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Abstract: The use of stable photosensitizers made on a multigram-scale from cheap and available starting
materials offers an extraordinary opportunity to translate small-scale proof-of-concept photoreactions to
widespread applications in non-specialized laboratories, thereby promoting the implementation of light-driven
syntheses. Herein, we report an easy, multigram-scale preparation of the exceptionally photo- and redoxstable
chromium(III) complex [Cr(tpe),]** (tpe=1,1,1-tris(pyrid-2-yl)ethane) at room temperature. This photo-
catalyst was successfully employed in acetonitrile and in the “green” solvent water as demonstrated in visible-
light induced Schenck-Ene reactions, Newman-Kwart rearrangements, radical cation Diels-Alder cyclo-
additions, oxidative decarboxylation and trifluoromethylation reactions with excellent substrate conversions
and high turnover numbers. Gram-scale photocatalytic reactions were conducted using a simple round-bottom
flask as reaction vessel and irradiation with energy-efficient blue LEDs or even with sunlight. The stable
photocatalyst was successfully recycled in up to 90-92% yields after the photoreactions.
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Introduction

Homogeneous photocatalysis and in particular photo-
redox catalysis has augmented the chemist’s toolbox
by generating organic triplet molecules or organic
radicals using visible light and a suitable photocatalyst
(PC). These mild conditions open up unique mecha-
nistic pathways that are not accessible thermally and
hold the potential for more sustainable synthetic
chemistry (Figure 1a/1b).!""! Efforts of many research
groups all over world have provided a panoply of PCs
with different key properties.!"” The applicability of a
PC in a given photocatalytic reaction is determined by
its chemical, optical and electrochemical properties
(Figure 1c) such as solubility in a given solvent,
stability under the applied conditions, maximum
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absorption wavelength (4,,,), molar absorption coef-
ficient at the excitation wavelength (e,,,), excited state
energy (E,,) and excited state lifetime (z) as well as
ground and excited state reduction or oxidation
potentials E: and *E.)."*'"! For example, the excited
state redox ~ potential *E, determines the scope of
substrates that can be oxidized or reduced by the
excited PC. Meanwhile, rationally designed new PCs
(Figure 1d) span a large range of excited state redox
potentials, which cover large substrate and reaction
scopes.'*'?l While the wide range of excited state
potentials and the resulting large substrate scopes
highlight the potential and opportunities that photo-
redox catalysis holds, widespread application outside
dedicated photochemistry research groups has not been
achieved. Industrial use of photocatalysis is subject of

© 2025 The Author(s). Advanced Synthesis
& Catalysis published by Wiley-VCH GmbH


http://orcid.org/0000-0002-0912-7644
http://orcid.org/0000-0003-1483-4156
https://doi.org/10.1002/adsc.202500075
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadsc.202500075&domain=pdf&date_stamp=2025-04-10

RESEARCH ARTICLE

asc.wiley-vch.de

ADVANCED
SYNTHESIS &
CATALYSIS

a) energy transfer b) photoredox catalysis c)

Q

7N
PCH+ *PCn+

Pcn+ *Pcn+

Sac'f‘ Sub
PC(n-1 )+
Sac Sub”
'0, 0,

Sub = substrate
Sac = sacrifical oxidant

d)
Ar R CN
N R R
| XN
R'—,/ y /—R'
N N R R
' R CN
acridinium phenazine cyanoarene
derivatives derivatives derivatives
__3/4+
o Qﬁ
N —N X

[Co(dgpy).I** / [Co(dgpz),]**
[Mn(dgpy).]**
dgpy: X = CH; dgpz: X=N

Ar N
Ar |
=
= N, /N
~Cu
\N \N \
—~Ar |
Ar Z

[Cu(dap),]"

[Cr(phen),]**

Figure 1. Schemes of a) energy transfer (to *0,) and b) photoredox catalysis with reductive quenching by a substrate Sub using a
PC. c) Absorptivity and excited state reactivity are key aspects of PCs, yet the bottlenecks for widespread applications of
photocatalysis beyond the cuvette or milligram-scale are often overlooked. d) Commonly employed organic and noble metal

complex PCs and examples of earth-abundant metal complex PCs.
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current research with respect to reactor design and
scalability, in particular in the pharmaceutical and
agrochemical sector.!*'* Still, industrial and, perhaps
even more strikingly, laboratory scale application of
photoredox catalysis is very limited."'”?" Given the
impressive variety of PCs and photochemical trans-
formations available, lack of reactivity or insufficient
substrate scopes are not the main factors that prevent
the use of photocatalysis in synthetic laboratories.
Arguably, the most prevailing bottlenecks for photo-
redox catalytic transformations in synthetic laborato-
ries are accessibility, cost, stability and recyclability of
the PC, along with challenges in reactor design and the
oftentimes low reaction quantum yield (Figure 1c). In
the majority of the reported photocatalytic applications,
complexes of noble transition metals, e.g. derivatives
of [Ru(bpy);]*" or fac-Ir(ppy); (Figure 1d, bpy =2,2’-
bipyridine; Hppy=2-phenylpyridine), have been
studied and employed as PCs, thanks to their strong
visible light absorption, reversible redox chemistry,
tunable ground and excited redox potentials and long
lifetimes of the excited triplet metal-to-ligand charge
transfer "MLCT) states.>'*'"***] However, the low
abundance and hence high price of their central ions
render these PCs inherently unsustainable and
expensive.”” Aiming to circumvent these drawbacks
and to explore new reactivities, metal-free PCs have
been developed more recently. These include strongly
reducing phenazine derivatives and strongly oxidizing
acridinium salts and cyanoarenes (Figure 1d).'"%*!
However, these organic PCs often suffer from draw-
backs, such as poor photostability or redox stability
and limited solubility in the “green” solvent
Water‘[12,25—28]

