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1.  General experimental details

All deuterated solvents were purchased from Cambridge Isotope Laboratories Inc or Apollo Scientific. All
reagents and substrates without synthetic procedure given below (section 2.1) were purchased from
Fluorochem, Alfar Aesar, Acros Organics or Sigma-Aldrich/Merck in “reagent grade” purity or better and
were used as received. 9,10-Dicyanoanthracene (DCA) was purchased from Sigma-Aldrich/Merck.
[Os(bpy)s](PFs). was synthesized following a reported procedure.' Solvents for spectroscopic measurements
were purchased “extra dry” in 99.8% purity from Acros Organics.

NMR spectra were recorded on a Bruker Avance III instrument operating at 400 MHz proton frequency. All
samples were recorded at 295 K in 5 mm diameter tubes. Chemical shifts were referenced internally to
residual solvent peaks using & values as reported previously. * Starting material consumption and product
formation were determined from '"H-NMR measurements (‘H: 400 MHz, 16 scans) in NMR tubes against
dioxane as internal standard.

Sample preparation for spectrophotometric measurements were performed in screw cap quartz cuvettes.
Solutions with DCA in acetone and acetonitrile were sonicated in an ultrasonic bath prior to spectroscopic
measurements. All solutions were purged with argon to remove oxygen and sealed under argon with septum
caps. Sample preparation for photoredox reactions was done in a LabStar Eco glove box from MBrown with
an argon atmosphere. Alternatively, samples were deoxygenated with three cycles of freeze-pump-thaw and
then transferred to a screw cap NMR tube and sealed.

Absorption spectra were recorded on a Cary 5000 UV-Vis-NIR spectrometer from Varian.
Photoluminescence spectra were recorded on a Fluorolog-322 instrument from Horiba Jobin-Yvon. For laser
flash photolysis, a LP920-KS apparatus from Edinburgh Instruments was used. A frequency-tripled Nd:YAG
laser (Quantel Brilliant, ca. 10 ns pulse width) equipped with an OPO from Opotek and a beam expander
(GBEO02-A from Thorlabs) in the beam path were used for excitation with visible light. The direct output of
another frequency-doubled Nd:YAG laser (Quantel Q-smart 450 mJ, ca. 10 ns pulse width) with a beam
expander (GBEO2-A from Thorlabs) in the beam path was used for excitation at 532 nm. The excitation
energies were varied by the Q-switch delays and measured with a pyroelectric detector. Typically, pulse
energies of ~50 mJ were used for the measurements with 532 nm. Detection of transient absorption and time-
resolved emission spectra was performed with an iCCD camera (Andor). Kinetics at single wavelengths
were recorded using a photomultiplier tube.

Cyclic voltammetry was performed using a Versastat3-200 potentiostat from Princeton Applied Research. A
saturated calomel electrode (SCE) served as reference electrode, a glassy carbon disk electrode was
employed as working electrode, and a silver wire was used as counter electrode. Measurements were
performed with potential sweep rates of 100 mV/s in dry de-aerated solvent with 0.1 M TBAPF; (tetra-n-
butylammonium hexafluorophosphate) as supporting electrolyte. Sample concentrations were adjusted to
values between 1 mM and 5 mM of analyte.

Spectro-electrochemical measurements were performed in a quartz cuvette with 1 mm path length using the

abovementioned potentiostat and the UV-Vis-NIR spectrometer. A platinum grid electrode served as

S3



working electrode, a platinum wire was used as counter electrode and an SCE was employed as reference
electrode.

As light source for cw-laser experiments in photocatalysis, a 635 nm (optical output up to 500 mW)
continuous wave (cw) laser (Roithner Lasertechnik) with precisely adjustable radiative power was used. For
measurements with a 623 nm LED, a high power LED (Thorlabs Solis-623C, min. 3.8 W) was used,
collimated with a biconvex lens (Thorlabs, LB4592), and a 590 nm long-pass filter (Thorlabs) was installed
between the lamp and the sample. Output spectra of the LED and cw laser have recently been reported.® For
measurements with a 440 nm LED, a Kessil PR160 LED (40 W) was used, and a 400 nm long-pass filter
(coloured glass 400 nm cut-off filter, Reichmann Feinoptik GmbH) was installed between the lamp and the
sample. An output spectrum of the LED has been reported previously. For excitation with 705 nm light a
Lambda Beam 705 (optical output up to 45 mW) cw laser (RGB lasersystems) was used. An output spectrum
is reported in Figure S7.

For the measurements of the triplet-triplet annihilation upconversion power dependencies, the
Fluorolog-3-22 was equipped with the abovementioned cw laser (Roithner Lasertechnik) as light source and
a beam expander (GBE02-A from Thorlabs) was installed backwards in the beam path to obtain a
compressed laser beam. The beam size was measured with a SP932U high resolution from Ophir and for the
combination with a beam expander an average beam area of 0.007 cm” was measured. For excitation with
705 nm laser light no additional collimation was performed and a beam area of 0.001 cm’ was used for
calculations.

In some cases, acetonitrile and dichloromethane are abbreviated with the known short forms MeCN and

DCM.
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2.  Synthetic procedures and photocatalysis experiments

2.1. Synthetic procedures for substrates and catalysts

N-tetrabutylammonium 2-phenoxybenzoate (TBA* 47)

CL>
@ N

Following a literature procedure,” 2-phenoxybenzoic acid (428 mg, 2.0 mmol, 1 eq.) was dissolved in
tetrabutylammonium hydroxide (40% in MeOH, 2.0 mL, 2.0 mmol, 1 eq.) and the reaction mixture was
stirred over night at room temperature. The solvent was removed under reduced pressure and the crude
product was dried under high vacuum to obtain N-tetrabutylammonium 2-phenoxybenzoate (TBA™ 47,
899 mg, 1.97 mmol, 98%) as a viscous oil.

"H-NMR (400 MHz, CD,CL,): §7.56 (dd, J = 7.5, 1.9 Hz, 1H), 7.27 (dd, Juu = 8.6 Hz, Juu = 7.2 Hz, 2H),
7.16 (td, Jun= 7.7 Hz, Jun = 1.9 Hz, 1H), 7.05 (td, Jun = 7.4 Hz, Jun = 1.2 Hz, 1H), 6.98 (m, 3H), 6.81 (dd,
Jiun = 8.1, Jun = 1.2 Hz, 1H), 3.15 (m, 8H), 1.55 (m, 8H), 1.36 (h, *Jun = 7.4 Hz, 8H), 0.96 (t, *Jun = 7.3
Hz, 12H) ppm.

BC-NMR (101 MHz, CD,CL): 5 171.6, 159.3, 153.5, 136.7, 130.0, 129.8, 128.5, 123.7, 122.5, 120.5, 118.7,
59.2,24.4,20.2, 13.9 ppm.

These analytical data are in agreement with previously reported characterization data for this compound.®

0-(4-Methoxyphenyl) dimethylcarbamothioate (3)

O\ﬂ/N\
\OO S

Following a literature procedure,” 4-methoxyphenol (500 mg, 4.03 mmol, 1 eq.) was dissolved in DMF
(5 mL), cooled to 0 °C, and sodium hydride (60% in mineral oil, 177 mg, 4.43 mmol, 1.1 eq.) was added in
small portions. The reaction mixture was stirred for 1 h at 0°C followed by the addition of
N, N-dimethylthiocarbamoyl chloride (650 mg, 5.24 mmol, 1.3 eq.) and further stirring at room temperature
for 1 hour. The reaction mixture was poured into 25 mL of deuterated water and the formed precipitate was
filtered off. The crude product was purified by recrystallization from cyclohexane to obtain the desired
O-(4-methoxyphenyl) dimethylcarbamothioate (3, 472 mg, 2.23 mmol, 55%) as a white solid.

"H-NMR (400 MHz, CDCls): §6.98 (m, 2H), 6.90 (m, 2H), 3.81 (s, 3H), 3.45 (s, 3H), 3.33 (s, 3H) ppm.
BC-NMR (101 MHz, CDCLy): §188.5, 157.4, 147.8, 123.6, 114.3, 55.7, 43.4, 38.8 ppm.

These analytical data are in agreement with previously reported characterization data for this compound.®
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2.2. Photoredox catalysis and isolated products

2.2.1. Photocatalytic reaction — general procedure for NMR scale reactions
An oven-dried screw-cap glass container was charged with [Os(bpy);](PFs)2, DCA and solid reagents (e.g.

solid substrates or naphthalene). The tube was transferred to a glovebox and deuterated solvent (normally
1 mL, substrate concentration 50-200 mM) as well as liquid reagents (e.g. cis-stilbene), additives (e.g.
tMePy) and dioxane as internal standard were added. The reaction components were mixed and 0.6 mL were
transferred to a screw-capped NMR tube and sealed under an Argon atmosphere. Product formation was
monitored by '"H-NMR spectroscopy. The solutions were irradiated for specified durations with a 635 nm
diode laser (Roithner Lasertechnik, 250 to 500 mW) using a beam expander (Thorlabs, GBE05-A used
backwards) to compress the beam. The conversion and the yield were determined against the internal
standard.

The exact conditions for the individual reactions are provided in the captions of the reaction optimisation

tables and in the captions of the relevant figures in the ESI.

