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of Chemistry By combining the energy input from two red photons, chemical reactions that would normally require blue
or ultraviolet irradiation become accessible. Key advantages of this biphotonic excitation strategy are that
red light usually penetrates deeper into complex reaction mixtures and causes less photo-damage than
direct illumination in the blue or ultraviolet. Here, we demonstrate that the primary light-absorber of
a dual photocatalytic system comprised of a transition metal-based photosensitizer and an organic co-
catalyst can completely alter the reaction outcome. Photochemical reductions are achieved with
a copper(l) complex in the presence of a sacrificial electron donor, whereas oxidative substrate activation
occurs with an osmium(i) photosensitizer. Based on time-resolved laser spectroscopy, this changeover
in photochemical reactivity is due to different underlying biphotonic mechanisms. Following triplet
energy transfer from the osmium(i) photosensitizer to 9,10-dicyanoanthracene (DCA) and subsequent
triplet—triplet annihilation upconversion, the fluorescent singlet excited state of DCA triggers oxidative
substrate activation, which initiates the cis to trans isomerization of an olefin, a [2 + 2] cycloaddition, an
aryl ether to ester rearrangement, and a Newman—-Kwart rearrangement. This oxidative substrate
activation stands in contrast to the reactivity with a copper() photosensitizer, where photoinduced
electron transfer generates the DCA radical anion, which upon further excitation triggers reductive
dehalogenations and detosylations. Our study provides the proof-of-concept for controlling the
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of multiple photons.**™* In this case, the co-catalyst (the so-
called annihilator) is not directly excited, but instead its

Introduction

Conventional photoreactions typically aim at one catalytic
turnover per absorbed photon, but recently many new applica-
tions of multi-photon excitation strategies in photoredox
catalysis were developed.* In these cases, two (or more) photons
are required per catalytic turnover, but thermodynamically
unusually challenging reactions become accessible as a result of
the combined energy input from multiple photons. Most
systems investigated in this context operate on the basis of
a single photocatalyst, for example involving consecutive
photoinduced electron transfer (conPET),**® photoionization
processes,' structural in situ catalyst modifications,”*™ or
light-driven catalyst recovery.'*'” The combination of a photo-
redox catalyst with a co-catalyst is less common,*®** and
combinations of two photoactive catalysts are yet very
Scarce.20,21,22,39

Sensitized triplet-triplet annihilation upconversion (STTA-
UC) is an attractive approach to combining the energy input
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lowest triplet excited state is formed via triplet-triplet energy
transfer (TTET) from the primary photosensitizer and then the
annihilator's fluorescent singlet excited state is populated by
triplet-triplet annihilation. That singlet excited state can either
activate the substrate directly, or it can be quenched by sacri-
ficial electron donors to yield a radical anion, which subse-
quently engages with the substrate.>* Direct photo-excitation of
the respective singlet excited state of the annihilator would
typically require ultraviolet excitation, and consequently the
main advantage of the sTTA-UC strategy is that much lower-
energy input radiation can be employed. In the recent past,
different upconversion systems relying on blue,*****” green,*°
red,* or near-infrared excitation sources**** were developed for
applications in photo(redox) catalysis. With rare exceptions,*
mainly reductive dehalogenations have been reported until
now, typically in the presence of a sacrificial amine donor,
sometimes complemented by a radical trapping reagent. This
limited reaction scope stands in contrast to the very large
diversity of light-driven reactions relying on monophotonic
mechanisms.*® It seems surprising that almost exclusively
reductive substrate activations have been investigated so far by
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multi-photonic excitation mechanisms, whereas only few
oxidative transformations have been targeted.’”**

Recently, we reported a new strategy for reductive dehalo-
genations and detosylations based on red light irradiation
(Fig. 1h) by combining [Cu(dap),]" (dap = 2,9-dianisyl-1,10-
phenanthroline)  together with  9,10-dicyanoanthracene
(DCA).* The involved mechanism resembled the Z-scheme of
natural photosynthesis, and this represents a potentially widely
applicable concept for multi-photonic catalysis. In this previous
study, photoinduced electron transfer from [Cu(dap),]” gener-
ated DCA radical anions (DCA'"), which engaged in reductive
substrate activation upon further excitation. In the present
study, we targeted oxidative substrate activations from the
fluorescent singlet excited state of DCA (*"DCA), which has
a very high oxidation potential of +1.99 V vs. SCE.** There have
been many previous reports on photocatalytic applications of
DCA** and related cyanoarenes,* though usually involving
direct ultraviolet or blue excitation. Here, we targeted the
formation of * "DCA via upconversion of red light, to accomplish
chemical transformations requiring high oxidative potentials,
contrasting our recent studies, in which excitation of DCA"™ led
to thermodynamically challenging reductions under red irra-
diation.* In other words, the goal was to completely reverse the
photoredox reactivity of a biphotonic reaction system with DCA
a key catalytic component.