In addition to organic PCs, PCs containing ecarth-
abundant metals have gained a lot of attention,
comprising both strongly reducing and oxidizing
complexes (Figure 1d)."*>*"" Among the strongest
photoreductants are arylisocyanide or carbonyl com-
plexes of group VI metals. These possess long-lived
*MLCT excited states and reach excited state potentials
of up to *E,.,;=—2.3V vs. SCE for Cr(LMes), (Fig-
ure 1d)."** Complexes of the 3d'’ ion copper(I) have
been employed in numerous photocatalytic transforma-
tions, exploiting their reducing *MLCT excited states
(e.g. [Cu(dap),]"; *E.q=—1.43 V vs. SCE; dap=2.9-
bis(p-anisyl)-1,10-phenanthroline).* "7 Com-
plexes with electron-poor metal centers possess oxidiz-
ing LMCT excited states which can achieve nano-
second excited state lifetimes.”**® The carbene
iron(I1T) complexes [Fe(btz),]*" and [Fe(phtmeimb),]*
(*E,eq=+19V and +14V vs. SCE; btz=3,3"-
dimethyl-1,1’-bis(p-tolyl)-4,4’-bis(1,2,3-triazol-5-
ylidene); phtmeimb = tris(3-methylimidazolin-2-
ylidene)(phenyl)borate, Figure 1d) absorb green light
and engage in bimolecular reactions from their LMCT
states.”**1  Photooxidants with cobalt(IIl) and
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manganese(IV) have been described (up to *E. 4= +
2.75V and +1.80V vs. SCE, Figure 1d), however
their application in photocatalysis has remained very
limited."** The LMCT excited state of the uranyl
cation ([UY'O,]*" (*E,q=+2.35V) is capable of
oxidizing alkanes via hydrogen atom transfer under
aerated conditions.'**"! Chromium(IIl) complexes fea-
ture very long-lived doublet metal-centered excited
states, so called spin-flip (SF) states.** " These SF
states can efficiently form singlet oxygen 'O, from *O,
regenerating the quartet ground state of the complex.
This capability has been exploited for the photo-
catalyzed a-functionalization of aliphatic amines.["'*%
Although these SF states lack charge transfer character,
they can be reductively quenched in bimolecular
reactions,”"! which has been already exploited in
various  proof-of-concept  photoredox  catalytic
reactions.” % Some of these polypyridine
chromium(IIl) complexes are even highly redox and
photostable.”'*?! Despite these highly attractive chem-
ical, photophysical and electrochemical
properties,P %6121 chromium(IlI) complexes have
thus far been underexplored in photo(redox) catalysis.
In particular, large-scale reactions including PC recy-
cling have not yet been reported.”"****! Typically, the
limited chemical and/or photostability of most homo-
geneous PCs causing them to degrade over the course
of photochemical reactions, prohibits recycling of the
PCs and effectively increases cost and decreases
sustainability, due to the need for fresh material.
Additionally, this instability of the PC potentially leads
to contamination of the reaction product, necessitating
more tedious purification steps and increasing waste
production (e. g. solvents).

To make photocatalysis more attractive for the
laboratory and industrial scale, an ideal PC should be
easily accessible on a larger scale using only earth-
abundant materials (accessibility and scalability). This
PC should be chemically robust and photostable to
allow simple and efficient product purification and PC
recycling. Its optical absorption properties should be
compatible with a simple reactor setup and its
solubility should allow photocatalysis in organic
solvents and in water.

In order to achieve these goals towards a sustain-
able and straightforward application of photocatalysis
in non-specialized laboratories, we report the multi-
gram-scale synthesis of a chromium(Ill)-based PC,
probe its chemical robustness and photostability and
apply this PC in exemplary energy transfer
catalysis'®** providing '0,/** and redox-neutral and
oxidative photoredox catalysis™®! both in organic
solvents and in water. We disclose upscaling of the
photocatalysis with this PC to the multigram-scale
using only common laboratory glassware, we demon-
strate the use of sunlight instead of blue LEDs and we
report the recycling of the PC.
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Results and Discussion
Features of [Cr(tpe),]**

