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Abstract

Single electron redox processes allow the formation of highly reactive radicals — valuable intermediates that enable
unique transformations in organic chemistry.!> An established concept to create radical intermediates is
photoexcitation of a catalyst to a higher energy intermediate, subsequently leading to a photoinduced electron
transfer (PET) with a reaction partner.>” The known concept of consecutive photoinduced electron transfer
(con-PET) leads to catalytically active species even higher in energy by the uptake of two photons.® This process
has already been used widely for catalytic reductions; however, limitations towards strong bonds and electron-rich
substrates remain.”!® Generally speaking, increased photon uptake leads to a more potent reductant. Here, we
introduce triple-photoinduced electron transfer catalysis, termed tri-PET, enabled by the three-photon uptake of a
dye molecule leading to an excited dianionic super-reductant which is more potent than Li metal!! — one of the
strongest chemical reductants known. Irradiation of the metal-free catalyst by violet light enables the cleavage of
strong carbon-fluoride bonds and reduction of other halides even in very electron-rich substrates. The resulting
radicals are quenched by hydrogen atoms or engaged in carbon-carbon and carbon-phosphorus bond formations,
highlighting the utility of tri-PET for organic chemistry. Thorough spectroscopic, chemical and computational
investigations are presented to understand this novel mode of photoredox catalysis. The existence of the dianion

which takes up a third photon when irradiated was proven by X-ray diffraction analysis.

The activation of strong bonds requires catalytically active species which are high enough in energy (or redox
potential) and long-living enough to be engaged in reactions.'? Previous endeavors to generate catalytically active
species from photo-excitable molecules resulted in the consecutive uptake of up to two photons, enabling the
reduction of various aryl halides and other functionalities (Fig. 1a and 1b).%!° Seminal work on consecutive two-
photon electron transfer (con-PET) catalysis was presented by Konig ez al. who irradiated perylene diimides with
blue LEDs (455 nm) to generate potent reductants.® In recent studies, Nicewicz et al.'® utilized a mesityl-
acridinium radical (E1»=-3.36 V vs. SCE) which was accessible by photoinduced reduction of the corresponding
cation. Gilmour and coworkers applied con-PET catalysis to the reduction of Weinreb amides.'* Various other,
similar strategies to generate super-reducing species have been developed.!>2’ However, these systems are usually
limited when challenging carbon-fluoride bonds, or if reduction of, very electron-rich substrates is desired.
Overcoming those challenges should be possible by accessing more potent reductants, e.g. via three-photon uptake
of a single molecule, leading to triple-photoinduced electron transfer (tri-PET) catalysis; a concept which to our
knowledge has not yet been explored. However, triple photon uptake by a single molecule is known outside of
catalysis.?®3% In a former work by Werz et al.,3! cyclovoltammetric studies of the recently designed dye molecule
1 (BOIMPY = borondifluoride-8-imidazodipyrromethene) revealed two reversible reduction waves which refer
to the radical anion 2 (E'j» = —0.40 V) and the dianion 3 (E?,,=-1.10 V, both vs. Fc/Fc*, Fig. 1c), hence, in
principle, allowing 1 to be a precatalyst in a tri-PET process. Chemical reduction of 1 using CoCp*; facilitated
the challenging crystallization of the dianion 3 which was analyzed by X-ray diffraction (Fig. 1d). This gave

evidence that the dianion 3 is indeed accessible upon two electron reduction and helped us to perform mechanistic
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experiments on the tri-PET process (vide infra). Electroanalytic results revealed the super-reducing properties
(E12=<-3.58 V; cf. Limetal E;» = —3.29 V, both vs. SCE)'! of the excited dianion 3* which should allow single
electron transfer (SET) reduction of aryl halides and benzene (Ei» = —2.24 to —3.42 V vs. SCE, Fig. 1€)*>24. In
addition, a long lifetime (t = 9.21 ns) for the excited dianion 3 was found, thus fulfilling both criteria crucial for
catalytic strong bond activation. Herein, we introduce tri-PET catalysis which is enabled by irradiation of
BOIMPY 1, allowing the reduction of various very electron-rich halides and the engagement of the resulting
radicals in hydrodehalogenations, carbon-carbon and carbon-phosphorus bond formations. In addition to a
versatile scope and detailed mechanistic investigations for the tri-PET process, we performed similar experiments
(computational, spectroscopic, kinetic and chemical investigations) for a con-PET process utilizing BOIMPY 1