The idea of controlling and switching the reaction outcome
by changing the conditions in photo(redox) catalysis has ob-
tained attention mostly for monophotonic mechanisms until
now.*® For example, the change of the photocatalyst from
[Ru(bpy)s]** to fac-[Ir(ppy)s] led to different products for the
reaction of trifluoromethyl iodide with an alkyne (Fig. 1a).** In
other studies, the reaction conditions rather than the catalyst
played a key role in controlling the change of the formed
photoproducts, for example the reaction time (Figure 1b),*> the
temperature (Figure 1c),* the use of additives (Figure 1d),** or
co-catalysts (Fig. 1e).>® Furthermore, a change of the excitation
wavelength (Fig. 1f)° and the irradiation light intensity
(Fig. 1g)*® have been found to alter the achievable photoreac-
tions by switching between monophotonic and biphotonic
excitation. However, apart from these two latter examples,
divergent photochemical reactivities of biphotonic systems
have been less in focus,' presumably due to their inherently
high overall complexity.

Against this background, we were curious whether we could
revert the reactivity of the photosensitizer/DCA combination
from the previously observed highly reducing behaviour
(involving DCA'"), to strong oxidizing reactivity (based on
"DCA) as noted above, while keeping red light as a low-energy
irradiation source. We envisioned that sTTA-UC would give
access to the strongly oxidizing ' "DCA, which should be readily
possible with red light given the low triplet energy of ~1.8 eV of
3*DCA.” Thus, instead of the previously exploited photoinduced
electron transfer (PET) from [Cu(dap),]” to DCA,* we targeted
TTET as an initial elementary reaction step, and this required
a different primary photosensitizer which replaces [Cu(dap),]".
In other words, we aimed to actively change the mechanism of
a biphotonic reaction by altering the photosensitizer (Fig. 1h).
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Fig. 1 (a—g) Previously reported examples of light-driven reactions
with changes of reaction conditions to achieve different photo-
chemical reaction outcomes, mostly relying on monophotonic (blue
or green) excitation.>*-%¢ (h) Our work on reductive substrate activa-
tion®* and oxidative substrate activation with red light (this work).
Depending on whether the primary photosensitizer is a Cu' or an Os'"
polypyridine complex, different biphotonic reaction mechanisms are
operative, and either very negative reduction potentials (left) or very
positive oxidation potentials are accessible (right).

Detailed mechanistic insight into all light-driven reaction steps
is the key to wunderstanding observable photochemical
reactivities,***** and here such understanding provides the
basis for the targeted active reaction control.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The number of photocatalysts with suitable absorption
properties in the red spectral range is somewhat limited,*"*7>
and we chose a well-known polypyridyl complex of osmium(i)
from as class of robust sensitizers that have been used
successfully for triplet-triplet annihilation previously.””” In
combination with DCA, the change from [Cu(dap),]" to
[Os(bpy)s]*" as a primary light absorber completely alters the
photochemical reactivity of the system. With the copper(i)
sensitizer in the presence of a sacrificial electron donor, we
observed the reductive activation of substrates requiring
potentials below —2.0 V vs. SCE, whereas with the osmium(u)
sensitizer the oxidative activation of substrates requiring
potentials close to +2.0 V vs. SCE is achievable. The specific
reactions explored herein are four different overall redox-
neutral reactions that all rely on an initial light-induced
substrate oxidation step initiated by ' 'DCA (Fig. 1h).

Results and discussion
Triplet-triplet annihilation upconversion

In a first set of experiments we explored whether the combi-
nation of DCA and [Os(bpy);]*" is indeed suitable for our
purposes. In principle, sTTA-UC is well established for many
anthracene derivatives,”**# and TTET from [Os(bpy)s;]** to
DCA is expected to be thermodynamically viable based on the
relevant triplet energies.*>*” On the other hand, a more thor-
ough analysis suggests that photoinduced electron transfer
could in principle compete (detailed discussion in Section 4.2.2
of the ESIt), hence the anticipated TTET (and ensuing upcon-
version) reactivity cannot be taken for granted. Transient UV-vis
absorption spectroscopy provides unambiguous evidence for
**DCA as the only detectable photoproduct formed directly
upon quenching of [Os(bpy);]*", hence TTET is clearly the
dominant reaction pathway of excited *‘[Os(bpy);]*". In the
following, the TTA upconversion properties were investigated in
acetonitrile, acetone and dichloromethane. Less polar solvents
were not considered due to anticipated challenges associated
with photoinduced charge separation and enhanced exciplex
formation (see below).****

The choice of solvent can play an important role for the
performance of an upconversion system,”** and in our case
solubility issues had to be considered. In very polar solvents, the
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solubility of DCA decreases, while in more apolar solvents the
charged osmium(u) complex becomes less soluble. The solu-
bility of the DCA annihilator is the more important factor, due
to the higher concentrations needed of this component in
comparison to the sensitizer.