We selected the tricationic chromium(IIl) complex
[Cr(tpe),]’t (tpe=1,1,1-tris(pyrid-2-yl)ethane) as a
strongly photooxidizing, redox- and photostable
PC.PM7 The complex is highly soluble in acetonitrile
or in water depending on the counter ion (see below).
This PC features SF states at an energy E,,=1.75 eV
with an extremely long excited state lifetime of 3.5 ms
in MeCN and 2.5 ms in H,O recommending these SF
states for efficient bimolecular quenching (Figure 2a;
Figures S5 and S6). The complex is reduced at E. 4
([Cr)**/[Cr*")=—-0.50 V vs. SCE in MeCN (Fig-
ure S12) resulting in an excited state reduction
potential of E,.,(*[Cr]’*/[Cr]*")= +1.25 V vs. SCE in
MeCN." These values shift cathodically by about
0.2 V in water (Figure S13), yet the oxidative power of
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Figure 2. a) Emission decay traces of [Cr(tpe),]** in deaerated
MeCN and in deaerated H,O, recorded at 742 nm after
excitation at 451 nm; structure of the complex cation [Cr-
(tpe),]**. b) Emission spectra of solutions of [Cr(tpe),][NO;l;
in water under aerated conditions before and after irradiation at
460 nm using a 6.5W UHP-LED for 37h. Spectra are
normalized to the emission maximum prior to irradiation.
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the SF states remain high so that many organic
substrates are amenable to oxidation both in organic
solvents and in water.

The Cr complex absorbs blue light (4,,,=431 nm in
MeCN; e,5,=35M" cm™), allowing to use efficient
blue LEDs for excitation (Figures S1 and S2)."Y The
small molar absorption coefficient of [Cr(tpe),]’*
might seem counterintuitive for its application as
PC,"***™! in particular when considering that many
traditional PCs possess strongly allowed transitions in
the visible spectral region, such as [Ru(bpy);]*" with
£45o=13000 M~" cm """ However, very high molar
absorption coefficients pose severe challenges for the
design of efficient photoreactors. For example, if
[Ru(bpy);]*" is used at a typical concentration of
2mM, 99% of the incident light will be absorbed
within the first 0.8 mm of the reaction solution
according to the Beer-Lambert law (Figure S3).1>"
Since the light cannot penetrate the solution any
further, all [Ru(bpy);]*" molecules beyond this thin
layer are catalytically inactive at any given moment,
which is not a desirable scenario considering the high
cost of precious metal PCs. The strong light absorption
within the first few millimeters leads to local temper-
ature spikes due to the high amount of energy absorbed
per unit volume and to a high local concentration of
organic radicals in a photoredox catalytic reaction.
This can give rise to inhomogeneous kinetics within
the photoreactor and to side reactions of the radicals.
To circumvent these issues, flow reactors with very
short optical path lengths have been receiving a lot of
attention.!">”">1 While the sophisticated design of
these reactors is truly remarkable, these photoreactors
are often expensive and poorly accessible for most
laboratories, especially outside dedicated photochemis-
try research groups. In contrast, the most popular
reaction vessels among chemists worldwide, like
round-bottom flasks, are cheap and ubiquitous. De-
pending on their size, round-bottom flasks have optical
path lengths of 5 to 15cm or more. Assuming an
optical path length of 10cm, a 2 mM solution of
[Cr(tpe),]’t (e45;=35M""' cm™") absorbs ca. 80% of
the incident light over the entire length of the reactor
(Figure S3). Despite the exponential nature of light
attenuation, this leads to a comparably uniform
distribution of photons throughout the reaction vessel,
enlarging the photocatalytically active volume. Tem-
perature spikes and side reactions are thus diminished.
These properties recommend [Cr(tpe),]’t as PC,
especially in laboratory-scale reactions using standard
glassware. Near quantitative absorption of the incident
photons can be achieved by employing even longer
path lengths or higher concentrations of [Cr(tpe),]’".
While increasing the concentration of expensive noble-
metal PCs, less stable PCs or PCs, which require
tedious multistep syntheses,”**’! is unsustainable, [Cr-
(tpe),]’* can be employed in larger amounts due to its
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simple, cheap and high-yielding preparation and its
recyclability (see below). The photostability of [Cr-
(tpe),]’™ was probed by irradiating [Cr(tpe),]’t in
acetonitrile and water solutions with a UHP-LED
(Aexe =460 nm, 6.5 W) under aerated and deaerated
conditions. Negligible decomposition occurred after
continuous irradiation over 25 to 42 h at this high
photon intensity, according to the essentially un-
changed photoluminescence spectra in all cases (Fig-
ure 2b; Figures S7-S9). Even under air, essentially no
photodecomposition is noticeable despite the genera-
tion of '0,."¥ The O, and H,O tolerance of [Cr-
(tpe),]’" and *[Cr(tpe),]’* (Figure 2b) is highly
beneficial allowing a very simple experimental setup
of the photocatalytic reaction under non-inert condi-
tions. Hence, this chromium(Ill)-based PC is photo-
stable in acetonitrile and in water, retains a millisecond
excited state lifetime and a high excited state potential
in both solvents and can be employed in standard
laboratory glassware. Its optimized multigram-scale

X X
| Js2
N F7ON

+ 2 LiN(SiMe), P8 °C. 16h

+ 2 LiF + 2 HN(SiMe;),

two-step preparation from commercially available
starting materials will be discussed next.

