as monitored by TLC
(petroleum ether/ethyl acetate=20:1). The crude product was col-
lected by washing chamber, and carbon felts with EtOAc (10 mL x 3) in
an ultrasonic bath. The solvent was then removed, and the residue was
purified by flash chromatography on silica gel (eluent: petroleum
ether/ethyl acetate =40:1) to afford the desired product.

Data availability

Additional experimental details, characterization, and spectra are
available in the Supplementary Information. The coordinates of opti-
mized structures are available in the Supplementary Data file. All other
data are available from the corresponding author upon request.

References

1. Reed, N. L. & Yoon, T. P. Oxidase reactions in photoredox catalysis.
Chem. Soc. Rev. 50, 2954-2967 (2021).

2. Chan, A.Y. et al. Metallaphotoredox: the merger of photoredox and
transition metal catalysis. Chem. Rev. 122, 1485-1542 (2022).

3. Allen, A.R., Noten, E. A. & Stephenson, C. R. J. Aryl transfer stra-
tegies mediated by photoinduced electron transfer. Chem. Rev.
122, 2695-2751 (2022).

4. Pitre, S. P. & Overman, L. E. Strategic use of visible-light photoredox
catalysis in natural product synthesis. Chem. Rev. 122,

1717-1751 (2022).

5. Holmberg-Douglas, N. & Nicewicz, D. A. Photoredox-catalyzed C-H
functionalization reactions. Chem. Rev. 122, 1925-2016 (2022).

6. Ghosh, I., Ghosh, T., Bardagi, J. |. & Konig, B. Reduction of aryl
halides by consecutive visible light-induced electron transfer pro-
cesses. Science 346, 725-728 (2014).

7. MacKenzie, |. A. et al. Discovery and characterization of an acridine
radical photoreductant. Nature 580, 76-80 (2020).

8. Glaser, F., Kerzig, C. & Wenger, O. S. Multi-photon excitation in
photoredox catalysis: concepts, applications, methods. Angew.
Chem. Int. Ed. 59, 10266-10284 (2020).

9. Zeng, L. et al. Organized aggregation makes insoluble perylene
diimide efficient for the reduction of aryl halides via consecutive
visible light-induced electron-transfer processes. J. Am. Chem. Soc.
138, 3958-3961 (2016).

10. Ghosh, I. & Konig, B. Chromoselective photocatalysis: controlled
bond activation through light-color regulation of redox potentials.
Angew. Chem. Int. Ed. 55, 7676-7679 (2016).

1. Connell, T. U. et al. The tandem photoredox catalysis mechanism of
[Ir(ppy).(dtb-bpy)]* enabling access to energy demanding organic
substrates. J. Am. Chem. Soc. 141, 17646-17658 (2019).

12. Kerzig, C., Guo, X. & Wenger, O. S. Unexpected hydrated electron
source for preparative visible-light driven photoredox catalysis. J.
Am. Chem. Soc. 141, 2122-2127 (2019).

13. Giedyk, M. et al. Photocatalytic activation of alkyl chlorides by
assembly-promoted single electron transfer in micro-
heterogeneous solutions. Nat. Catal. 3, 40-47 (2020).

14. Forni, J. A., Micic, N., Connell, T. U., Weragoda, G. & Polyzos, A.
Tandem photoredox catalysis: enabling carbonylative amidation of
aryl and alkylhalides. Angew. Chem. Int. Ed. 59,

18646-18654 (2020).

15. Chmiel, A. F., Williams, O. P., Chernowsky, C. P., Yeung, C. S. &
Wickens, Z. K. Non-innocent radical ion intermediates in photo-
redox catalysis: parallel reduction modes enable coupling of
diverse aryl chlorides. J. Am. Chem. Soc. 143, 10882-10889 (2021).

16. Xu, J. et al. Unveiling extreme photoreduction potentials of donor-
acceptor cyanoarenes to access aryl radicals from aryl chlorides. J.
Am. Chem. Soc. 143, 13266-13273 (2021).

Nature Communications | (2024)15:655



Article

https://doi.org/10.1038/s41467-024-45015-6

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Widness, J. K. et al. CdS quantum dots as potent photoreductants
for organic chemistry enabled by Auger processes. J. Am. Chem.
Soc. 144, 12229-12246 (2022).

Rombach, D. & Wagenknecht, H.-A. Photoredox catalytic activation
of sulfur hexafluoride for pentafluorosulfanylation of a-methyl- and
a-phenyl styrene. ChemCatChem 10, 2955-2961 (2018).