The rate constants for energy transfer from *"[Os(bpy);]** to
DCA (krrer) and for the triplet-triplet annihilation (kprs) are
both largely independent on the solvent (Table 1). Due to the
abovementioned differences in solubility and different excited
state properties of the osmium(u) sensitizer (e.g. the lifetime 7,
change from 94 ns in dichloromethane to 61 ns in acetonitrile),
a direct comparison of the determined upconversion quantum
yield (@srrauc) in different solvents is not straightforward.
However, a clear trend to better upconversion quantum yields in
less polar solvents is found. Specifically, the respective quantum
yield is ~1.5% in dichloromethane (with respect to a theoretical
maximum of 50%, Fig. 2a and b) whereas in acetone and
acetonitrile values of ~0.13% and ~0.22%, respectively, are
achievable (Table 1). The main reason for these discrepant
D¢rra-uc values is most likely the substantially higher solubility
of DCA in dichloromethane, leading to more efficient excited-
state quenching of the osmium(u) sensitizer by TTET. Even in
the case of dichloromethane with 3 mM of dissolved DCA (used
for the determination of ®@¢rpa-yc in Table 1), less than 50% of
3"[0s(bpy)s]*" is quenched (krrpr:[DCA)/(krrer [DCA] + 7o 1) =
(3x10°M 's' x3mM)/(3 x 10°M 's' x 3mM + (94 ns) )
= 46%). Thus, the solubility of DCA limits the overall achiev-
able upconversion quantum yield (further discussion in Section
4.3.3 of the ESIf). In the other investigated solvents, the DCA
solubility is only ~0.5 mM (Table 1), and consequently the
resulting TTET efficiency is further diminished.

As expected for a biphotonic process, a quadratic depen-
dence of the DCA upconversion fluorescence intensity on the
excitation power density is found (Fig. 2c, blue). At elevated
excitation power densities, the change towards an approxi-
mately linear regime with a slope of 1.35 on a double loga-
rithmic scale (Fig. 2c, red) indicates that the so-called strong
annihilation limit is reached. From the intersection between
the (approximately) quadratic and linear fits, a threshold of
~1.65 W cm > can be estimated. A reference experiment
without annihilator revealed almost perfectly linear power

Table 1 Summary of different photophysical properties of the sTTA-UC system comprised of [Os(bpy)s]?* and DCA in different solvents®
Solvent krrer/M st frra/M ' 571 [DCAJ/mM Aex/DIM Dsrravc’/% AEblev
Acetonitrile 4 x 10° 6.9 x 10° 0.5 635 ~0.22 0.88
705 ~0.10 1.06
Acetone 4 x 10° 6.4 x 10° 0.5 635 ~0.13 0.88
705 ~0.15 1.08
Dichloromethane 3 x 10° 6.7 x 10° 3 635 ~1.5 0.73
705 ~1.4 0.92

“ The data were recorded in de-aerated solvents. Details for the determination of the triplet-triplet energy transfer rate constant kyrgr, the triplet-
triplet annihilation rate constant krra, the sensitized triplet-triplet annihilation upconversion quantum yield @¢rra.uc and the apparent pseudo
anti-Stokes shifts AE are in the ESI in Sections 4.2 and 4.3. ” The pseudo anti-Stokes shift and the upconversion quantum yield were
determined using the concentrations of DCA indicated in the table. The concentration of [Os(bpy);](PFs), was different for excitation with a 635

nm cw laser (20 uM) and a 705 nm cw laser excitation (50 pM).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dependence of the prompt osmium(u) photoluminescence with
a slope of 0.97 (Section 4.3.2 in the ESIt).

In all three investigated solvents (weak) excimer emission is
detectable under upconversion conditions, manifesting in an
emission band extending up to ~650 nm (ESI, Section 4.3.27).
In acetonitrile and acetone the highest-energy DCA fluorescence
peak around 440 nm (corresponding to the 0-0 transition) is
clearly detectable under upconversion conditions, whereas in
dichloromethane this band is not detectable anymore due to
inner filter effects caused by the higher concentration in this
solvent (Fig. 2a).”* Thus, the delayed fluorescence band
maximum in dichloromethane corresponds to the first vibra-
tional progression member of the prompt DCA fluorescence
and consequently, the apparent pseudo anti-Stokes shift for
dichloromethane is 0.73 eV, while in acetone and acetonitrile
the emission maximum is 0.88 €V higher in energy than the
excitation wavelength (Table 1, see ESI Section 4.3.2% for
details). Using excitation at 705 nm instead of 635 nm, similar
upconversion quantum yields @grrayc remain achievable
(Table 1),* but now pseudo anti-Stokes shifts over 1 eV result
(Table 1). While systems with significantly better upconversion
quantum yields are known,**?*'*> our apparent pseudo anti-
Stokes shifts are close to current state of the art.?"76:49%101,103,104

Since the highest upconversion quantum yield was obtained
in dichloromethane, the long-term photostability was studied
in this specific solvent (Fig. 2d). Irradiation over 5 hours
revealed that our photosensitizer/annihilator combination is
very robust and essentially no loss in the upconversion intensity
is detectable (blue trace). Unsurprisingly, the reference without
annihilator revealed that the osmium(u)-based sensitizer is also
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very photostable (red trace). Even after 14 days of irradiating
a reaction mixture with a red cw laser, the characteristic signals
of the sensitizer as well as the annihilator remain easily
detectable by "H-NMR spectroscopy (ESI Section 4.8.51). These
measurements indicate a good photostability of our sensitizer/
catalyst combination under long-term red irradiation. Overall,
these properties seem useful for the application of the
[Os(bpy)s]*"/DCA combination for photoredox catalysis via
upconversion.