2.2.2. Isolated yield for [2+2]-cycloaddition of substrate 2
In a Schlenk tube, 9-vinyl-9H-carbazole (2, 77.2 mg, 399 umol, 1 eq.) was dissolved in acetone (2 mL) and

[Os(bpy)s](PFe)2 (1.90 mg, 1.98 pumol, 0.5 mol%) and DCA (2.21 mg, 9.68 pumol, 2.4 mol%) were added.
The mixture was degassed by three freeze-pump-thaw cycles and irradiated for 90 h at room temperature
with a red LED (623 nm) collimated with a converging glass. A 590 nm long-pass filter (Thorlabs) was
installed between the lamp. The solvent was evaporated and the crude mixture was purified by flash column
chromatography (SiO», cyclohexane/dichloromethane 1/0 = 5/1) to obtain the desired cyclized product (2-P,
50.1 mg, 130 pumol, 65%) as white solid.

"H-NMR (400 MHz, CDCls): 6 8.06 (d, Juu = 7.7 Hz, 4H), 7.56 (d, Jun = 8.3 Hz, 4H), 7.39 (t, Jun =
8.4 Hz, Juu= 7.5 Hz, 4H), 7.21 (t, Juu = 7.5 Hz, 4H), 6.30 (m, 2H), 3.11 (m, 2H), 2.75 (m, 2H) ppm.
BC-NMR (101 MHz, CDCLy): § 140.1, 125.9, 123.7, 120.7, 119.5, 109.8, 54.6, 21.1 ppm.

These analytical data are in agreement with previously reported characterization data for this compound.”®

2.2.3. Isolated yield for ether-to-ester rearrangement of substrate 4
In microwave tube, 2-phenoxybenzoic acid (4, 54.5 mg, 254 umol, 1 eq.) was dissolved in dichloromethane

(2.5mL) and [Os(bpy):](PFes)> (1.15 mg, 1.20 pmol, 0.5 mol%), DCA (2.80 mg, 9.68 umol, 4.8 mol%),
tetra-n-butylammonium hexafluorophosphate (98.5 mg, 254 pmol, 1.0 mol) and 2,4,6-trimethylpyridine
(33.6 pL, 254 pmol, 1.0 eq.) were added. The mixture was purged with argon for 10 minutes and sealed. The
reaction was irradiated with a red LED (623 nm), collimated with a converging glass and a 590 nm long-pass

filter (Thorlabs) installed between the lamp and the sample, for 140 h at room temperature. The solvent was
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evaporated and the crude mixture was purified by flash column chromatography (SiO», cyclohexane/ethyl
acetate 100/0 = 97/3) to obtain the desired product (4-P, 40.9 mg, 191 umol, 75%).

"H-NMR (400 MHz, CDCLs): & 10.51 (s, 1H), 8.09 (dd, Jun = 8.0 Hz, Jun = 1.8 Hz, 1H), 7.55 (ddd,
Jun = 8.8 Hz, Jun = 7.2 Hz, Jun = 1.8 Hz, 1H), 7.46 (t, Jun = 8.0 Hz, 2H), 7.32 (t, Jun = 7.5 Hz, 1H), 7.22
(d, Juu = 8.6 Hz, 2H), 7.05 (d, Juu = 8.5 Hz, 1H), 6.98 (dd, Juu = 8.2 Hz, Jun = 7.2 Hz, 1H) ppm.

BC-NMR (101 MHz, CDCls): §169.1, 162.4, 150.3, 136.6, 130.5, 129.8, 126.5, 121.8, 119.6, 118.0, 112.0
ppm.

These analytical data are in agreement with previously reported characterization data for this compound.®

2.3. Reaction optimisation and control experiments

For all photocatalytic reactions that have not been reported with DCA as photocatalyst up to now,’ a
preliminary screening with blue light (440 nm LED) has been performed to investigate whether the reaction
occurs at all (following direct monophotonic excitation), typically starting from conditions (solvent, substrate
concentration) that have been reported in earlier studies with other catalysts. In a second step, suitable
reactions were then tested with different solvents to find conditions that are best for our investigated
upconversion system (based on red biphotonic excitation).

For the measurements of reaction progress over time, fit curves were sometimes included as guidance for the
eye. For irreversible reactions (substrates 3 and 4) an exponential fit curve was used (assuming first order
kinetics, y = A-exp(k-x)), while for reactions that are expected to have significant contributions of backward
reaction (substrates 1 and 2), a biexponential fit curve was used (assuming second order kinetics, y =

Aj-exp(k-x)+ Azexp(kzx)).

Comparison of irradiation setups

For photoredox catalysis via triplet-triplet annihilation upconversion, the power density and the light
intensity emitted by the lamp are more curical factors than for mono-photonic mechanisms. Therefore
typically (cw) laser irradiation is used for triplet-triplet annihilation upconversion in photoredox catalysis,'*"'
and only in recent publications (collimated) LED irradiation was taken into account.'®'*"* Herein, a 635 nm
cw laser with an output power of up to 500 mW and a collimated high power 623 nm LED providing at least
3.8 W were used. Both light sources are significantly weaker than the blue LEDs (440 nm, 40 W) used for
the reaction optimisation (Table S1, Table S3, Table S5, Table S7). In the case of the cw laser, the irradiation
beam spot size was between 0.005 cm® and 0.01 cm?® after collimation, and thus the light beam passed
essentially completely through the middle of the NMR sample tube (inner diameter 0.4 cm), thereby
maximizing the amount of light absorbed by the osmium complex. For the collimated LED, a squared beam
shape with a side length of ~1.25 cm was formed, consequently leading to a quadratic area with ~1.56 cm’.

Given the limited size of the NMR tube (~1.25 cm - 0.4 cm = ~0.5 cm?), this implies that about ~1.22 W of

photons pass indeed through the reaction solution. However, given the curvature of the NMR tube (causing
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shorter beam paths at the edges than in the middle), the number of absorbed photons is most likely
considerably lower than this estimated value. Furthermore, the estimated power density for the collimated
LED is ~2.43 W-cm™ and this value is only slightly above the determined threshold value of ~1.65 W-cm™.
At the threshold intensity determined herein, one fourth of the maximum upconversion quantum yield is
reached, and it seems likely that with the power density of the LED our system is not yet operating in the
fully linear regime.'*'® Overall, a direct comparison between both setups is not readily possible, but even
with the high overall output power of the LED, the cw laser is most likely equally good or even slightly
better due to the comparably low power density of the LED and the smaller overlap between the NMR tube
and the LED beam size. Notably, when upscaling the reaction, the irradiated area significantly increases and
essentially the full beam penetrates the solution and the full output from the LED with a power of at least
3.8 W can be absorbed. Consequently, better performance might be possible under these conditions.

Irradiation with the employed 705 nm cw laser is expected to be less efficient, especially due to its low
output power of only 45 mW. Due to the highly collimated nature of the laser beam it is assumed that the
linear regime is more easily accessible with this setup. In comparison to the almost constant absorbance
between 550 nm and 650 nm (indicating similar photon absorption by the 623 m LED and the 635 nm cw
laser for the same concentration of [Os(bpy);](PF¢).), the absorbance above 700 nm is significantly weaker
(Figure S8). Consequently, the amount of absorbed photons is lower with this setup. Evidently, the exact
catalyst loading and the effective concentrations in solution are relevant for the respective measurements,

and a direct comparison (especially between different reactions) is therefore not easily possible.

2.3.1. Isomerisation of cis-stilbene (1)

Table S1. Optimization for isomerisation of cis-stilbene (1) with blue light.?

N DCA
- ™
‘ solvent ‘

440 nm
1 1-P
entry DCA / mol% solvent time / h conversion / % "
1 5 acetonitrile 1 97
2 5 dichloromethane 1 79

a) Reaction conditions: 100 mM cis-stilbene in 1 mL non-deuterated de-aerated solvent. Sample de-aerated
by three freeze-pump-thaw cycles, irradiated with a 440 nm Kessil PR160 LED (40 W) and a 400 nm long-
pass filter between the lamp and the reaction flask under an inert atmosphere at room temperature. b) After
removal of the solvent the crude product mixture was analysed by 'H-NMR spectroscopy and the ratio
between remaining starting material and product determined as relative conversion.
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Table S2. Optimization and control experiments for isomerisation of cis-stilbene (1) with red light.?

L

1

[Os(bpy)s]**
N DCA

e
Y
O dichloromethane-d,

red light

entry [Os(bpy):](PFs): / mol% DCA / mol%

AN L B~ W

7

1
1
0.1
0.1
0.1

DN W D W

5

light source

623 nm LED ¢

635 nm laser
635 nm laser
635 nm laser
635 nm laser
635 nm laser

dark

1-P

time / h yield (conv.) / % "

2
4
2
3

16
16
16
20

60 (61)
82 (83)
78 (78)
80 (80)
82 (82)
0(1)
0(0)
0(0)

a) Reaction conditions: 100 mM cis-stilbene in 1 mL de-aerated dichloromethane-d,. Sample irradiated in a
sealed NMR tube under an inert atmosphere at room temperature. b) Yields and conversions (in parentheses)
were determined by quantitative "H-NMR analysis using dioxane as internal standard. ¢) LED collimated

with a lens.