Song, L. et al. Visible-light photocatalytic di- and hydro-
carboxylation of unactivated alkenes with CO,. Nat. Catal. 5,
832-838 (2022).

Chen, L. et al. Photocatalytic carboxylation of C-N bonds in cyclic
amines with CO, by consecutive visible-light-induced electron
transfer. Angew. Chem. Int. Ed. 62, €202217918 (2023).

Targos, K., Williams, O. P. & Wickens, Z. K. Unveiling potent pho-
tooxidation behavior of catalytic photoreductants. J. Am. Chem.
Soc. 143, 4125-4132 (2021).

Cole, J. P. et al. Organocatalyzed birch reduction driven by visible
light. J. Am. Chem. Soc. 142, 13573-13581 (2020).

Zhang, W. et al. Electrochemically driven cross-electrophile cou-
pling of alkyl halides. Nature 604, 292-297 (2022).

Harwood, S. J. et al. Modular terpene synthesis enabled by mild
electrochemical couplings. Science 375, 745-752 (2022).

Sun, G.-Q. et al. Electrochemical reactor dictates site selectivity in
N-heteroarene carboxylations. Nature 615, 67-72 (2023).

Shi, S.-H., Liang, Y. & Jiao, N. Electrochemical oxidation induced
selective C-C bond cleavage. Chem. Rev. 121, 485-505 (2021).
Yuan, Y., Yang, J. & Lei, A. Recent advances in electrochemical
oxidative cross-coupling with hydrogen evolution involving radi-
cals. Chem. Soc. Rev. 50, 10058-10086 (2021).

Moutet, J.-C. & Reverdy, G. Photochemistry of cation radicals in
solution: photoinduced oxidation by the phenothiazine cation
radical. Tetrahedron Lett. 20, 2389-2392 (1979).

Moutet, J.-C. & Reverdy, G. Phototochemistry of cation radicals
in solution; photoinduced electron-transfer reactions between
alcholos and the N,N,N’,N',-tetraphenyl-p-phenylenediamine
cation radical. J. Chem. Soc. Chem. Commun. 12, 654-655
(1982).

Scheffold, R. & Orlinski, R. Carbon-carbon bond formation by light
assisted B12-catalysis. Nucleophilic acylation of Michael olefins. J.
Am. Chem. Soc. 105, 7200-7202 (1983).

GroBkopf, J., Kratz, T., Rigotti, T. & Bach, T. Enantioselective pho-
tochemical reactions enabled by triplet energy transfer. Chem. Rev.
122, 1626-1653 (2022).

Candish, L. et al. Photocatalysis in the life science industry. Chem.
Rev. 122, 2907-2980 (2022).

Murray, P. R. D. et al. Photochemical and electrochemical applica-
tions of proton-coupled electron transfer in organic synthesis.
Chem. Rev. 122, 2017-2291 (2022).

Tay, N. E. S., Lehnherr, D. & Rovis, T. Photons or electrons? A critical
comparison of electrochemistry and photoredox catalysis for
organic synthesis. Chem. Rev. 122, 2487-2649 (2022).

Huang, H., Steiniger, K. A. & Lambert, T. H. Electrophotocatalysis:
combining light and electricity to catalyze reactions. J. Am. Chem.
Soc. 144, 12567-12583 (2022).

Barham, J. P. & Konig, B. Synthetic photoelectrochemistry. Angew.
Chem. Int. Ed. 59, 11732-11747 (2020).

Wu, S., Kaur, J., Karl, T. A., Tian, X. & Barham, J. P. Synthetic mole-
cular photoelectrochemistry: new frontiers in synthetic applica-
tions, mechanistic insights and scalability. Angew. Chem. Int. Ed. 61,
202107811 (2022).

Capaldo, L., Quadri, L. L. & Ravelli, D. Merging photocatalysis with
electrochemistry: the dawn of a new alliance in organic synthesis.
Angew. Chem. Int. Ed. 58, 17508-17510 (2019).

Yan, H., Hou, Z. W. & Xu, H. C. Photoelectrochemical C-H alkylation
of heteroarenes with organotrifluoroborates. Angew. Chem. Int. Ed.
58, 4592-4595 (2019).

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Zhang, L. et al. Photoelectrocatalytic arene C-H amination. Nat.
Catal. 2, 366-373 (2019).

Huang, H. et al. Electrophotocatalysis with a trisaminocycloprope-
nium radical dication. Angew. Chem. Int. Ed. 58,

13318-13322 (2019).