Cis-trans photo-isomerisation of stilbene

Isomerisation reactions of stilbenes sensitized by direct blue or
UV excitation of DCA have long been known to proceed through
a mechanism involving stilbene radical cations.?”'*1>"1'* The
prototypical example is the photo-isomerisation of cis-stilbene
(1) to trans-stilbene (1-P),’**'*>'* and this reaction seemed
promising for our proof-of-concept study involving upconver-
sion of red light, particularly because this is a simple reaction
for which comparatively fast substrate conversion can be
anticipated on the basis of the previous UV irradiation
studies.'” First reactions with 5 mol% of DCA under blue LED
irradiation (440 nm, 40 W) in acetonitrile and dichloromethane
resulted in conversions of over 75% within 1 hour (see ESI Table
S1 and Fig. S17). In dichloromethane ~85% of 1-P are present in
the photostationary state,'”” while in acetonitrile the reactant is
essentially completely converted to product.*®®

For initial tests with red light irradiation in the presence of
1 mol% of [Os(bpy);]*", a collimated high-power 623 nm LED
(min. 3.8 W) was used to drive the reaction on an NMR scale
(Fig. 3, ESI Section 2.31). In contrast to what is observed under
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Fig. 2 Triplet—triplet annihilation upconversion analysis. (a) Steady-state emission spectra of [Os(bpy)sl(PFe), (20 uM) in de-aerated dichloro-
methane at 20 °C excited at 635 nm with a cw laser using different excitation densities in the absence of DCA (red, reference system) and
upconverted delayed fluorescence spectra in the presence of DCA (3 mM) under otherwise identical conditions. (b) Upconversion quantum yield
(®erra-ic) determination based on the data in (a) using the emission quantum yield of [Os(bpy)sl(PFs), (2.7%, determined against [Ru(bpy)s]®* in
a separate experiment) as reference system. (c) Determination of the threshold for the changeover from the quadratic excitation power
dependence to a nearly linear regime, based on the integrated upconversion fluorescence intensity of DCA (3 mM) sensitized by [Os(bpy)s](PFe)»
(20 pM) in de-aerated dichloromethane (ESI Section 4.3.2t). (d) Photostability of [Os(bpy)s](PFg), (50 uM) (red trace) and of the [Os(bpy)s](PFe),
(50 uM)/DCA (3 mM) upconversion system (blue trace) under 635 nm cw laser excitation (450 mW). The upconverted emission was detected at
460 nm while the prompt sensitizer emission was detected at 720 nm (ESI Section 4.3.5+). The upper part of this panel contains the emission
spectra of both solutions before and after 5 hours of irradiation.
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Fig. 3 Light-driven isomerisation of cis-stilbene (1) under red-light
irradiation along with a plausible mechanism involving triplet—triplet
energy transfer (1), triplet—triplet annihilation upconversion (2),
substrate activation (3), and catalyst recovery (4). Main steps of
substrate activation adapted from a known monophotonic mecha-
nism.**> A radical chain propagation pathway is plausible for this
reaction (details in text and ESI Section 4.8.31),'°¢ and further inter-
mediates (for example a transient dimer radical cation) can be
involved 19719 A[l yields were determined by *H-NMR spectroscopy
using 1,4-dioxane as internal standard. Further information is in
Section 4.4 of the ESIL.{

blue irradiation above, the reaction progress depended strongly
on the solvents. In acetonitrile-d;, only 18% product formation
was observed after 2 hours while in dichloromethane-d, 61% of
1-P were detected after the same irradiation time (ESI, Fig. S17).
This finding is in line with the significantly higher triplet-triplet
annihilation upconversion quantum yield in dichloromethane
compared to acetonitrile. In the latter solvent, 96% formation of
trans-stilbene required a much longer irradiation time of 40
hours (ESI, Table S21).

As our spectroscopic investigations indicated a threshold
intensity around 1.65 W cm ™ (Fig. 2c) for the changeover from
quadratic to linear dependence of the upconversion process,
excitation with a cw laser rather than a LED was tested in the next
step. The cw laser power is lower (~400 mW) compared to the
LED (min. 3.8 W, further discussion in ESI Section 2.3.1}), yet
the laser source gave a slightly better product yield (80% of 1-P)
compared to 73% after 3 h of irradiation with the collimated LED
for NMR-scale reactions (Fig. 3). Thus, the laser irradiation
setup, which provides a higher power density, due to the more
collimated nature of the laser beam, was used for further
investigations. With prolonged irradiation times of 16 h, the
loading of [Os(bpy)s]** could be lowered to 0.1 mol% (Fig. 3),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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resulting in a turnover number of over 1500 with respect to the
photosensitizer.