2.3.2. [2+2]-Cycloaddition of vinylcarbazole (2)

Table S3. Optimization for isomerisation of [2+2]-cycloaddition of substrate 2 with blue light.*

DCA

440 nm
2
entry DCA / mol% solvent time / h
1° acetone 0.5
2 acetone 0.5
3 2.5 acetone 0.5
4 2.5 dichloromethane 0.5

2-p

conversion / % °

18
2
80
19

a) Reaction conditions: 200 mM substrate 2 in 1 mL non-deuterated de-aerated solvent. Sample de-aerated
by three freeze-pump-thaw cycles, and irradiated with a 440 nm Kessil PR160 LED (40 W) and a 425 nm
long-pass filter between the lamp and the reaction flask under an inert atmosphere at room temperature. b)
After removal of the solvent the crude product mixture was analysed by 'H-NMR spectroscopy and the ratio
between remaining starting material and product determined as conversion. c¢) 400 nm long-pass filter
instead of 425 nm long-pass filter.
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Table S4. Optimization and control experiments of [2+2]-cycloaddition of 2 with red light.”

[Os(bpy)s]**

N DCA D\
N - N’ N O
T
acetone-dg

635 nm

entry [Os(bpy):](PFs)2/ mol% DCA / mol% solvent time / h yield (conv.) / % "

1 0.5 2.5 acetone-dg 2.5 15 (15)
2 0.5 2.5 acetone-dg 7 34 (35)
3 0.5 2.5 acetone-dg 90 71 (71)
3 - 2.5 acetone-dg 65 1(2)
4 0.5 - acetone-dg 40 0(0)
5°¢ 0.5 2.5 acetone-dg 65 0(0)

a) Reaction conditions: 200 mM substrate 2 in 1 mL de-aerated acetone-ds. Sample irradiated in a sealed
NMR tube under an inert atmosphere at room temperature. b) Yields and conversions (in parentheses) were
determined by quantitative 'H-NMR analysis using dioxane as internal standard. c) No irradiation.
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2.3.3. Newman-Kwart rearrangement

Table S5. Optimization for Newman-Kwart rearrangement of substrate 3 with blue light.*

| DCA |
O__N S__N
o - JOJI
e additive e
solvent
3 440 nm 3-P
entry DCA / mol% solvent additive time / h conversion / % "
1 5 acetonitrile - 2 0
2 5 acetonitrile biphenyl (1 eq.) 2 8
o 2 15
3 5 acetonitrile naphthalene (1 eq.)
8 56
4 5 dichloromethane biphenyl (1 eq.) 1 0
biphenyl (1 eq.),
5 5 dichloromethane phenyl (1 eq.) 1 ~5°¢
TBAPFs (1 eq.)
6 5 dichloromethane  naphthalene (1 eq.) 2 0
. naphthalene (1 eq.)
7 5 dichloromethane 2 58
TBAPFs (1 eq.)
8 5 dichloromethane TBAPFs (1 eq.) 1 4

a) Reaction conditions: 50 mM substrate 3 in 1 mL non-deuterated de-aerated solvent. Sample de-aerated by
three freeze-pump-thaw cycles, irradiated with a 440 nm Kessil PR160 LED (40 W) and a 400 nm long-pass
filter between the lamp and the reaction flask under an inert atmosphere at room temperature. b) After
removal of the solvent the crude product mixture was analysed by '"H-NMR spectroscopy and the ratio
between remaining starting material and product determined as relative conversion. c) Overlap between
resonances of biphenyl and the product complicate the integration of product signals.
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Table S6. Optimization and control experiments for the Newman-Kwart rearrangement of 3 with red light.”

entry

1
2
3
4
5
6°

[Os(bpy)s](PFe)2/

mol%

1
1
1
1
1

DCA/

mol%

10
10
10
10

10

[Os(bpy)s]**
DCA S
-
~
additive O
dichloromethane-d,
635 nm
additive time / h
naphthalene (2 eq.), TBAPF¢ (1 eq.) 20
naphthalene (2 eq.) 40
TBAPFs (1 eq.) 60
naphthalene (2 eq.), TBAPF¢ (1 eq.) 40
naphthalene (2 eq.), TBAPFs (1 eq.) 40
naphthalene (2 eq.), TBAPFs (1 eq.) 65

yield (conv.) /

% b
10 (10)
0(0)
0(0)
0(0)
0(0)
0(0)

a) Reaction conditions: 50 mM substrate in 1 mL de-aerated dichloromethane-d,. Sample irradiated in a
sealed NMR tube under an inert atmosphere at room temperature. b) Yields and conversions (in parentheses)
were determined by quantitative 'H-NMR analysis using dioxane as internal standard. ¢) No irradiation.
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2.3.4. Ether-to-ester rearrangement

Table S7. Optimization for rearrangement of substrate 4 with blue light.”

(0]

O

4
DCA/
entry mol% solvent
1 5 acetonitrile
2 5 acetonitrile
3 5 dichloromethane
4 5 dichloromethane
5 5 dichloromethane
6 5 dichloromethane
7 5 dichloromethane
8 5 dichloromethane
9 5 dichloromethane

DCA o) /@
base OH

additive
solvent
440 nm
4-p
base, additive time/ h
CsCO3 (0.1 eq.) 1
Et;N (0.1 eq.) 1
Et;N (0.1 eq.) 1
EtsN (0.1 eq.), TBAPF¢ (1 eq.) 1
DBU (0.1 eq.), TBAPF¢ (1 eq.) 1
CsOAc (0.1 eq.), TBAPF¢ (1 eq.) 1
tMePy (0.1 eq.), TBAPFs (1 eq.) 1
0.5
tMePy (1 eq.), TBAPFs (1 eq.) .
0.5
tMePy (1 eq.) .

conversion / % °

98
61
11
73
65
98
39
72
98
59
97

a) Reaction conditions: 100 mM substrate 4 in 1 mL non-deuterated de-aerated solvent. Sample de-acrated
by three freeze-pump-thaw cycles, irradiated with a 440 nm Kessil PR160 LED (40 W) and a 400 nm long-
pass filter between the lamp and the reaction flask under an inert atmosphere at room temperature. b) After
removal of the solvent the crude product mixture was analysed by '"H-NMR spectroscopy and the ratio
between remaining starting material and product determined as relative conversion.
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a

Table S8. Optimization and control experiments for rearrangement of substrate 4 with red light.

Q [Os(bpy)s]** o
oL 2
>
0 e
base
H
additive 0
dichloromethane-d,

635 nm
4 4-p
[Os(bpy);](PFs)2/ DCA/
entry py% o base, additive time / h yield (conv.) / % "
mol% mol%
tMePy (1 eq.), TBAPF; (1
| 0.5 5 y(leq) o 20 24 (35)
eq.)
2 0.5 5 tMePy (1 eq.) 20 5(8)
3 0.5 5 TBAPF; (1 eq.) 20 0()
tMePy (1 eq.), TBAPF; (1
4 - 5 65 0 (0)
eq.)
tMePy (1 eq.), TBAPF; (1
5 0.5 - 65 0 (0)
eq.)
tMePy (1 eq.), TBAPFs (1
6 0.5 5 ’ 65 0(0)
eq.)

a) Reaction conditions: 100 mM substrate 4 in 1 mL de-aerated solvent. Sample irradiated in a sealed NMR
tube under an inert atmosphere at room temperature. b) Yields and conversions (in parentheses) were
determined by quantitative 'H-NMR analysis using dioxane as internal standard. ¢) No irradiation.

2.3.5. Reaction progress over time

Isomerisation of cis-stilbene (1) over time

The reaction progress for the isomerisation of cis-stilbene by direct excitation of DCA with 440 nm reveals a
fast reaction in acetonitrile and dichloromethane that is finished within one to three hours (Figure S1a and b).
In acetonitrile, essentially complete isomerisation is observed while in dichloromethane an equilibrium state
with ~85% trans-stilbene (1-P) and ~15% cis-stilbene (1) is found.'” With [Os(bpy)s;](PFs). as sensitizer in
the presence of DCA under 623 nm LED irradiation the reaction progress is much faster in dichloromethane
than in acetonitrile (Figure S1lc), most likely due to the higher upconversion quantum yield in the more
apolar solvent (see section 4.3.2). As expected, the reaction is faster with higher concentrations of sensitizer
under 635 nm cw laser irradiation (Figure S1d) and the change to the weaker 705 nm cw laser as light source