Multigram-scale Preparation of the Photocatalyst
[Cr(tpe),]**

The tridentate ligand tpe had been prepared by
deprotonation of 2-ethylpyridine with n-butyllithium
(n-BuLi) as a base in THF, followed by quenching
with 2-fluoropyridine.”*"1 As the high reactivity and
low selectivity of n-BuLi lead to side reactions at room
temperature, cooling the reaction mixture with dry ice
and dropwise addition of the n-BuLi solution are
required. Both cooling and dropwise addition are
energy-intensive and time-consuming for multigram-
scale reactions involving large quantities of n-BuLi
solutions. We hence replaced »-BuLi by lithium
bis(trimethylsilyl)Jamide (LiHMDS) in refluxing THF
in a one-pot synthesis (Figure 3a). On a 2 g-scale tpe
was obtained in 85% yield. On a larger scale,
spectroscopically pure tpe was obtained in 72%

® one-pot synthesis ® up to 85% yield

e commercially available e simple synthetic
starting materials procedure

e 25gscale

® no column
chromatography

recrystallized after
standard workup

b)

1. 45-90 min

2. tpe, 90 min

3. Oy, 30 min
CrClsx6 Hx0 4. [n-Bu,NJIPFq]
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different salts
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e undergraduate
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MeCN soluble
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Figure 3. a) Synthesis of the tridentate ligand tpe. The photograph on the right-hand side shows 25.3 g of the ligand after standard
workup and recrystallization from acetone. b) Synthesis of the PC [Cr(tpe),]*™ and access to its [PFs]~ and [NO;]™ salts. The
photographs on the right-hand side show 12.5 g of the crude product after precipitation as [PF4]™ salt as well as the respective

[PF¢]™ and [NO,]  salts after crystallization.
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isolated yield (27.5 g; Figure S33, more details are
given in the Supporting Information). Recrystallization
from acetone gives highly pure tpe in 66% yield
(25.3 g; Figure S34) without requiring further purifica-
tion by column chromatography and thus reducing the
amount of required solvent and produced waste.

Chromium(III) complexes are typically prepared
from labile chromium(Il) precursors.**~*! [Cr(tpe),]’*
itself had been successfully prepared from anhydrous
CrCl, as chromium source and the ligand tpe followed
by air oxidation on a 0.5 g scale.”” However, CrCl, is
rather expensive and requires an inert atmosphere for
long-term storage. Hence, we replaced CrCl, with the
much cheaper and more accessible CrCl; x 6 H,O salt
and used zinc as a cheap reductant to generate
chromium(Il) ions in situ (Figure 3b).* Addition of
the thus prepared chromium(II) solution to a solution
of tpe and subsequent air oxidation yields the target
complex. This facile room-temperature synthesis route
is high-yielding (up to 82%), scalable (confirmed up to
12.5 g) and lowers the material cost per mole (ca.
600 g) of [Cr(tpe),]’* from ca. 4600 to ca. 2800 $
accounting for both the ligand and complex syntheses
(for details of this estimation see the Supporting
Information). On smaller scales (below 0.5 g CrCl; x 6
H,0) the procedure can be further simplified to a one-
pot reaction, by quickly adding the ligand solution to
the chromium(Il)/zinc mixture only slightly diminish-
ing the yield to ca. 65%. Due to its simplicity and
reliability, this procedure has even been integrated into
an undergraduate laboratory course at our chemistry
department paving the way for a broad application.

Depending on the choice of solvent in the photo-
catalytic reaction with the chromium(IIl)-based PC,
[Cr(tpe),]’" is isolated as the hexafluorophosphate salt
[Cr(tpe),][PF¢]; or the nitrate salt [Cr(tpe),][NOsls,
which are soluble in MeCN (ca. 10gL™") and
excellently soluble in water (> 100 gL™"), respectively.
The successful counterion exchange was confirmed by
an XRD structure analysis of the [NO;]  salt (Fig-
ure S14) and by infrared spectroscopy of both salts
(Figures S15 and S16). Detailed procedures for the
ligand and complex salt preparations are provided in
the supporting information.

[Cr(tpe),]’" as Photosensitizer in Energy Transfer
Catalysis and Photoredox Catalysis

A sustainable energy transfer catalysis requires a high
stability of the PC in its ground and excited states
under the reaction conditions and towards the gener-
ated excited substrates. For photoredox catalysis, a
high stability of the reduced (or oxidized) intermedi-
ates is necessary in addition. Exemplary, we demon-
strate the suitability of the chromium(IIl)-based PC in
established reactions for both scenarios, namely for a
light-sensitized energy transfer catalysis (Schenck-Ene
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reaction, Scheme la) and four redox-neutral and
oxidative photoredox catalytic cycles, namely the
Newman-Kwart rearrangement, the Diels-Alder cyclo-
addition, the photooxidative decarboxylation and the
trifluoromethylation (Scheme 1b—¢).