Contrary to previous studies,'* following direct excitation of
DCA at 405 nm in the absence of sensitizer and under otherwise
identical conditions as for the sensitized catalysis, no clear
evidence for a propagation pathway was found neither in
acetonitrile (photochemical quantum yield ®pc ~0.13) nor in
dichloromethane (®pc ~0.03, ESI Section 4.8.31) under the
conditions used herein. An experiment with our upconversion
system under red-light irradiation results in an only slightly
smaller value for the quantum yield of cis- to trans-stilbene
isomerization in dichloromethane (®p¢ ~0.015), which is close
to the triplet-triplet annihilation upconversion quantum yield
in that solvent (Table 1). It does not seem plausible that every
successful upconversion event leads to product, and therefore
contributions from a radical chain mechanism under upcon-
version conditions seem likely (ESI Section 4.8.31). When using
a comparatively low-power 705 nm cw laser (~45 mW), 50% of
the substrate was converted to the ¢rans-isomer after 18 hours of
irradiation (Fig. 1). As for all other investigated light-driven
transformations reported herein, no product formation was
observed in the absence of light or any of the catalysts (ESI
Tables S3-S87).

Mechanistic investigations reveal that photoinduced elec-
tron transfer from cis-stilbene 1 to *"DCA (1.46 x 10'° M !
in dichloromethane) as well as from the trans-stilbene product
1-P to DCA (1.54 x 10 M ! s7') are both essentially
diffusion-limited (the diffusion limit in dichloromethane at 20 °
C is 1.5 x 10" M~ ' s7').°1% Direct substrate activation by
triplet energy transfer from °7Os(bpy);]?", by reductive
quenching of **[0s(bpy);]** or by quenching of *'DCA are not
important for the observed reactivity in our system (ESI Section
4.4%). Consequently, the mechanism involving triplet-triplet
annihilation upconversion presented in Fig. 3 (including direct
oxidation of 1 as well as contributions from a radical chain
propagation pathway) is suggested as the main contributor for
product formation in this red-light driven isomerisation
reaction.

Carbon-carbon bond formation via [2 + 2] cycloaddition

Functionalization of radical cations and [2 + 2] cycloaddition
reactions catalysed by pyrylium salts or DCA as photocatalysts
have been reported previously.*>*”*'¢**® One of the challenges
associated with [2 + 2] cycloadditions of alkenes is the revers-
ibility of the overall process, due to a possible (unwanted) ring-
opening reaction of the formed product.*'® Therefore, the use of
a redox mediator can be advantageous to selectively activate the
substrate whilst preventing the undesirable backward reaction
of the cycloaddition product.****** 9-Vinylcarbazole (2) has been
found to undergo successful [2 + 2] cycloaddition sensitized by
an organic dye in the absence of a redox mediator, and therefore
this specific substrate was selected as model compound for our
proof-of-principle studies."*®

Starting with direct blue excitation (440 nm LED, 40 W) of
"DCA in acetone, 80% of product 2-P were formed in 0.5 hours
(ESI Fig. S2 and Table S37), whereas only 19% of 2-P (Table S3t)
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Fig. 4 [2 + 2] Cycloaddition of vinylcarbazole (2) under red-light
irradiation and a plausible mechanism involving triplet—triplet energy
transfer (1), triplet—triplet annihilation upconversion (2), substrate
activation (3), cycloaddition (3B), and catalyst recovery (4). Main steps
of substrate activation adapted from a previously reported mono-
photonic mechanism 106115116 A radical chain propagation pathway is
likely for this reaction (details in text and ESI Section 4.8.31).2% The
yield (conversion in parenthesis) was determined by *H-NMR spec-
troscopy using 1,4-dioxane as internal standard. Further information is
in Section 4.5 of the ESI.{ *Product isolation was performed on
a 400 pmol scale of 2 under 623 nm LED irradiation.

formed in dichloromethane under identical conditions.
Consequently, acetone was used for the reaction under red cw
laser irradiation, despite the markedly lower upconversion yield
in this solvent (Table 1). Under 635 nm laser irradiation the
reaction becomes significantly slower and 90 hours are needed
to achieve 71% product formation (Fig. 4), presumably due to
the low upconversion quantum yield in acetone. Based on the
comparison of the quantum yield for the photochemical [2 + 2]
cycloaddition reaction and ®grrayc, @ radical chain propaga-
tion pathway is likely to contribute under red light irradiation
(ESI Section 4.8.371).'%¢

Unwanted quenching of triplet-excited DCA or direct *MLCT
quenching of the osmium(u) sensitizer by the substrate are
inefficient based on spectroscopic investigations (ESI Section
4.5%). The proposed mechanism for the formation of product 2-P
(Fig. 4) is similar to the stilbene isomerisation discussed above,
except of course for the cycloaddition step between the radical
cation and one equivalent of unreacted substrate (step 3B in
Fig. 4).116121

When using a 623 nm LED (min. 3.8 W) instead of the
635 nm cw laser, a larger volume can be irradiated, and the

reaction can be performed better on somewhat enlarged scale
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(ESI Section 4.371)."*° Using 0.5 mol% sensitizer and 2.5 mol% of
DCA in acetone, the reaction was performed on a 400 pmol scale
and 2-P was isolated with a yield of 65% after 90 hours of irra-
diation. This example demonstrates that in principle upcon-
version with red light is useable for (small-scale) preparative
reactions with (collimated) LED irradiation - a light source that
is typically more available in synthetic laboratories than cw
lasers.