(see above for technical details) results in a comparably slow reaction progress (Figure Sle).
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Figure S1. Isomerisation of cis-stilbene (1) over time. Following the general procedure for NMR scale
reactions, the isomerisation of cis-stilbene (1, 100 mM) was investigated by direct excitation of DCA
(5 mol%) with 440 nm LED (40 W) in (a) acetonitrile-d; and (b) dichloromethane-d, (blue traces). For the
reaction starting with trans-stilbene (100% 1-P) und otherwise identical conditions the same equilibrium
state is found in dichloromethane-d> (green trace in b) as with cis-stilbene 1 (blue trace). The reaction
progress for the isomerisation in acetonitrile-ds and dichloromethane-d, for a solution containing
[Os(bpy)s](PFs)2 (1 mol%) and DCA (5 mol%) under collimated 623 nm LED light irradiation (min. 3.8 W)
with a 590 nm long-pass filter (Thorlabs) in the beam path is provided in (c). The influence of the
concentration of [Os(bpy)s](PFs), under 635 nm cw laser irradiation (~450 mW) in dichloromethane-d; is
illustrated in (d). The reaction progress over the first 3 hours under 705 nm cw laser irradiation (~45 mW)
for a solution containing [Os(bpy)3](PFs): (1 mol%) and DCA (5 mol%) is presented in (e). The amount of
trans-stilbene (1-P, determined by quantitative "H-NMR spectroscopy against dioxane as internal standard)
in the reaction mixture is reported as filled circles while the substrate conversion is given as empty circles in

the same colour (often overlapping with the filled circles).
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[2+2] Cycloaddition of vinylcarbazole (2) over time
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Figure S2. [2+2]-Cycloaddition over time. a) Following the general procedure for NMR scale reactions, the
isomerisation of vinylcarbazole (2, 200 mM) was investigated by direct excitation of DCA (2.5 mol%) in
acetone-ds under 440 nm LED irradiation. A 425 nm long-pass filter was placed between the lamp and the
sample. b) Reaction progress for the [2+2]-cycloaddition under collimated 635 nm cw-laser irradiation of a
solution containing [Os(bpy)s;](PFs)2 (0.5 mol%) and DCA (2.5 mol%) in acetone-ds as a function of time. In
all graphs the product yield (2-P, determined by quantitative 'H-NMR spectroscopy against dioxane as
internal standard) in the reaction mixture is represented by filled circles while the conversion of substrate 2 is

given as empty circles in the same colour as the yield (often overlapping with the filled circles).

Newman-Kwart rearrangement over time
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3-P/ %

635 nm laser

Figure S3. Newman-Kwart rearrangement over time. Following the general procedure for NMR scale
reactions, a solution containing substrate 3 (50 mM), [Os(bpy):](PF¢)> (1 mol%), DCA (10 mol%),
naphthalene (100 mM) and TBAPF¢ (50 mM) in dichloromethane-d, has been prepared and the product
formation under collimated 635 nm laser irradiation has been monitored over time. The product yield (3-P,
determined by quantitative 'H-NMR spectroscopy against dioxane as internal standard) in the reaction
mixture is reported as filled circles while the conversion of substrate 3 is given as empty circles in the same

colour as the yield (often overlapping with the filled cycles of the yield).
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Ether-to-ester rearrangement over time
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Figure S4. Ether-to-ester rearrangement over time. a) Following the general procedure for NMR scale
reactions, the isomerisation of substrate 4 (100 mM) was investigated by direct excitation of DCA (5 mol%)
in the presence of tMePy (100 mM) and TBAPFs (100 mM) in dichloromethane-d, under 440 nm LED
irradiation. b) The reaction progress for an identical solution as in (a), but with [Os(bpy)3](PFs)2 (0.5 mol%)
irradiated with a collimated 635 nm cw-laser has been monitored over time. The product yield (4-P,
determined by quantitative '"H-NMR spectroscopy against dioxane as internal standard) in the reaction

mixture is given as filled circles while the conversion of substrate 4 is given as empty circles.

S17



3.  Irradiation setup

The laser output of the red cw laser (635 nm),’ the high-power red LED (623 nm)® and the blue LED
(440 nm)'® have been reported recently. The setup with the red cw laser (635 nm) is given as Figure S5 and
the collimated red LED setup is given in Figure S6.

Figure S5. Irradiation setup for photoredox reactions with laser irradiation. 1: screw-capped or flame-sealed
NMR tube with reaction mixture under Argon; 2: stirred water bath for cooling of irradiated solution; 3: cw

laser (635 nm, up to 500 mW); 4: beam expander (used backwards) to reduce the size the laser beam.

Figure S6. Irradiation setup for photoredox reactions with collimated LED irradiation. 1: screw-capped or
flame-sealed NMR tube with reaction mixture under Argon; 2: stirred water bath for cooling of irradiated
solution; 3: high-power LED (623 nm, min. 3.8 W); 4: lens (Thorlabs, LB4592); 5: 590 nm long-pass filter
(Thorlabs).
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Figure S7. Emission spectrum of the 705 nm cw-laser used in this study.
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4. Optical spectroscopic measurements
4.1. Spectroscopic properties of [Os(bpy)s](PFs)2: and DCA
4.1.1. Photophysical characterisation in different solvents

All measurements were performed in de-aerated solvents at room temperature.
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Figure S8. UV-vis absorption and emission spectra of [Os(bpy)s](PFs). (top) and DCA (middle) in de-
aerated solvents (colour codes indicated in the respective figure parts). The emission lifetimes measured at
the respective emission band maximum for both compounds are presented in the bottom part. Low
temperature emission in frozen matrix ([Os(bpy);](PFs): in butyronitrile, DCA in 2-methyl-tetrahydrofuran)

is presented as insets. The main data is also summarized in Table S9.
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Table S9. Overview of photophysical properties of [Os(bpy)s](PF¢)2 and DCA at 20 °C in different solvents.

Aabs (€) /M Aem / E"/
catalyst solvent o/ %" dair/ Yo" To/ms R
10°M's"  nm eV
DCA acetonitrile 419 (11.2) 434 93 +1 - 14.9 2.91
acetone 423 (11.7) 434 95+1 - 14.4 2.90
dichloromethane 425 (12.1) 434 97 =1 - 12.6 2.89
o 480 (12.7)
[Os(bpy)s](PF¢)2 acetonitrile 741 1.1 £0.1 0.75 £0.03 60.5 1.80
635 (3.19)
480 (12.7)
acetone 749 1.0 £0.1 0.74 =£0.01 61.5 1.80
635 (3.20)
481 (13.2)
dichloromethane 720 2.7 £0.1 2.2 £0.1 94.1 1.81
635 (3.23)

a) Photoluminescence quantum yields of [Os(bpy)s](PFs). were determined relative to an aerated solution of
[Ru(bpy)s](PFs), in acetonitrile (¢ = 0.018)'®. Photoluminescence quantum yields of DCA were determined
relative to a de-aerated solution of 9,10-diphenylanthrancene in cyclohexane (¢ = 0.90)'°. b) The energies of
first singlet excited state (for DCA) and triplet excited state (for [Os(bpy)s]*") (E*°) were estimated based on
the energy at the intersection of the normalized emission and absorption spectra.

Absorption spectra, emission spectra, luminescence quantum yields, excited-state lifetimes and the energy of
the lowest excited singlet state of DCA are in agreement with prior studies.**

For [Os(bpy)s](PFs)2, the absorption spectra, excited-state lifetimes and the energy of the lowest triplet
excited state were similar to prior studies."**** Surprisingly, our detected emission shape does not perfectly
resemble the data known from literature, where no emission was detectable at 900 nm.”® As a consequence,
our measured quantum yields are somewhat higher than the values reported in literature (literature values
listed later in this paragraph). Two reasonable explanations for this behaviour are plausible. First of all,
literature-known quantum yields of [Os(bpy)s]*" are typically reported from emission spectra that do not
return to the baseline in the near-infrared region similar to our data.”?%* Therefore it is unsurprising that our
reported emission quantum yields differ from the (inconsistent) literature values (1.19 % in acetonitrile;*® 1.0
% in acetonitrile;*® 0.8 % in acetonitrile;”> 0.8 % in acetonitrile;?” 0.49 % in acetonitrile;” 0.5 % in
acetonitrile;’' 0.35 % in acetonitrile;** 1.4 % in dichloromethane;* 0.58 % in dichloromethane;** 0.9 % in
dichloroethane'; in many cases it is unclear whether aerated or dearated solvents). Secondly, our steady state

3435 and the emission

emission setup seems to have a poor instrument response towards the detector limit,
intensity is likely overestimated in this part of the spectrum. This hypothesis is in line with a slightly
different shape of the emission observed in the time-resolved spectra with pulsed lasers on our nanosecond

laser setup (see Figure S16a, blue trace) where the emission indeed returns to the baseline towards 850 nm.
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4.1.2. Cyclic voltammetry of catalysts

Cyclic voltammetry was performed with a saturated calomel electrode (SCE) as reference electrode, a glassy
carbon disk electrode as working electrode, and a silver wire as counter electrode. Measurements were
performed in dry de-aerated solvents with 0.1 M TBAPFs as an electrolyte. For oxidations or reductions with

irreversible peaks, a peak potential (at maximum current) is given instead of a half-wave potential.

Table S10. Oxidation and reduction potentials in different solvents vs SCE.

catalyst Ein,0x/ Vvs SCE Eip,rea /' Vvs SCE
acetonitrile dichloromethane acetonitrile dichloromethane
[Os(bpy)s](PFe)2 0.84 0.96 -1.27 -1.19
1.20° -1.46 -1.48
-1.78
DCA® 1.09° - -0.93° -1.01
-1.62

Conditions: Measurements in de-aerated solvent vs SCE in the presence of 0.1 M TBAPF. a) Irreversible
oxidation/reduction peak. b) These values have recently been published.’ All measurements are in line with

previous reports.?
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Figure S9. Cyclic voltammetry measurements of [Os(bpy)s](PF¢). with TBAPFs (0.1 M) as supporting
electrolyte in de-aerated acetonitrile (blue) and dichloromethane (red) vs SCE. Voltammograms recorded

with scan rate of 500 mV s in acetonitrile and 100 mV s in dichloromethane.
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Figure S10. Cyclic voltammetry measurement of DCA with TBAPFs (0.1 M) as supporting electrolyte in

de-aerated and dichloromethane vs SCE. Voltammogram recorded with scan rate of 100 mV s™".