under blue light irradiation (456 nm LEDs) — details can be found in the Supplementary Information.
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Fig.1 Photon excitation processes in catalysis. a, General catalytic concept on one photoinduced electron
transfer (PET), consecutive two-photon PET (con-PET), and triple-photoinduced electron transfer (tri-PET). b,
Catalytic cycles for PET, con-PET and tri-PET. ¢, Irradiation of BOIMPY 1 allows con-PET and tri-PET via
dianion 3. d, X-ray crystal structure of BOIMPY dianion 3(PC)?2. H atoms are omitted for clarity. e, Reductive
half-wave potentials of aryl halides, benzene and the excited species 3. f, Synthetic utility of our process. SCE =

saturated calomel electrode; Ei, = half-wave reduction potential.
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To reach very deep reductions potentials (Ei2 (3%) <-3.58 V vs. SCE), we envisioned utilizing BOIMPY 1 for a
tri-PET process by generating the doubly reduced species 3 photochemically and further exciting this dianion by
uptake of a third photon. This was indeed feasible by irradiation of 1 with 390 nm LEDs in the presence of a mild
reductant (iPr,NEt) in DMSO, hence allowing us to catalytically reduce strong bonds (Fig. 1f). With optimized
conditions in hand, we started to explore the synthetic utility by simple dehydrohalogenations of a variety of aryl
halides. Conversion of multi-aromatic fluorides 4 — 7 proceeded in up to 90% yield. Mono-, di- and trialkylated
aryl fluorides were accepted by our protocol affording 8 — 10 (29 — 51%). Besides aryl fluorides, we also found
less challenging chloride and bromide containing analogs to be reducible in comparable yields (6, 10). Aryl
fluorides and chlorides which contain electron-donating amine or multiple ether functions 11— 15 were
protodehalogenated smoothly when subjected to our established conditions. The F/H-exchange of only one
fluoride was found when polyfluorinated structures 16 and 17 were used and only catalytic amounts of iPro,NEt
were present. Next, we focused on pharmaceuticals and derivatives thereof. A variety of substrates that feature an
aromatic chloride 18 — 25 were successfully converted (42 — 67%) which simultaneously shows wide functional
group tolerance and the applicability of our method to different heterocycles. Fluorinated and chlorinated
derivatives of vitamin E 26 and of steroidal structures 27 and 28 were found to be reactive. Besides aryl halides,
we were able to protodehalogenate a tertiary alkyl chloride/bromide 29 as well as secondary 30 and primary alkyl

chlorides 31 in mediocre yields.

Next, we tested our method’s feasibility for use in metal-free carbon-carbon bond formation. Coupling of
fluorobenzene and derivatives bearing electron-withdrawing groups 32 — 35 with a palette of pyrroles was found
to proceed smoothly. Subjecting more challenging substrates 36 — 38 to our coupling protocol delivered the
respective products in high yields. Coupling of highly electron-rich 2,4,6-trimethoxy substituted fluorobenzene 39
(63%) highlights the deep reduction potentials our catalytic system is able to reach. In addition to polyfluorinated
structures 40 and 41 (coupling at three sites), dehalogenative coupling of pharmaceuticals 42 — 44 was achieved.
With the aim to extend our protocol to carbon-phosphorus bond formations, we utilized phosphites as reaction
partners which delivered the coupled phosphonates in excellent yields when electron-poor and electron-rich aryl