The ability to generate 'O, from the SF states of
chromium(III) complexes is well-established.'**! Here
we exemplary employ [Cr(tpe),]’* as a photosensi-
tizer in the type Il oxygenation of an unactivated
alkene (Schenck-Ene reaction).[”***”] The thus gener-
ated allylic hydroperoxides are useful precursors for
the preparation of e. g. allylic alcohols, epoxy alcohols
or unsaturated carbonyls.***~°! QOleic acid as test
substrate, [Cr(tpe),][PF;]; as photosensitizer in MeCN
and blue light successfully leads to quantitative and
clean conversion of the olefin to the corresponding
hydroperoxides trans-9-hydroperoxyoctadec-10-enoic
acid and trans-10-hydroperoxyoctadec-8-enoic acid in
a 1:1 ratio (Scheme 1a)® as determined by 'H NMR
spectroscopy (Figure S36). The initial reaction quan-
tum yield @y was estimated at 0.1 (Figure S20). No
conversion of the substrate occurred in the absence of
[Cr(tpe),]**, O, or light (Figure S38).

As [Cr(tpe),]’* is strongly oxidizing in its long-
lived SF excited state both in MeCN and in H,O, we
exemplary discuss four photoredox catalytic applica-
tions using [Cr(tpe),]** in both solvents.

The Newman-Kwart rearrangement is a key step in
the most important synthetic access to thiophenols
from the corresponding phenols.”>*! However, the
originally described approach requires high reaction
temperatures (200-300°C) and electron-deficient are-
nes, limiting substrate scope and compromising selec-
tivity and product purity. Alternative approaches to the
Newman-Kwart rearrangement at less energy-demand-
ing ambient temperature rely on the oxidative induc-
tion of the rearrangement by chemical oxidation, """
electrochemical oxidation,” heterogenous photoredox
catalysis,”” homogenous photoredox catalysis with an
organic pyrrylium PC and blue light,"'* and with 9,10-
dicyanoanthracene using an osmium(II) complex sensi-
tizer with red laser light via triplet-triplet annihilation
upconversion.['""!

*[Cr(tpe),]** should be thermodynamically com-
petent to oxidize the phenol derivative O-(4-meth-
oxyphenyl) dimethylcarbamo-thioate (E. 4= +1.1V
vs. SCE; Scheme 1b) to initiate the rearrangement.!""”
Indeed, a Stern-Volmer analysis confirmed the quench-
ing of *[Cr(tpe),]’* by the substrate (k,=1.8x10° M
s~'; Figure S17).

Photocatalytic experiments confirmed that [Cr-
(tpe),]’" is a suitable PC for this transformation in
MeCN, resulting in >99% conversion to the rear-
ranged  product  S-(4-methoxyphenyl)  dimeth-
ylcarbamothioate (Figures S40 and S45). During the
first 10 minutes of irradiation, an induction period is
observed, which we attribute to photochemical oxida-
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Energy Transfer Catalysis

a) Schenck-Ene Reaction

4 mol% [Cr(tpe)z][PFsls

0]
WOH MeCN, 460 nm M \M

50 mM

50% 50%

Photoinduced Electron Transfer Catalysis

b) Newman-Kwart Rearrangement

2 mol% [Cr(tpe),][PFgl;

LS
M

100 mM

c) Diels-Alder Cycloaddition

MeCN, O, 460 nm

L8
S)J\N/

|
>99% (92%)

2 mol% [Cr(tpe),][PF¢l3 ‘

MeCN, Oz 460 nm

o
100 mM 500 mM >99% (82%)
d) Photooxidative Decarboxylation
2 mol% [Cr(tpe)2][NOs]3
+/ N\
[F N/ N ][BF4]2
ONa (300 mM Selectfiuor®) F OH
+
0 H,0, (O,), 460 nm
100 mM 80% 20%
e) Trifluoromethylation
20 mol% [Cr(tpe)2][NOs]3
o [L 30 mM Na[SO,CF,] o ,L
N 10 mM [NH,1,[S,0 N
7\1/ | \> [NHLL[S,04] 7\1/ | \>—CF3
- N\ D,0, 460 nm e N\
0] 0
10 mM (78%)

Scheme 1. Photocatalytic reactions catalyzed by [Cr(tpe),]**

in MeCN (green) and water (blue). Conversion of the starting material

was determined via 'H NMR spectroscopy. Isolated yields are given in parenthesis.

tion of trace impurities in the reaction mixture. After
this induction period, the reaction proceeds with a high
reaction quantum yield of @;=0.6 (Figure S21). No
conversion occurs in the absence of [Cr(tpe),][PFl;
or light (Figure S44). Although the rearrangement is
net redox-neutral, conducting the reaction in the
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presence of air accelerates the conversion (Figure S44).
Likely, O, serves as redox mediator in this reaction,
promoting the re-oxidation of the reduced PC and thus
preventing  detrimental ~charge recombination.”"
Hence, this photo-induced rearrangement is preferably
performed simply under air, which obviates additional
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sacrificial oxidants. This procedure was used to
determine the achievable turnover number (TON) of
the PC in this photocatalytic reaction. To this end, a
MeCN solution of the PC (0.1 mM) and the substrate
O-(4-methoxyphenyl) dimethylcarbamothioate
(100 mM) was irradiated for 16 h. During this time,
the substrate was fully converted to the product,
corresponding to a TON of 1000 (Figure S41).