4.1.3. Spectro-electrochemical study of oxidized and reduced species

Data for the spectro-electrochemical reduction DCA to DCA®™ in de-aerated acetonitrile has been published
recently.” The electrochemical oxidation of [Os(bpy);]*" indicates that all absorption bands in the visible
range are occuring as negative signal in the difference spectrum (Figure S11) and only between 300 and

350 nm a new positive band is detected.

1.0+

0.5

AA

0.0

-0.5

T T T T T |
300 400 500 600 700 800

A/nm
Figure S11. UV-Vis difference spectrum obtained upon electrochemical oxidation of [Os(bpy);](PFs). in de-
aerated acetonitrile with an applied potential of 1.0 V vs SCE in the presence of TBAPFs (0.1 M) as

supporting electrolyte. The UV-Vis spectrum without a potential applied served as baseline.

S23



4.1.4. Cyclic voltammetry of substrates

Table S11. Oxidation potentials of substrates and additives in acetonitrile vs SCE.

substrate / additive Ei2,0x/ Vvs SCE*
cis-stilbene (1) 1.64
trans-stilbene (1-P) 1.50
vinylcarbazole (2) 1.30
O-(4-methoxyphenyl)dimethylcarbamothioate (3) ~1.05
2-phenoxybenzoic acid (4) 1.92
2-phenoxybenzoate (4 ) 1.11
2.4.6-trimethylpyridine (tMePy) 2.25
1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) 1.24
naphthalene 1.72
biphenyl 1.95

Conditions: Measurements in de-aerated acetonitrile vs SCE with 0.1 M TBAPF; and a scan rate of 0.1 V s™'.

a) Irreversible oxidation peak.

The measured values for stilbenes (1 and 1-P)** substrates 3° and 4’7 as well as the additives DBU,*®

naphthalene,*” and biphenyl* are in line with previously reported values. The oxidation potentials of 4

(literature: 1.77 V vs SCE, here 1.11 V vs SCE) and 2 (literature: 0.94 V vs SCE, here 1.30 V vs SCE) are

different, and we tentatively attribute this to the different conditions (electrolyte, reference electrode) in the

respective measurements.
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Figure S12. Cyclic voltammetry measurements of substrates and additives determined with TBAPFs (0.1 M)

as supporting electrolyte in de-aerated acetonitrile vs SCE. Voltammogram recorded with scan rate of

100 mV s™'.
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4.2. Mechanistic investigation of sSTTA-UC

The solubility of DCA is very limited in polar solvents such as acetonitrile or acetone (~0.5 mM), and this
limits the obtainable data quality and complicates the spectroscopic analysis. Therefore, the variation
between different datasets is typically high and a good reproducibility of the datasets is less easily achieved
in polar solvents. For acetonitrile and acetone we assume an error of 10-20% on the spectroscopic
measurements (e.g. upconversion quantum Yyields, triplet-triplet annihilation constant and triplet state
lifetime), while for the investigations in dichloromethane the higher solubility (and consequent higher signal
intensity) provides a better quality of the datasets. Spectroscopic measurements are therefore expected to be

more accurate in this apolar solvent.

4.2.1. Overview
'd )

A s

31 "DCA
@\%CA “DCA @
635/nm

oL osll YY DCA ¥ Y Oy
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21 *0s]

Figure S13. Possible mechanistic pathway for red light driven photoredox catalysis via sensitized triplet-
triplet annihilation upconversion (sTTA-UC) with [Os(bpy):](PFs). (abbreviated as [Os]) and DCA followed
by reductive quenching of "DCA by the substrate. A description of the different elementary steps is
provided in Table S12.

Table S12. Summary of relevant data for STTA-UC in different solvents.?

step no. general description symbol acetonitrile acetone DCM
1 TTET from [Os(bpy)s]*" to DCA krrer 4-10° M s 4-10° M 1! 3-10° M 5!
2 triplet-triplet annihilation kr4 6.9-10°M' s 6.410°M"' s 6.7-10° M 5!
dsrrauc © 0.22 % 0.13 % 1.5%

1+2 sensitized TTA-UC quantum yield d
a Y dsrraue 0.10 % 0.15 % 1.4 %

electron transfer from a suitable . . .
: substrate S to "DCA fer ) _ ]
a) The same data is presented in the main manuscript as Table 1. b) The respective values for the
investigated reactions are presented in section 4.4-4.7. c) Excitation wavelength of 635 nm. d) Excitation

wavelength of 705 nm. Further details are provided in the individual subsections of this chapter.
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4.2.2. Triplet-triplet energy transfer from **[Os(bpy)s]** to DCA

Further information concerning step 1 (TTET) in Figure S13 is given here together with possible alternative

reaction pathways.

Oxidative quenching or energy transfer between * [Os(bpy);]*" and DCA

A comparison of the UV-vis absorption spectra of both catalysts (see in section 4.1) reveals that only the
metal complex has an absorption band in the red spectral range. After selective excitation of [Os(bpy)s]*",
two different possibilities for a thermodynamically feasible (exothermic) quenching of excited
[Os(bpy)s](PFs)> by DCA are in in principle conceivable. The first possibility is triplet-triplet energy transfer
(TTET) from *[Os(bpy):]*" (~1.8 eV, see Table S9) to populate the lowest triplet excited state of
dicyanonathracene (**DCA) with an energy of ~1.8 eV. *' The second possibility is photoinduced electron
transfer (PET) to form the oxidized metal complex and dicyanoanthracene radical anion (DCA®™ ). The
excited state oxidation potential for *‘[Os(bpy);]** can be estimated by “En(*[0s]*/[Os]’") =
Eox([Os]*/[0s]*") - Eoo(*'[Os]*) = 0.84 V vs SCE - 1.8 ¢V = -0.96 V vs SCE, and this is similar to the
ground state reduction potential of DCA (-0.93 V vs SCE in acetonitrile, section 4.1.2). Hence, both
clementary steps (TTET and PET) do not have a large driving force but are both in principle
thermodynamically viable. The respective two reaction types (TTET and PET) can be distinguished by

transient absorption spectroscopy.

Triplet-triplet energy transfer from * [Os(bpy):]>" to DCA

Transient absorption spectroscopy of 50 uM [Os(bpy):](PF¢). excited at 532 nm in the presence of 500 uM
DCA in de-aerated solvents (Figure S14 a: acetonitrile, b: acetone, c: dichloromethane) indicates a ground
state bleach caused by population of excited **[Os(bpy);]*" for a measurement with 10 ns delay after the laser
pulse (light traces in Figure S14, time integrated over 200 ns). The typical spectroscopic features of *'DCA
are visible with longer delay times of 10 us (dark traces in Figure S14, time integrated over 200 ns).
Furthermore, no spectroscopic signals of DCA®~ (with a maximum expected around 705 nm)*® or any
prolonged bleach caused by oxidized osmium complex (reference spectrum in Figure S11) are visible in any
of the investigated solvents. These measurements reveal that only triplet-triplet energy transfer and no
electron transfer is occurring between *'[Os(bpy)s;]*" and DCA. Detecting the change of transient absorption
traces with different time delays after the laser pulse, a deactivation of *'[Os(bpy)s;]** (bleach in Figure S15a)
and a simultaneous formation of **DCA (new positive spectroscopic features in Figure S15a) are detectable.
While this is visible on a timescale of several hundred nanoseconds and can be confirmed by the
corresponding kinetic traces (Figure S15¢) the formed **DCA decays on a microsecond timescale (Figure
S15b and d). This analysis of transient spectra with different time delays after the laser pulse further
confirms that no DCA®*~ is formed and no oxidative excited state quenching of the metal complex is

occurring.
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Even within these measurements at comparably low concentrations of DCA (500 uM) a clear filter effect
from the ground state absorption of DCA between 360 nm and ca 430 nm is detectable (marked in Figure
S15a+Db by vertical dotted lines). While at these concentrations of DCA its triplet state can clearly be
detected in all three investigated solvents (see Figure S14), this blocking of the light from the flash lamp of
the transient absorption setup is of course even more prominent at higher concentrations of DCA. While the
solubility in acetonitrile and acetone is limited, in more apolar solvents such as dichloromethane higher
concentrations of DCA are soluble.