Wang, F. & Stahl, S. S. Merging photochemistry with electro-
chemistry: functional-group tolerant electrochemical amination of
C(sp®)-H bonds. Angew. Chem. Int. Ed. 58, 6385-6390 (2019).
Huang, H., Strater, Z. M. & Lambert, T. H. Electrophotocatalytic C-H
functionalization of ethers with high regioselectivity. J. Am. Chem.
Soc. 142, 1698-1703 (2020).

Xu, P., Chen, P.-Y. & Xu, H.-C. Scalable photoelectrochemical
dehydrogenative cross-coupling of heteroarenes with aliphatic C
-H bonds. Angew. Chem. Int. Ed. 59, 14275-14280 (2020).

Lai, X.-L., Shu, X.-M., Song, J. & Xu, H.-C. Electrophotocatalytic
decarboxylative C-H functionalization of heteroarenes. Angew.
Chem. Int. Ed. 59, 10626-10632 (2020).

Niu, L. et al. Manganese-catalyzed oxidative azidation of C(sp®)-H
bonds under electrophotocatalytic conditions. J. Am. Chem. Soc.
142, 17693-17702 (2020).

Shen, T. & Lambert, T. H. C-H amination via electrophotocatalytic
Ritter-type reaction. J. Am. Chem. Soc. 143, 8597-8602 (2021).
Huang, H. & Lambert, T. H. Electrophotocatalytic C-H hetero-
functionalization of arenes. Angew. Chem. Int. Ed. 60,

1M163-11167 (2021).

Wu, S. et al. Hole-mediated photoredox catalysis: tris(p-substituted)
biarylaminium radical cations as tunable, precomplexing and
potent photooxidants. Org. Chem. Front. 8, 1132-1142 (2021).
Capaldo, L., Quadri, L. L., Merli, D. & Ravelli, D. Photoelectrochemical
cross-dehydrogenative coupling of benzothiazoles with strong ali-
phatic C-H bonds. Chem. Commun. 57, 4424-4427 (2021).
Cowper, N. G. W., Chernowsky, C. P., Williams, O. P. & Wickens, Z. K.
Potent reductants via electron-primed photoredox catalysis:
unlocking aryl chlorides for radical coupling. J. Am. Chem. Soc. 142,
2093-2099 (2020).

Kim, H., Kim, H., Lambert, T. H. & Lin, S. Reductive electro-
photocatalysis: merging electricity and light to achieve extreme
reduction potentials. J. Am. Chem. Soc. 142, 2087-2092 (2020).
Zhang, W., Carpenter, K. L. & Lin, S. Electrochemistry broadens the
scope of flavin photocatalysis: photoelectrocatalytic oxidation of
unactivated alcohols. Angew. Chem. Int. Ed. 59, 409-417 (2020).
Shen, T. & Lambert, T. H. Electrophotocatalytic diamination of vic-
inal C-H bonds. Science 371, 620-626 (2021).

Huang, H. & Lambert, T. H. Electrophotocatalytic acetoxyhydrox-
ylation of aryl olefins. J. Am. Chem. Soc. 143, 7247-7252 (2021).
Huang, H. & Lambert, T. H. Regiodivergent electrophotocatalytic
aminooxygenation of aryl olefins. J. Am. Chem. Soc. 144,
18803-18809 (2022).

Tian, X. et al. Electro-mediated PhotoRedox catalysis for selective
C(sp®)-O cleavages of phosphinated alcohols to carbanions.
Angew. Chem. Int. Ed. 60, 20817-20825 (2021).

Chernowsky, C. P., Chmiel, A. F. & Wickens, Z. K. Electrochemical
activation of diverse conventional photoredox catalysts induces
potent photoreductant activity*. Angew. Chem. Int. Ed. 60,
21418-21425 (2021).

Chen, Y.-J. et al. Transition-metal-free, site-selective C-F arylation of
polyfluoroarenes via electrophotocatalysis. J. Am. Chem. Soc. 144,
17261-17268 (2022).

Lai, X. L., Chen, M., Wang, Y., Song, J. & Xu, H. C. Photoelec-
trochemical asymmetric catalysis enables direct and enantiose-
lective decarboxylative cyanation. J. Am. Chem. Soc. 144,
20201-20206 (2022).

Cai, C.-Y. et al. Photoelectrochemical asymmetric catalysis enables
site- and enantioselective cyanation of benzylic C-H bonds. Nat.
Catal. 5, 943-951 (2022).

Nature Communications | (2024)15:655



Article

https://doi.org/10.1038/s41467-024-45015-6

62. Lepori, M., Schmid, S. & Barham, J. P. Photoredox catalysis har-
vesting multiple photon or electrochemical energies. Beilstein J.
Org. Chem. 19, 1055-1145 (2023).