The visible light induced radical cation Diels-Alder
cycloaddition'”” between trans-anethole and 2,3-
dimethyl-1,3-butadiene using [Cr(tpe),]’" as PC in
MeCN on a small scale had been previously reported
(Scheme 1¢).”"! To estimate the TON for this reaction,
a 0.1 mM MeCN solution of [Cr(tpe),][PF];, contain-
ing 100 mM of ftrans-anethole and 500 mM of 2,3-
dimethyl-1,3-butadiene was irradiated for 4.5 h achiev-
ing full conversion of franms-anethole to the cyclo-
addition product (Figure S48). As a chain-mechanism
is involved in the cycloaddition mechanism,'”! the
thus estimated TON=1000 does not correspond to
1000 catalytic cycles of the PC. The unity quantum
yield (@y=1; Figure S22), which was estimated for
the laboratory-scale experiments (discussed later in the
manuscript), indicates that a chain mechanism indeed
contributes to this transformation. These high numbers
for both the light induced Newman-Kwart rearrange-
ment and the radical cation Diels-Alder cycloaddition
underline the high stability of [Cr(tpe),]’t and the
intermediates *[Cr(tpe),]*" and [Cr(tpe),]*" under the
photocatalytic conditions. In real-world applications, a
PC concentration as low as 0.1 mM would be
suboptimal, as a lot of excitation light would be
wasted. Hence, higher PC concentrations are preferred
to accelerate the reactions, which is feasible due to the
good availability of the PC (see above) and its
recyclability (see below).

While acetonitrile is a popular solvent for many
photocatalytic reactions and [Cr(tpe),][PF]; is soluble
and stable in MeCN, conducting photocatalysis in the
“green” solvent water is especially desirable.”” Yet,
many PCs are insoluble in water or possess only short
excited state lifetimes in water.””'*'%] The easily
accessible, water-soluble (> 100 gL ") nitrate salt [Cr-
(tpe),]INO;]; solves these issues. Absorption and
emission energies of the complex remain almost
unchanged and the excited state lifetime is shortened
by merely 30% to 2.5 ms (Figure S6). This is still an
extremely long lifetime and bimolecular reactions in
the excited state should be efficient even in water. The
reduction potential of the [Cr(tpe),]**** half-reaction
is shifted cathodically by merely 0.2 V (Figure S13),
still allowing for oxidation of challenging substrates in
the long-lived excited state.

Photocatalytic decarboxylative coupling reactions
(e.g. Scheme 1d) have gained popularity, as they
provide access to structurally diverse organic building
blocks for the formation of challenging C—C and C—F
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bonds in Giese- and Hunsdiecker-type reactions,
respectively.'”'® While the classical approaches to
these reactions typically suffer from the need for toxic
additives and/or harsh reaction conditions, photocata-
lytic approaches have the potential to circumvent these
issues.!"” Typical oxidation potentials of carboxylates
lie around 1.3—-1.7 V vs. SCE,"'” suggesting that their
irreversible oxidation by *[Cr(tpe),]’* in water is
slightly uphill. In agreement with this thermodynamic
estimation, the rate constant obtained from a Stern-
Volmer quenching analysis of [Cr(tpe),][NOs]; with
sodium 2-phenylisobutyrate in water is with k=
5.9x10* M 's™" rather small (Figure S18). We irradi-
ated a solution of sodium 2-phenylisobutyrate with
[Cr(tpe),]*" as PC and Selectfluor , which provides
electrophilic fluorine as the coupling partner after the
decarboxylation of the oxidized carboxylate.!""' """
Under aerated conditions, complete consumption of 2-
phenylisobutyrate occurred (Figures S52 and S60). 2-
Fluoro-2-phenylpropane and 2-phenyl-2-propanol were
obtained in a 4:1 ratio according to 'H NMR
spectroscopy (Figures S55 and S56). Conducting the
experiment under deaerated conditions yielded similar
results, hence, working under air-free conditions is
unneccesary. The alcohol by-product likely forms via
oxidation of the generated cumyl radical to its
carbocation and subsequent nucleophilic attack of
water, similar to the reported interception of a benzyl
cation by water yielding benzylalcohol."'*! Oxidation
of the cumyl radical (E,q=+0.16V vs. SCE)'"
under the reaction conditions either by Selectfluor
(Eeq= +0.33 V vs. SCE)"' or its oxidizing defluori-
nated derivatives TEDA " (E, .= +0.79 V vs. SCE)!"""!
or TEDA*** (no potential reported)''"""*! is thermody-
namically feasible (TEDA =N- (chlorometh—
yDtriethylenediamine; Figure S4). As oxygen is un-
necessary to sustain photocatalysis, Selectfluor or its
derivatives can act as oxidants for the reduced photo-
catalyst [Cr(tpe),]>".I"""! Furthermore, TEDA*"* has
been reported as a chain carrier in various
reactions.!"""'"®! Hence, it is conceivable that TEDA**
contributes to a chain mechanism in the present
reaction as well. However, [Cr(tpe),]'t as PC and
light were necessary to induce the reaction (Fig-
ure S54). This demonstrates that [Cr(tpe),][NOs]; is a
suitable PC in water, displaying sufficient oxidative
power to oxidize an activated carboxylate. The reaction
quantum yield was not determined for this trans-
formation, as the oily products separate from the
aqueous solution and the fluorinated product is
volatile.