Therefore, in dichloromethane changes upon different concentrations of DCA can more easily be
investigated than in acetone or acetonitrile. In fact, integration of the emission spectra over 200 us of a
solution containing [Os(bpy):](PFes). (50 uM) excited at 532 nm clearly provides an increasingly intense
emission of "DCA between 400 nm to 600 nm upon higher concentrations of DCA in dichloromethane
(Figure S16a). In line with more efficient quenching **[Os(bpy);]*" by DCA, for higher concentrations of
DCA the intensity of the prompt **[Os(bpy);]*" emission is furthermore decreasing (around 700 nm in Figure
S16a). Upon increasing concentration of DCA at concentrations in the millimolar range, the upconverted
emission of "DCA is detectable below ~440 nm as a negative signal in the transient absorption spectra (in
Figure S16b). DCA absorbs essentially all light of the flash lamp and therefore the very prominent negative
emission signal appears. Furthermore, upon increasing concentration of DCA this filter effect and emission
complicates the proper detection of **DCA at its maximum around 440 nm.*'** In fact, while the transient
absorption maxima around 735 nm and 810 nm increase upon increasing concentrations of DCA (exact
conditions given in Figure S16b) the maximum around 440 nm shifts towards 450 nm and decreases at the
same time, indicating a significant filter effect at these concentrations. This is also observable when the
kinetic traces at 450 nm and 810 nm are compared for a solution containing [Os(bpy)s]** excited at 532 nm
in the 2 mM DCA; while at 450 nm hardly any positive signal of *’'DCA is detectable, this is indeed the case
at 810 nm (Figure S16c). A detection of the emission at 707 nm on a sub-microsecond timescale reveals that
the emission at 707 nm (corresponding to prompt emission by *"[Os(bpy)s]*") decreases over time while the
emission around 450 nm is growing over time. This is in line with a sensitized triplet-triplet annihilation
upconversion mechanism. Focusing on the kinetic traces on longer timescales of a few hundred
microseconds, the **DCA signal (detected at 810 nm, Figure S16d) and the upconversion luminescence

intensity of "DCA (detected at 450 nm, Figure S16d), both increase in intensity with concentrations of DCA.
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Figure S14. Sensitized formation of *DCA. [Os(bpy);](PFs)2 (50 uM) in de-aerated solvent was excited at
532 nm and the transient absoprtion spectra recorded in the presence of DCA (500 uM) with time delays of
10 ns and 10 ps (both time-integrated over 200 ns). The individual spectra were recorded in acetonitrile
(red), acetone (green) and dichloromethane (blue), and in all cases mainly the ground state bleach of
[Os(bpy)s](PFe) is present when recording with a time delay of 10 ns after the laser pulse (along with the
emission signal around 650-850 nm). When using a delay time of 10 ps, the spectroscopic caracterisitics of

*DCA are detected.’

S29



jab)
~

mAOD

'50 | I | I [ I I
300 400 500 600 700 800
A/ nm

(=)
~

mAQOD

C) 0.2 - — 700 nm (em) d)
_ t=50.8ns

— 445 nm

. t=50.4ns

'0-4_| T T T T T T 1 T T T T L 1

0 200 400 600 800 0 20 40 60
time / ns time / us

Figure S15. Triplet state formation and decay of **DCA. [Os(bpy);](PFs)2 (50 uM) in de-aerated acetonitrile
was excited at 532 nm and the transient absorption spectra were recorded in the presence of DCA (500 uM)
with different time delays, time-integrated over 200 ns. **DCA formation visible in the transient absorption
traces over time (a) correlate to the signal growth monitored at 445 nm within the first 800 ns after the laser
pulse in comparison to the emission of [Os(bpy);]*" of the same solution (c). Decay of **DCA on a longer
time scale (d). In the transient absorption spectra the ground state absorption blocking the flashlight between

360 nm and ca. 430 nm is clearly visible in (a) and (b), as marked by dotted vertical lines.
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Figure S16. Upconverted emission, transient absoprtion spectra and kinetics with different concentrations of

DCA. [Os(bpy):](PF¢)2 (50 uM) in de-aerated dichloromethane was excited at 532 nm and the emission

spectra recorded in the absence and in the presence of different concentrations of DCA (colour code as

indicated in the figure) with no time delay after the laser pulses, time-integrated over 200 us (a). Transient

absoprtion spectra of the same solutions as described under (a) were measured with a delay of 1 ps after the

laser pulses, time-integrated for 200 ns (b). The inset presents a zoom of the spectral region featuring

positive signals, and the arrows indicate the change of the signals upon increasing concentration of DCA

(color code identical to (a). The kinetics of the transient absoprtion (top) and emission traces (bottom) for the

solution containing 2 mM DCA were measured at different wavelengths (c). The decay of **DCA at 810 nm

(top) as well as the emission intensity at 450 nm for the solutions described under (a) are presented in (d).
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Triplet-triplet energy transfer rate constants (krrer)

Further information concerning the rate constant of step 1 in Figure S13 is given here.

In acetone and acetonitrile as solvents, Stern-Volmer quenching experiments (Figure S17 and Figure S18) of
the emission of [Os(bpy)s](PFs): after excitation with a 532 nm laser resulted in quenching constants of
4-10* M s! (acetonitrile) and 4-10* M™' s (acetone). These bimolecular rate constants are about five times
lower than the diffusion limit in these solvents (1.9-10'°M™ s in acetonitrile and 2.1-10' M s in
acetone).’’ As already mentioned before, the low solubility of DCA in acetonitrile and acetone complicates
our optical spectroscopic measurements, and the krrer values might be not fully accurate. In both cases, at
higher concentrations DCA is not soluble anymore (0.5 - 1 mM) and the ratio of 1 to o does not change with
increasing amounts of DCA added. Therefore, these datapoints were omitted for the respective Stern-Volmer
analyses.

For dichloromethane, a Stern-Volmer analysis with higher concentrations of DCA is possible (Figure S19)
and a quenching constant of 3-10° M s is measured, but with much narrower distribution of individual data
points. Overall, a comparison of all investigated solvents indicates that the rate constant for the energy

transfer is not strongly dependent on the solvent in this case.
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Figure S17. Emission lifetime quenching of **[Os(bpy);](PFs): by DCA. [Os(bpy)s](PFs)> (50 uM) in de-
aerated acetonitrile was excited at 532 nm and the emission decay was monitored at 720 nm in the absence
(green) and in the presence of different concentrations of DCA (0.23, 0.40, 0.62, 0.97 mM). The Stern-
Volmer plot obtained from this data set and and the resulting quenching rate constant for a fit of all

datapoints up to 0.6 mM are given in the inset.
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Figure S18. Emission lifetime quenching of **[Os(bpy);](PFs)> by DCA. [Os(bpy)s](PFs)2 (50 uM) in de-

aerated acetone was excited at 532 nm and the emission decay was monitored at 720 nm in the absence

(green) and in the presence of different concentrations of DCA (0.15, 0.32, 0.52, 0.74, 0.98 mM). The Stern-

Volmer plot obtained from this data set and and the resulting quenching rate constant for a fit of all

datapoints up to 0.74 mM are given in the inset.
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Figure S19. Emission lifetime quenching of **[Os(bpy)s;](PFs): by DCA. [Os(bpy)s](PFs)> (50 uM) in de-

aerated dichloromethane was excited at 532 nm and the emission decay was monitored at 707 nm in the

absence (green) and in the presence of different concentrations of DCA (1, 2, 3, 4, 5 mM). The Stern-Volmer

plot obtained from this data set and and the resulting quenching rate constant are given in the inset.
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4.3. Triplet-triplet annihilation upconversion

4.3.1. Triplet-triplet annihilation rate constants

For the triplet state deactivation of DCA two concurrent pathways are possible.* Triplet-triplet annihilation
upconversion as a second-order decay pathway between two *"DCA molecules as well as the natural decay to
the ground state as a first order reaction pathway are viable and both dependent on the concentration of
*DCA. Using equations S1 and S2,'%'>4** the triplet-triplet annihilation constant (krra) and the natural
lifetime 7o (= 1/kr) can be calculated when the initial triplet concentration ([34],) is known. For DCA the
extinction coefficient is known at 440 nm (9000 M cm™),* and the corresponding concentration can be
calculated from the initial intensity at a delay time of O us at this wavelength. The measurements were

repeated with different laser excitation intensities and the obtained values were averaged.

_ DAo(1-B) (S1
exp(kr-t)-p
krra[34], (S2)

b= krra-[3Alotkr

In our measurements the excitation wavelength is 532 nm for these experiments (due to the limited light
intensity available at 635 nm on our setup). With more sophisticated setups also a determination by emission
measurements would be possible (yielding potentially more precise triplet-triplet annihilation rate

constants),'*!

nevertheless the method herein likely provides a reasonable estimation for the triplet-triplet
annihilation constant and the rate constant and natural lifetime of *’DCA in different solvents. While the
solubility limits the concentration of DCA in acetone and acetonitrile (as mentioned above), the achievable
ratio in these measurements is comparably high, and detection at the maximum of the *'DCA absorption
(440 nm) is possible.*” For the measurements in dichloromethane higher concentrations of DCA are
dissolvable, but filter effects (see Figure S22) prevent reliable detection at 440 nm. Consequently, the
extinction coefficient for the *DCA absorption signals at 735 nm and 810 nm were determined based on a
comparison between a sample containing [Os(bpy):](PFs). and either 0.5 mM or 2 mM of DCA. A
normalisation to 9000 M'cm™ at 440 nm and overlay between both spectra above 500 nm yielded
approximate values for the extinction coefficients at 735 nm (~3500 M cm™) and 810 nm (~4500 M cm™).
While the lower concentrated sample clearly has its maximum around 440 nm, with a higher concentration
of DCA a significant decrease of the signal intensity around 440 nm is visible (Figure S22). On the other
hand, the higher concentration of DCA results in a more efficient quenching of the osmium complex and
higher concentrations of **DCA are detectable, resulting in an increased signal intensity and better data
quality above 500 nm. Consequently, the determination of the natural lifetime and the triplet-triplet
annihilation rate constant in dichloromethane is feasible using 735 nm or 810 nm as detection wavelengths