Newman-Kwart rearrangement

Newman-Kwart rearrangements have previously been investi-
gated by chemical,"*® photochemical****** and electrochemical***
approaches involving single-electron substrate oxidation. This
represents an attractive alternative way for this reaction to occur
under mild conditions compared to thermal activation, which
typically requires temperatures between 200 °C and 300 °C.**¢
Fast substrate oxidation with pyrylium salts and detailed
mechanistic studies have been reported previously, providing
a helpful basis for our investigations of red light driven New-
man-Kwart rearrangement.'”>***

Initial experiments focusing on the direct formation of
"DCA with blue light revealed that both naphthalene and
TBAPF, (tetra-n-butylammonium hexafluorophosphate) are
necessary additives in dichloromethane to accomplish the
Newman-Kwart rearrangement of substrate 3 in acceptable
yields (see ESI Table S571 for details). Under [Os(bpy);]** sensi-
tized conditions with 635 nm laser irradiation the reaction
became markedly slower, and after 20 hours a yield of 10% for
the rearrangement product 3-P was found for a reaction on
NMR scale. Essentially linear product formation as a function
time was observed (ESI Fig. S31), and after 14 days of irradiation
88% of rearranged product 3-P was obtained (Fig. 5). This
indicates a very good long-term stability of our upconversion
system, in line with the short-term investigations in Fig. 2d. A
more potent irradiation source in combination with a flow
setup would be desirable to accelerate this reaction,"” but the
proof of principle is now made.

Pulsed laser experiments and UV-vis transient absorption
spectroscopy under upconversion conditions in the presence of
naphthalene provide no clear evidence for oxidized naphtha-
lene and reduced DCA, most likely because the overall process is
inefficient and because there are spectrally overlapping signals
with **DCA. However, an unexpected ground-state absorption
bleach appears between 450 and 700 nm in the presence of
naphthalene. A comparison to spectro-electrochemical data
indicates that this bleach signals the interim formation of
[Os(bpy);]** (ESI Section 4.8.47), suggesting a cascade reactivity
to form DCA'~ and Nap™" after TTA-UC, followed by subsequent
electron transfer from [Os(bpy);]*" to Nap'™. This latter step
represents an unwanted deactivation pathway, which can serve
as a plausible explanation for the slow reaction progress
observed under red light driven upconversion conditions, in
addition to the low STTA-UC quantum yield. Based on the
mechanistic insights gained here, it seems reasonable to
assume that this deactivation pathway involving sensitizer
oxidation generally contributes to the observable significantly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Light-driven Newman—Kwart rearrangement of substrate 3 under red-light irradiation, along with a plausible mechanism including
triplet—triplet energy transfer (1), triplet—triplet annihilation upconversion (2), excited state quenching by naphthalene mediator (3), substrate
activation (3B), and catalyst recovery (4). The main steps of substrate activation are analogous those postulated previously for a monophotonic
mechanism.*?212* A possible radical chain propagation pathway and previously proposed off-cycle intermediates are omitted for simplicity.*?2-124
Yield (conversion in parenthesis) was determined by 'H-NMR spectroscopy against 1,4-dioxane as internal standard. Further information is in

Section 4.6 of the ESL.{

prolonged reaction times when using upconversion from the
red instead of direct blue DCA excitation.

Based on the abovementioned previous Newman-Kwart
rearrangement studies involving single electron transfer,*****
a simplified mechanism for our upconversion system including
a naphthalene-mediated pathway is proposed in Fig. 5. Previous
studies of related reactions in acetonitrile furthermore
proposed a radical chain propagation pathway as well as off-
cycle intermediates, which are not considered here for
simplicity.'?*-1>*

Ether-to-ester rearrangement

As a final reaction example, the rearrangement of the aryl ether
4 to aryl ester 4-P via aryl migration was explored. This reaction
has been previously reported with perylene diimide or acridi-
nium salts as photocatalysts under blue irradiation in the
presence of a sub-stoichiometric amount of base.’****° The base
is necessary to facilitate substrate oxidation, which in this case
occurs from the deprotonated carboxylate (4). Similar to what
was found above for the Newman-Kwart rearrangement reac-
tion, TBAPF, helps accelerate product formation in dichloro-
methane upon direct excitation of DCA with blue light (Table
S71), and several different bases provided good results.
However, with aliphatic amines such as 1,8-diazabicyclo(5.4.0)
undec-7-ene (DBU, +1.24 V wvs. SCE)* or triethylamine
(+0.69 V vs. SCE)"? unwanted reductive quenching of *"DCA