fluorides (45 — 48: 73% — 89%) were used.
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Fig. 2 Substrate scope of our tri-PET catalytic process using BOIMPY 1. All reactions were carried out with
aryl halide (0.3 mmol), BOIMPY (0.015 mmol), iProNEt (1.2 mmol), and dry DMSO (2.0 mL) under irradiation
with two 390 nm LEDs for 48 h. Yields are given as isolated yields. * GC yield. ® Sodium dodecyl sulfate (SDS;
0.36 mmol) was added additionally; the reaction was run in DMSO/H,O (1.2 mL/0.8 mL).
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To prove that a tri-PET process is present, we undertook mechanistic and analytical investigations which started
with the irradiation (390 nm LEDs) of a solution of BOIMPY 1 in DMSO under the presence of iPr,NEt and inert
atmosphere (Fig. 3a). This resulted in a colored solution, different to the color observed when irradiation was
performed with 456 nm LEDs (see Supplementary Information, Section 6 and 9), meaning that different species
were formed dependent on the applied wavelength. No EPR signals were observed after the color change which
indicates that a non-radical species such as the dianion 3 was formed. Irradiation of chemically generated radical
anion 2 with 390 nm LEDs also led to the disappearance of EPR signals. Protodehalogenation of substrate 13-C/
with crystallized dianion 3 instead of BOIMPY 1 being present, only proceeded when 390 nm light was applied
to the reaction mixture (Fig. 3b). This gave evidence that the dianion 3 is not able to perform the reduction of 13-
CI while the higher energy species 3* is capable. Performance of an on/off experiment on the coupling between
13-CI and pyrrole 49 further showed that product 36 is only formed when the mixture is irradiated with 390 nm
LEDs (Fig. 3¢). UV-Vis spectroscopy of a solution of BOIMPY 1 and iProNEt in DMSO revealed an absorption

maximum between 350 — 450 nm which fits the applied wavelength of 390 nm and is also in agreement with
absorption maxima that have been observed when spectroelectrochemical investigations were carried out on
BOIMPY 1. (Fig.3d and SI). Kinetic experiments were performed by applying standard conditions to
4-chloroanisole (13, Fig. 3e). Over the course of 10 h, a six-fold increase in the yield of 13 was found when the
light intensity was doubled. con-PET processes are known to show a quadruple increase of yield;>!* findings
which are in accordance with our kinetic measurements when 456 nm LEDs are applied to our protocol (see
Supplementary Information). This indicates that our process requires an uptake of more than two photons in order
to occur and makes us comfortable postulating the following mechanism based on the presented analytical
investigations (Fig. 3f). Irradiation of photocatalyst 1 (PC) with 390 nm LEDs and subsequent reduction of the
excited species 1* (PC) by iProNEt results in the formation of the radical anion 2 (PC)"". Iterative excitation and
reductive quench of 2* (PC)"~ delivers the dianion 3 (PC)* which can again be promoted to its excited state 3*
(PC)*. The super-reductive species 3 (PC*)*" then transfers a single electron to the substrate to be reduced and

restarts the catalytic cycle by generation of the radical anion 2 (PC)™.
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Fig. 3 Mechanistic investigation of triple-photon excited electron transfer process. a, Irradiation of
BOIMPY 1 and iProNEt with violet LEDs (390 nm) results in formation of dianion 3. b, Crystallized material 3
only reacts with 13-C/ under irradiation with 390 nm LEDs. ¢, On/off experiments. d, Control experiments with
crystallized dianion of BOIMPY in the presence and absence of 390 nm light irradiation. e, Kinetic analysis by
variation of the light intensity. f, Proposed mechanism for the tri-PET process using BOIMPY 1.

In conclusion, for the first time consecutive triple-photoinduced electron transfer (tri-PET) catalysis was realized
by irradiation of BOIMPY 1 with 390 nm LEDs. The emerging super-reducing species 3* (Ei,=<-3.58 V vs.
SEC) allows the catalytic reduction of strong bonds and electron-rich substrates (e.g. aryl fluorides and alkyl
chlorides). The synthetic utility of this process was demonstrated by hydrodehalogenations, carbon-carbon and
carbon-phosphorus bond formations. A broad variety of spectroscopic, kinetic and chemical investigations helped
to understand the presented process. Experiments were made possible by successful crystallization of dianion 3
which formed the excited species 3* upon irradiation. We are confident that more challenging transformations

will be made feasible by utilizing tri-PET catalysis.

Keywords: #i-PET, con-PET, Photoredox, Radical Chemistry, Hydrodehalogenation, C-F Bond Activation,

Super Reductants
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