(Figure S23).
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Figure S20. Power-dependent decay of **DCA in acetonitrile. [Os(bpy)s](PFs)2 (50 uM) in de-aerated
acetonitrile was excited at 532 nm in the presence of DCA (500 uM). Decay of transient absorption signals
corresponding to *DCA were monitored at 440 nm with different excitation pulse energies (as indicated in

inset) and the corresponding fitting curves are displayed as dashed black traces. The indiviual values for all

traces were averaged to obtain krra and To.
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Figure S21. Power-dependent decay of *'DCA in acetone. [Os(bpy)s](PFs)> (50 uM) in de-aerated acetone
was excited at 532 nm in the presence of DCA (500 uM). Decay of transient absorption signals of **DCA
were monitored at 440 nm with different excitation pulse energies (as indicated in inset) and the

corresponding fitting curves are displayed as dashed black traces. The indiviual values for all traces were

averaged to obtain krra and to.
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Figure S22. Molar absorption coefficients of *’DCA at different wavelengths. [Os(bpy);](PFe)2 (50 uM) was
excited at 532 nm in the presence of 0.5 mM (red) and 2 mM (blue) DCA and transient absoprtion spectra
were measured 1 us after the laser pulse (time-integrated for 200 ns). After that time delay only
spectroscopic signals corresponding to the *DCA are expectable. The trace recorded at a lower
concentration of DCA (red) was normalized to the known exctinction coefficient (9000 M cm™ at 440 nm)*
and the trace recorded at a higher concentration of DCA (blue) was scaled to the transient bands above
500 nm. Below 500 nm (dotted blue trace) a filter effect (and contributions from emission of "DCA) is
clearly visible for a DCA concentration of 2 mM (blue), while the spectral resolution is better above 500 nm

compared to the sample containing 0.5 mM DCA (red).
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Figure S23. Power-dependent decay of **DCA in dichloromethane. [Os(bpy)s](PFs)> (50 uM) in de-aerated
dichloromethane was excited at 532 nm in the presence of DCA (3 mM). Decay of transient signals of
DCA were monitored at 810 nm with different excitation pulse energies (as indicated in inset) and the
corresponding fitting curves are displayed as dashed black traces. The indiviual values for all traces were

averaged to obtain krra and to.
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4.3.2. Power dependence and upconversion quantum yield estimation

Upconversion quantum vield estimation

The upconversion quantum yield (¢stas-uc) for our system in different solvents was measured as relative
value in comparison to the prompt emission of [Os(bpy)s]*" in the respective solvent. Equation S3 is used to
calculate the relative quantum yield. The absorbance at the excitation wavelength (A), the integrated
emission (I) and the refractive index of the solvent 1 are needed for the upconversion system (denoted with
subscript UC) and the reference system (denoted with subscript Ref) under identical conditions. In our case a

sample of [Os(bpy)s]*" in the respective solvent without annihilator served as reference.

Ares  Iuc  Mpc (S3)

bsrra-ve = ¢Ref

The general experimental setup used for these measurements has been described earlier, incorporating a blue
(rather than red) cw laser.* The necessary attenuation of the prompt emission intensity by neutral density
filters (to avoid detector over-saturation) has been accounted for in our analysis. As it evident from the
spectroscopic datasets (Figure S24-Figure S29), the prompt emission of [Os(bpy)s;]*" tails into the near-
infrared spectral range and at the detector limit at 900 nm, the emission has not fully returned to the baseline.
To avoid a systematic error in our reference system caused by this detector limit, the photoluminescence
quantum yield of [Os(bpy);]*" was determined on the same instrument in all three solvents relative to
[Ru(bpy)s]** (Table S9). These photoluminescence quantum yield values were then used as references for
our upconversion quantum yield determinations. This method minimizes errors caused by the incomplete
emission detection caused by the detector cut-off around 900 nm.

In dichloromethane the lifetime and quantum yield of [Os(bpy)s]*" (see Table S9) as well as the solubility of
DCA is much higher than in acetonitrile and acetone, hence it is unsurprising that the upconversion quantum
yield (dstaa-uc) is significantly higher in dichloromethane (see also next paragraph). Nevertheless, a direct
comparison might be misleading due to the different concentrations of DCA used in the different solvents.
For the measurements with a 705 nm cw-laser light source, the prompt emission of *"[Os(bpy)s;]*" is not fully
detectable because it spectrally overlaps with the excitation wavelength. The integration of the reference
emission was therefore performed using a scaled emission trace of the full emission spectrum obtained by
excitation at a shorter wavelength (see Figure S8). In these datasets, the lowest excitation power density
(2.5 W - em?) is close to the determined threshold intensity (~1.65 W - cm™) and therefore a comparatively
high upconversion quantum yield is detectable even for the datapoints acquired at the lowest power densities

(Figure S25, Figure S27, Figure S29).
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Figure S24. Emission and upconversion quantum yield (¢dsrra-uc) of the [Os(bpy)s](PFs). (20 uM) and DCA
(500 uM) combination in de-aerated acetonitrile. The excitation power-dependent steady-state emission of
upconverted "DCA fluorescence (blue spectral range) as well as the prompt emission of a solution of
[Os(bpy)s](PFe): in the absence of annihilator as reference system (red spectral range) upon excitation at
705 nm with a continous-wave laser are displayed. The inset contains the calculated upconversion quantum

yield with respect to the power density of the excitation light source (see text for details).
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Figure S25. Emission and upconversion quantum yield (¢psrra-uc) of [Os(bpy)s:](PF¢)2 (50 uM) and DCA
(500 uM) in de-aerated acetonitrile. The excitation power-dependent steady-state emission of upconverted
"DCA fluorescence (blue spectral range) as well as the prompt emission of a solution of [Os(bpy);](PFs)2 in
the absence of annihilator as reference system (red spectral range) upon excitation at 705 nm with a
continous-wave laser are displayed. The inset contains the calculated upconversion quantum yield with

respect to the power density of the excitation light source (see text for details).
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Figure S26. Emission and upconversion quantum yield (¢psrra-uc) of [Os(bpy)s;](PFs). (20 uM) and DCA

(500 uM) in de-aerated acetome. The steady-state emission of upconverted "DCA fluorescence (blue

spectral range) as well as the prompt emission of a solution of [Os(bpy);](PF¢). in the absence of annihilator

as reference system (red spectral range) upon excitation at 635 nm with a continous-wave laser are

displayed. The inset contains the calculated upconversion quantum yield with respect to the power density of

the excitation light source (see text for details).
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Figure S27. Emission and upconversion quantum yield (¢psrra-uc) of [Os(bpy)s:](PF¢)2 (50 uM) and DCA

(500 uM) in de-aerated acetome. The excitation power-dependent steady-state emission of upconverted

"DCA fluorescence (blue spectral range) as well as the prompt emission of a solution of [Os(bpy);](PFs): in

the absence of annihilator as reference system (red spectral range) upon excitation at 705 nm with a

continous-wave laser are displayed. The inset contains the calculated upconversion quantum yield with

respect to the power density of the excitation light source (see text for details).
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Figure S28. Emission and upconversion quantum yield (¢psrra-uc) of [Os(bpy)s;](PFs). (20 uM) and DCA
(3 mM) in de-acrated dichloromethane. The excitation power-dependent steady-state emission of
upconverted "DCA fluorescence (blue spectral range) as well as the prompt emission of a solution of
[Os(bpy)s](PFe)2 in the absence of annihilator as reference system (red spectral range) upon excitation at 635
nm with a continous-wave laser are displayed. The inset contains the calculated upconversion quantum yield
with respect to the power density of the excitation light source (see text for details). The same dataset is also

presented in the main manuscript in Figure 2c.
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Figure S29. Emission and upconversion quantum yield (¢psrra-uc) of [Os(bpy)s;](PF¢)2 (20 uM) and DCA
(3 mM) in de-aerated dichloromethane. The excitation power-dependent steady-state emission of
upconverted '"DCA fluorescence (blue spectral range) as well as the prompt emission of a solution of
[Os(bpy)s](PFe). in the absence of annihilator as reference system (red spectral range) upon excitation at
705 nm with a continous-wave laser are displayed. The inset contains the calculated upconversion quantum

yield with respect to the power density of the excitation light source (see text for details).
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Quadratic power dependence

For small excitation power densities, a quadratic dependence of the upconverted emission of "DCA relative
to the excitation power density can be excepted.**® Since the measurements of the upconversion
luminescence quantum yields in the previous paragraphs do not contain enough datapoints with sufficiently
low excitation power densities, additional measurements in dichloromethane were performed to analyse this
aspect in more detail.