© 2023 The Author(s). Published by the Royal Society of Chemistry

(+1.99 V vs. SCE),>*** or even reductive quenching of **DCA can
potentially occur.®* Consequently, 2,4,6-trimethylpyridine
(tMePy, 2.25 V vs. SCE, ESI Section 4.1.4}) was chosen. Expect-
edly, the quenching of "DCA by tMePy is two orders below the
diffusion limit (10° M™" s"), and our reaction optimisation
experiments under blue irradiation (440 nm LED, 40 W) indi-
cated that a stoichiometric amount of tMePy is beneficial (ESI
Table S71).

Under irradiation with a 635 nm cw laser, the NMR scale
rearrangement of ether 4 to 64% of ester 4-P required 140 h,
while 81% of starting material was consumed. Isolation of the
product on a slightly larger scale with a 623 nm LED resulted in
a yield of 75% after the same reaction time.

Time-resolved experiments indicate that *"DCA is quenched
by 4~ with a rate constant of 5 x 10° M~ " s™', whereas no DCA
fluorescence quenching is detectable without substrate depro-
tonation (ESI Section 4.77). Control experiments monitoring the
photoluminescence of [Os(bpy)s]** provide evidence for static
quenching, manifesting in a shortened decay time independent
of the concentration of 4. This suggests that [Os(bpy);]*" and
4~ aggregate, which possibly opens an unwanted deactivation
pathway that could lead to diminished product formation
under upconversion conditions compared to direct excitation of
DCA with blue light. However, the addition of salt seems to
counteract this deactivation by diminishing unwanted aggre-
gation (ESI Section 4.7.21). Control experiments confirm that
DCA is an indispensable component for the red light driven

Chem. Sci., 2023, 14, 149-161 | 155


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05229f

Open Access Article. Published on 10 1401. Downloaded on 17/10/1404 04:35:13 ..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

[Os(bpy)s]?* (0.5 mol%) o
DCA (5 mol%) /@
[ I Ne)

tMePy (1 eq.)
TBAPFg (1 eq.) OH
dichloromethane-d, 4-P
635 nm laser 64 (81) %
140 h °
isolated yield: 75%?
3+0sM] . S’;:DISA/@\tDCA
o
o
DCA - _Ph
DCA DCA’ 7o)

Fig. 6 Red light-driven ether-to-ester rearrangement of substrate 4
along with a plausible mechanism including triplet—triplet energy
transfer (1), triplet—triplet annihilation upconversion (2), substrate
activation (3), and catalyst recovery (4). Main steps of substrate acti-
vation adapted from a previously published monophotonic mecha-
nism.’28 Yield (conversion in parenthesis) was determined by *H-NMR
spectroscopy using 1,4-dioxane as internal standard. Further infor-
mation is in Section 4.7 of the ESI.t ®Product isolation was performed
on a 250 umol scale of 4 under 623 nm LED irradiation.

reaction (Table S81), hence photoexcited [Os(bpy);]** seems to
be unable to oxidize 4 in catalytically relevant amounts.

General mechanistic aspects

The four investigated proof-of-principle reactions reported
above provide direct insight into what factors and processes
affect the efficiency of biphotonic reactions in comparison to
traditional monophotonic mechanisms. First, the optimal
reaction conditions are not necessarily identical for both exci-
tation strategies. This finding is illustrated by the photo-

substrate
activation | s

salt-improved

charge separation

excimer

formation +DCA +EA

{"DCAH —»]DCA‘W EA"T

View Article Online

Edge Article

isomerisation of cis- to trans-stilbene, where the limited solu-
bility and the resulting low triplet-triplet annihilation upcon-
version quantum yield clearly affect the overall reaction
progress over time. While under blue light irradiation compa-
rable reaction progress has been found in different solvents,
under upconversion conditions significant differences in reac-
tion progress are observed. Second, when two (photo)catalysts
are present, additional (unwanted) deactivation steps can occur.
Our time-resolved spectroscopic investigations of the
naphthalene-mediated rearrangement of substrate 3, where the
naphthalene radical cation intermediate was found to be
partially deactivated in an unproductive pathway by electron
transfer from the [Os(bpy)s]** sensitizer, illustrate this aspect.
Third, as illustrated by the ether-to-ester rearrangement in
Fig. 6, aggregation of a negatively charged substrate with the
cationic photosensitizer is possible in apolar solvents, and the
addition of salt can become important to minimize deactivation
of the photosensitizer in an unwanted side reaction (Fig. 5 and
6). All of these aspects need to be considered in biphotonic
mechanisms (Fig. 7), in addition to complications that are
already present under monophotonic excitation conditions.
Specifically, this includes unproductive pathways such as exci-
mer and exciplex formation, as well as unproductive excited
state deactivation by intersystem crossing to > DCA, or direct
decay of '"DCA to the ground state (ESI Sections 4.8.1 and
4-8~4T)~134_136