63. Christensen, J. A. et al. Phenothiazine radical cation excited states
as super-oxidants for energy-demanding reactions. J. Am. Chem.
Soc. 140, 5290-5299 (2018).

64. Kumar, A. et al. Transient absorption spectroscopy based on
uncompressed hollow core fiber white light proves pre-association
between a radical ion photocatalyst and substrate. J. Chem. Phys.
158, 144201 (2023).

65. Gosztola, D., Niemczyk, M. P., Svec, W., Lukas, A. S. & Wasielewski,
M. R. Excited doublet states of electrochemically generated aro-
matic imide and diimide radical anions. J. Phys. Chem. A 104,
6545-6551 (2000).

66. Beckwith, J. S., Aster, A. & Vauthey, E. The excited-state dynamics of
the radical anions of cyanoanthracenes. Phys. Chem. Chem. Phys.
24, 568-577 (2022).

67. Schmalzbauer, M., Marcon, M. & Kénig, B. Excited state anions in
organic transformations. Angew. Chem. Int. Ed. 60,

6270-6292 (2021).

68. Rieth, A. J., Gonzalez, M. I., Kudisch, B., Nava, M. & Nocera, D. G.
How radical are “Radical” photocatalysts? A closed-shell Mei-
senheimer complex is identified as a super-reducing photoreagent.
J. Am. Chem. Soc. 143, 14352-14359 (2021).

69. Li, H. & Wenger, O. S. Photophysics of perylene diimide dianions
and their application in photoredox catalysis. Angew. Chem. Int. Ed.
61, €202110491 (2022).

70. Wu, S., Schiel, F. & Melchiorre, P. A general light-driven organoca-
talytic platform for the activation of inert substrates. Angew. Chem.
Int. Ed. 62, 202306364 (2023).

71.  Zurauskas, J. et al. Electron-poor acridones and acridiniums as super
photooxidants in molecular photoelectrochemistry by unusual
mechanisms. Angew. Chem. Int. Ed. 62, €202307550 (2023).

72. Kang, W.-J. et al. Discovery of a Thioxanthone-TfOH complex as a
photoredox catalyst for hydrogenation of alkenes using p-xylene as
both electron and hydrogen sources. Angew. Chem. Int. Ed. 61,
202211562 (2022).

73. Day, C. S. et al. Elucidating electron-transfer events in polypyridine
nickel complexes for reductive coupling reactions. Nat. Catal. 6,
244-253 (2023).

74. Fujii, T., Hao, W. & Yoshimura, T. New method for the preparation of
dibenzo[b, f][1,4]thiazepines. Heteroat. Chem. 15, 246-250 (2004).

75. Horsewill, S. J., Hierlmeier, G., Farasat, Z., Barham, J. P. & Scott, D. J.
Shining fresh light on complex photoredox mechanisms through
isolation of intermediate radical anions. ACS Catal. 13,
9392-9403 (2023).

Acknowledgements
We acknowledge the Shanghai Science and Technology Committee
(grant No. 21JM0010600 to H.G.) for financial support. We are grateful to

Prof. Ming Gong and Prof. Haoyang Wang for their valuable discussions.
We thank Xiaoya Zhao and Junyi Wang for providing fluorescence and
phosphorescence spectrophotometers.

Author contributions

W.-J.K. and H.G. conceived the project. W.-J.K. characterized anion
species 3, optimized the reaction conditions, developed these reactions,
evaluated the scope of these reactions, conducted the mechanism
studies, and prepared the experimental portion of the manuscript and
Supplementary Information. B.L. performed the (TD)-DFT calculations
and prepared the computational section of the manuscript and Sup-
plementary Information. Y.B.Z. and H.G. directed the project. All authors
contributed to discussions commented on, and edited the paper.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-45015-6.

Correspondence and requests for materials should be addressed to
Yanbin Zhang, Bo Li or Hao Guo.

Peer review information Nature Communications thanks Albert Poater,
and the other, anonymous, reviewers for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:655

10


https://doi.org/10.1038/s41467-024-45015-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Electrophotocatalytic hydrogenation of imines and reductive functionalization of aryl halides
	Results
	Properties of the closed-shell anion species�3
	Reaction development
	Mechanistic studies
	Substrate�scope
	Synthetic applications

	Discussion
	Methods
	General procedure for electrophotocatalytic hydrogenation of�imines
	Standard condition�I
	General procedure for electrophotocatalytic reductive functionalization of aryl halides
	Standard condition�II

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