Similar to the photo-initiated oxidation of a carbox-
ylate providing the carbon-centered radical after
extrusion of CO,, *[Cr(tpe),]’* should be able to
oxidize sulfinates, such as the bench-stable Langlois
reagent sodium trifluoromethanesulfinate Na[SO,CF;]
delivering *CF; radicals after loss of SO,."" Indeed,
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Na[SO,CF;] (E.=+1.02V vs. SCE)"* quenches
the emission of [Cr(tpe),][NOs]; in water with a
quenching rate constant k,=3.1x10°M's™" (Fig-
ure S19). Trifluoromethylated compounds are high-
value products in the pharmaceutical and agrochemical
sectors, as fluorine atoms strongly influence the
biological activity of molecules. Mild and selective
trifluoromethylation is therefore a hot topic and several
synthetic pathways, including photoredox catalysis
have been developed.!'"""*""'*! To test the applicability
of [Cr(tpe),]’" in light-activated trifluoromethylation
and to demonstrate its tolerance towards highly
reactive "CF; radicals, we employed [Cr(tpe),][NO;];
as PC in the trifluoromethylation of caffeine in water
(Scheme 1e). D,O was employed to facilitate reaction
control by 'H NMR spectroscopy. Irradiation of the
reaction mixture under air resulted in a mixture of
unidentified products. This likely results from the
reaction of photogenerated ‘CF, radicals with oxygen,
yielding  highly  reactive  species, including
fluorophosgene.'* It was therefore necessary to
exclude oxygen from the reaction mixture. As re-
oxidation of [Cr(tpe),]** is very slow in the absence
of an oxidant,”"! ammonium peroxodisulfate was added
to the reaction mixture. Under these conditions, 78%
of the caffeine substrate was transformed to the
trifluoromethylated product 1,3,7-trimethyl-8-
(trifluoromethyl)-7H-purine-2,6-dione after 4 h of irra-
diation (Figures S62 and S66). The reaction quantum
yield was estimated at @y =0.004 (Figure S23). In the
absence of the PC, the product was detected in only
13% yield, while without ammonium peroxodisulfate
or without light, no product forms (Figure S65). The
successful photoredox catalyzed trifluoromethylation
in water demonstrates the capability of [Cr(tpe),]*" to
operate in the presence of °CF; radicals, the strong
ammonium peroxodisulfate oxidant and its highly
reactive intermediates.!"'*'*"'?*] Furthermore, we have
identified ammonium peroxodisulfate as cheap, water-
soluble sacrificial oxidant, which serves as an alter-
native to molecular oxygen for the re-oxidation of
[Cr(tpe),)*t, when O, interferes with the organic
reaction intermediates such as "CF; radicals.

Upscaling the Photocatalysis with [Cr(tpe),]’* and
Recycling of the Photocatalyst

The Schenck-Ene reaction, the Newman-Kwart rear-
rangement and the radical cation Diels-Alder cyclo-
addition reactions were conducted on a gram-scale.
Thanks to the low molar absorption coefficient of
[Cr(tpe),]*" making a longer path length beneficial, a
round-bottom flask is in principle a suitable vessel for
the irradiation of [Cr(tpe),]’* as discussed above.
Hence, 100 mL round-bottom flasks were used as
reaction vessels. A blue UHP-LED as light source was
placed next to the flask (Figure 4a). The non-purified
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Figure 4. a) Photograph of the laboratory scale irradiation setup
using a 100 mL round-bottom flask and a 460 nm UHP-LED.
Intensity lowered to 5% to reduce overexposure on the photo-
graph. b) Photograph of the irradiation setup using a 100 mL
round-bottom flask and sunlight.

PC [Cr(tpe),][PF¢]; was employed at a concentration
of 2 mM in MeCN. This setup is very simple, cheap,
quickly assembled and accessible in many chemical
laboratories.

In the Schenck-Ene reaction 1.2 g oleic acid
(50 mM substrate concentration) and the PC were
irradiated in an open flask under vigorous stirring. This
substrate was quantitatively and cleanly converted to
the hydroperoxides within 4 h of irradiation with the
UHP-LED according to NMR spectroscopy, while the
hydroperoxides themselves were not isolated for safety
reasons (Scheme 1a).