On the other hand, radical chain propagation pathways can
contribute substantially to the overall reaction efficiency and
seem to play important roles for at least two of the four inves-
tigated reactions herein. Furthermore, our studies suggest that
improved cage escape yields to form solvent separated radical
ions are achievable by the addition of salt, and the use of redox
mediators for electron transfer cascade pathways is beneficial
for some of the upconversion-driven photoreactions. Many of
these effects can differ significantly based on exact conditions
(solvent, additive, reaction type), and our work indicates that
complementary UV-vis transient absorption and time-resolved
luminescence spectroscopic investigations can provide partic-
ularly valuable insights when targeting biphotonic excitation
strategies. Some of the challenges outlined above could poten-
tially be tackled with higher annihilator concentrations” (for

radical chain
propagation

] d
i
L

electron
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T><:
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[Os]** [OsI**deactivation
. X unproductive
exmplgx IDCA - -S] DCA excited state
formation | +pca-. Al orDCA | deactivation

Fig. 7 Summary of productive and unproductive pathways for the deactivation of "DCA after triplet—triplet annihilation upconversion. EA =
electron acceptor/mediator; S = substrate; P = product. Favourable processes are coloured in green, unwanted processes in red.
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Fig. 8 Selected examples of different approaches to oxidative and reductive substrate activation with acridinium dyes and direct (mono-
photonic) blue/green light (a and b),**4°-**2 direct excitation of DCA in the blue or green spectral range (c and d),>°424*1° and two-catalyst
systems operating under red light irradiation (e and f).3° Overall redox-neutral reactions requiring an initial substrate oxidation step have been

chosen on the right-hand side of the figure.

example with modified DCA structures)* or photosensitizers
with longer lifetimes.***®* Any enhancement of the sTTA-UC
quantum yield would likely substantially improve the achiev-
able photochemical quantum yield under red light irradiation
in our system (ESI Section 4.8.3f). To counteract unwanted
cascade deactivations, different catalysts**”** or chemical
environments®*** might be promising. The main productive
and unproductive pathways for the deactivation of "DCA are
summarized in Fig. 7 (further discussion in ESI Section 4.87).

Conclusions

Biphotonic excitation strategies for photoredox catalysis have
received growing attention within the last few years, and many
different mechanisms have been considered.! Until now, most
biphotonic reaction approaches rely on a single light absorber
(acridinium dyes in Fig. 8a, DCA in Fig. 8c). Recently, we
explored a reaction system comprised of two different light
absorbers, where we observed photoinduced electron transfer
from a Cu' photosensitizer to DCA, and subsequent (secondary)
excitation of DCA'™ led to thermodynamically challenging
reductive dehalogenations and detosylations (Fig. 8e).* In the
present study, the use of an Os" photosensitizer leads to triplet-
triplet energy transfer to DCA and ensuing upconversion, and

© 2023 The Author(s). Published by the Royal Society of Chemistry

the resulting highly oxidizing *"DCA (instead of DCA"~) induces
the photochemical reactions of interest (Fig. 8f).

Conceptually, this changeover in photochemical reactivity
(Fig. 8e and f) is related to the changeover between oxidative
and reductive substrate activation with acridinium salts (Fig. 8a
and b)*'** under direct (monophotonic) blue excitation, or via
consecutive photoinduced electron transfer (ConPET) using
DCA** or perylene diimide (PDI)* under blue and green irra-
diation (Fig. 8c and d). Similar reactivity changes might become
achievable with other systems, and the idea of investigating new
photochemical mechanisms rather than developing new cata-
lysts could become more important in the future.*® Increasing
attention to elucidate mechanisms will be helpful in this
context,>°%3%6268,80144151 Mechanistic studies seem particularly
desirable for oxidative substrate activation, for several reasons.
First, reductive dehalogenations often involve a fast and irre-
versible bond cleavage step,”” whereas oxidative substrate
activations can be reversible reactions. Second, low cage escape
yields for photogenerated radical pairs, unwanted back-electron
transfer, and deactivation via electron transfer cascades are
typically less important (or at least less in focus)™“**** for
reductive transformations, but have to be considered carefully
for oxidative transformations originating from singlet excited
States (Fig‘ 7)‘38,49,116,1547156
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The development of new red or near-infrared light absorbing
catalysts could potentially give access to new photochemical
applications with low-energy input light3%79120,151157-164
Furthermore, recent interest in triplet-triplet annihilation
upconversion will likely promote the development of more
sophisticated systems with lower threshold irradiation intensi-
ties that permit more effective excitation by LEDs, higher
photochemical quantum yields and larger pseudo anti-Stokes
shifts,34767896:100104165 regylting in more efficient setups for
applications in photo(redox) catalysis in the future.’**'*” We
hope that the concepts and proof-of-principle reactions pre-
sented herein can serve as useful inspiration for future catalytic
applications with red and near-infrared light.*?316316817¢
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