A quantitative Newman-Kwart rearrangement of
the phenol derivative O-(4-methoxyphenyl) dimeth-
ylcarbamothioate was achieved using 1.7 g substrate
(100 mM) within 60 min irradiation in the setup shown
in Figure 4a (Scheme 1b). The pure thiophenol deriva-
tive was obtained after solvent evaporation and
extraction of the residue with diethyl ether in 92%
yield (1.55 g; Figure S40). Encouraged by the fast and
quantitative photoreaction under these conditions, the
Newman-Kwart  rearrangement  of  O-(4-meth-
oxyphenyl) dimethylcarbamothioate was also per-
formed employing sunlight instead of the UHP-LED
(Figure 4b). Full conversion of the substrate (20 mM)
to the product was achieved after § h.

With the setup shown in Figure4a, 1.2 g trans-
anethole (100 mM, Figure S47) were quantitatively
converted to the Diels-Alder cycloaddition product
within 25 min of LED irradiation (Scheme 1c). The
product was isolated after extraction with diethyl ether
in 82% vyield (1.52 g; Figure S49). Previously, this
Diels-Alder cycloaddition had been performed with
identical substrate concentrations, 1 mM of [Cr-
(tpe),]’*, a shorter optical path length of ca. 1 cm and
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a weaker excitation source (Aldrich® Micro Photo-
chemical Reactor) requiring 6 h for completion.”" This
comparison underscores the importance of selecting a
suitable light source and intensity, choosing optimal
PC concentrations and optimizing the reactor setup and
path length, when designing photochemical reactions
to maximize the effective use of light as a reactant.

For all three photocatalytic gram-scale reactions,
the PC was recovered after use. UV/vis spectroscopic
analysis prior to and after the irradiation of the
Newman-Kwart and Diels-Alder reaction mixtures
indicated a high PC stability (Figures S28 and S29).
After extraction of the respective organic products
from the reaction mixtures, the remaining solid was
dissolved in hot acetonitrile delivering spectroscopi-
cally clean and crystalline [Cr(tpe),][PF]; after cool-
ing and ether diffusion in 90-92% isolated yield
(Figures S10 and S11). During the Schenck-Ene reac-
tion, no significant catalyst decomposition was ob-
served spectroscopically as well (Figure S27). To avoid
isolating the hydroperoxide products, the PC was
recovered from the reaction mixture in this case by
adding [#-Bu,N][NO;], precipitating [Cr(tpe),][NOsl;,
which is less soluble in MeCN than the hexafluor-
ophosphate salt. By this alternative procedure, 51% of
the starting material was isolated. The only partial
recovery results from incomplete precipitation of the
nitrate salt in the presence of [PF¢]". The successful
recycling of [Cr(tpe),]’" as either [NO;]™ or [PF¢]”
salt demonstrates the outstanding stability of the
complex in photocatalytic applications and effectively
lowers its cost and the amount of waste produced by
reusing the same material and by avoiding laborious
workup procedures.

Conclusion

This study demonstrates that the chromium(IIl) com-
plex [Cr(tpe),]’* with its exceptionally long excited
state lifetime in the millisecond range can be success-
fully employed in photo(redox) catalytic applications
in acetonitrile and in water. Its outstanding intrinsic
photo- and redoxstability enables high turnover num-
bers and even the simple recovery of the intact
photocatalyst after the photoreactions in high yields.
This chromium(Ill)-based photocatalyst furnishes
highly efficient Schenck-Ene reactions, photoinduced
Newman-Kwart rearrangements and Diels-Alder cyclo-
additions in acetonitrile. The high photooxidative
power of [Cr(tpe),]** even in water is exploited in the
oxidation of an activated sodium carboxylate giving
the decarboxylated fluorinated product with Select-
fluor™ as fluorine source. Analogously, photooxidation
of sodium trifluoromethanesulfinate delivers °CF;
radicals which add to caffeine as model substrate.
Ammonium peroxodisulfate was identified as a suit-
able, cheap sacrificial oxidant for this oxygen sensitive
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reaction. Beyond small scale experiments, gram-scale
photoreactions were demonstrated with this photo-
catalyst using simple, widely available round-bottom
flasks and energy-efficient blue LEDs or even sunlight.
The photocatalyst itself was prepared at room-temper-
ature in quantities up to 12.5 g from cheap, commer-
cially available starting materials in few reaction steps.

This study highlights a photo(redox) catalyst made
from earth-abundant elements with highly desirable
properties for widespread applications in synthetic
laboratories, namely good accessibility, high stability
in different oxidation states, recyclability, water
solubility, applicability in various photoreaction types
and utilization of a very simple experimental setup.
This photocatalyst thus contributes to a more wide-
spread translation of light-driven chemistry to synthetic
laboratories and beyond.

Supporting Information

The Supporting Information contains experimental
details, syntheses, optical and electrochemical charac-
terization of the title complex, Stern-Volmer data,
XRD data, IR spectra, 'H and '°F NMR spectra (PDF).
A separate file (.zip) containing the original NMR data
is provided in addition.
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