In Figure S30 different laser intensities between 0 and 60 mW were used to analyse the power dependence,
and the laser intensity was attenuated by neutral density filters. For the emission of [Os(bpy);]*" in the
absence of DCA (b), an essentially linear dependence on the excitation power is obtained (d, slope ~0.97),
while for the upconverted emission (a) indeed a quadratic dependence is found at low power densities (c,
slope ~2.06). The dataset in Figure S30c¢ is a non-logarithmic representation of the data presented in Figure
2¢ of the main manuscript, with a focus on low excitation densities. The emission spectra in Figure S30a

represent the original data for the respective figure in the main paper.

a) b)
1.0 -

£ 0.8 £

E 0.6 £

()] [0}]

E 0.4* g

9 0.2 9

0.0 ===
24 22 20 18

3 R
v/107em”
c d
) 0.20 ) 1.0
£ 015 £ 0.87
= X~2.DE = 0.6
€ 0.10- £ 07
o @ 0.4
B 0.05- ® 0.2-
0'00_"—|—|—|—|—|—|—|—|—|—|—|—|—|—|—| 0'0_||||||]||||||
0 5 10 15 0 10 20 30 40 50 60
P/ mw P/ mW

Figure S30. Power dependence of emission intensities. Steady state emission spectra of DCA (3 mM) upon
excitation of [Os(bpy)s](PFs)2 (50 uM) in de-aerated dichloromethane with variation of the irradiation power
of a 635 nm cw laser (a) and of an identical solution in the absence of DCA (b, as reference system,
monitoring the prompt emission of the osmium complex) were measured. The relation between the
excitation power of the laser and the integrated relative emission intensity of the upconverted emission of
"DCA (c) and the prompt emission of the osmium sensitizer (d) for the data from (a) and (b) is shown
together with the corresponding best power function fit results (fit function y(x) = a - x; fit curves in green
and blue). In (c), a focus to the powers up to 15 mW with a quadratic dependence is shown, while the full

dataset is presented in the main manuscript as Figure 2¢ (in a double logarithmic representation).
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Anti-Stokes shift, excimer emission and inner filter effects

For upconversion systems several different approaches to calculate the anti-Stokes shift have been used in
the literature.'***”*® Especially differences in the emission band maximum for the upconverted delayed
emission and the prompt annihilator emission obtained by direct excitation of a diluted solution can make a
difference for the actual value of the anti-Stokes shift. This effect becomes evident in the calculated anti-
Stokes shifts for different solvents (Table S13) based on the datasets presented in the previous section. In the
case of acetonitrile and acetone the solubility of DCA is low and the inner filter effect affects the emission
bandshape. Consequently, the emission maximum of the upconverted emission is at lower energy and the
calculated anti-Stokes shift is smaller for dichloromethane compared to the more polar solvents (e.g. 0.73 eV

vs 0.88 eV for excitation with a 635 nm cw laser, Table S13).

Table S13. Summary of anti-Stokes shift calculation with different light sources.

solvent Aex (E) / nm (eV) Aemmax (E£) / nm (eV) AE / eV*
o 635 (1.95) 438 (2.83) 0.88
acetonitrile
705 (1.76) 440 (2.82) 1.06
635 (1.95) 438 (2.83) 0.88
acetone
705 (1.76) 437 (2.84) 1.08
635 (1.95) 462 (2.68) 0.73
dichloromethane
705 (1.76) 462 (2.68) 0.92

Anti-Stokes shift estimates for the upconversion measurements presented earlier (Figure S24 — Figure S29).
a) The apparent pseudo anti-Stokes shift is calculated here as the difference between the excitation
wavelength and the band emission band maximum of the delayed upconverted fluorescence. Further

discussion is provided in the text.

Hanson, Castellano and co-workers recently distinguished between two different ways to define the

upconversion quantum yield. One the one hand, they considered the measured upconversion quantum yield (

®srra-uc, for the upconverted delayed fluorescence) and on the other hand they considered the so-called

generated upconversion quantum yield, which takes filter effects into account (®srra-uc.g).”

In our case, the actual photo-generated quantum yield for "DCA formation via upconversion would
furthermore be of interest, because this is in fact more relevant for the photoredox catalysis than the actual
upconversion luminescence quantum yield. A normalization of the upconverted emission spectrum obtained
with 635 nm cw-laser excitation (Figure S31, green trace, bottom) at 460 nm and a normalization of the
emission of ""DCA generated by direct excitation of a diluted solution of DCA (red trace) at the same
wavelength clearly shows the inner filter effect in the upconversion system. This is unsurprising due to the

increasing absorption below ~460 nm (especially caused by the ground state absorption of DCA, Figure S31,
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top), and under these conditions in dichloromethane ~35% of the generated emission below 460 nm cannot
be detected (value calculated based on emission traces normalized to their maximum around 460 nm, see
figure caption). Unfortunately a (weak) excimer emission is also detectable under upconversion conditions

3051 and the emission above ~500 nm has also contributions from excimer

(in line with a literature report)
emission.'** Based on the normalized emission at 460 nm, this additional excimer emission increases the
overall measured emission intensity by about ~25%. Due to the unknown contribution of the inner filter
effect and the excimer emission, the normalization at 460 nm at the peak maximum represents only a proxy,
and therefore a more accurate calculation of the generated upconversion quantum yield is not possible. In our
system, the overestimation of the upconversion quantum yield by integrating part of the excimer emission
and the neglection of the emission reabsorbed by the inner filter effect seem to have similar absolute

contributions.
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Figure S31. Excimer emission and inner filter effect. Bottom: '"DCA emission following direct excitation of
DCA (15 uM) at 385 nm and generated via sensitized triplet-triplet annihilation upconversion (20 uM
[Os(bpy)s](PFs)2, 3mM DCA) under cw laser excitation at 635 nm. For both measurements the solvent is
dichloromethane and the spectra are normalized to the (local) peak maximum around ~460 nm. Top: UV-vis
absorption spectrum of [Os(bpy)s](PFs)> (20 uM) in the absence (blue) and in the presence of DCA (3 mM)
in dichloromethane (green). For the measurement with annihilator present, the absorbance values at different

wavelengths are indicated.
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4.3.3. Limiting factors of upconversion quantum yield

Table S14. Summary of quantum yields of each step of sSTTA-UC in different solvents.*

dichloro-
symbol general description abbreviation acetonitrile acetone
methane
dstra-uc  measured upconversion
) sTTA-UC 0.22 % 0.13 % 1.5%
quantum yield *
uantum yield of triplet-triplet
$rrer - d g PP TTET 1% 11 % 46 %
energy transfer °
triplet-triplet annihilation
draa p p‘ TTA K e e
quantum yield °
drL fluorescence quantum yield of
i FL 93 % 95 % 97 %
"DCA ¢

a) Details provided in section 4.3.2. b) Details provided in the text below. ¢) These values were not

determined. d) Details provided in section 4.1.1.

In principle, the triplet-triplet annihilation upconversion quantum yield (¢uc,) should be the product of all
individual steps involved (equation S4). It has to emphasized that the abovementioned quantum yield of
draa—uc corresponds to experimentally determined values, while ¢puc,, represents the internal (generated)
quantum yield based on the calculated values for all individual steps (and without taking inner-filter effects

of the upconversion measurements into account, as discussed in the previous section).'**

¢Uc,g =f " drrer * brra PrL (S4)

In equation S4, f'is the spin-statistical factor, ¢drrer is the quantum yield for triplet-triplet energy transfer, ®

taa is the triplet-triplet annihilation quantum yield, and ¢ is the fluorescence quantum yield of the
annihilator. While the fluorescence quantum yield of '"DCA is almost equal in all three solvents (see Table
S9), differences in ¢ rrer and ¢ rasa depending on the solvent can result in a change of the overall

upconversion quantum yield.

_ krrer - [Q] S5
¢TTET - ¢ISC,OS — [Q] +kp ( )

For the determination of ¢rrer, the contribution of energy transfer (krrer - [Q]) to the overall deactivation of
the excited *"[Os(bpy);]*" is relevant (equation S5)."* This quantity can be calculated by taking into account

the quantum yield for the formation of the lowest triplet excited state of [Os(bpy)s;]** via intersystem crossing
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(dp1sc, os, Which is essentially unity for this compound).’”? The triplet-triplet energy transfer rate constants
determined in 4.3.1 and the natural lifetime (using kr = 1/10) provided in Table S9 are furthermore needed to
obtain ¢rrer."

For the determination of the triplet-triplet annihilation quantum yield ¢rra a new method was developed
recently by Albinsson and co-workers.'*!* In principle equation S6 with the triplet-triplet annihilation

constant and the natural lifetime of *DCA can be used to calculate the respective quantum yield.

krra-[*Al (S6)

2-krra-3Alstkr

¢TTA -

However, this equation requires knowledge of the steady-state concentration of **‘DCA (abbreviated as [*Als
in equation S6), and with our spectroscopic setup this value is not readily available. While the triplet-triplet
annihilation rate constant is determined by time-resolved transient absorption kinetic measurements with a
pulsed 532-nm laser, a determination of the steady-state triplet concentration would require a modulated cw
laser setup with the 635 nm laser used for all other upconversion measurements.'*'> Consequently, the
absolute *DCA concentration is not accessible to us.

Our rather simple analysis of different steps contributing to the overall quantum yield clearly indicates that
the limited solubility of DCA is a key factor. While possible small differences between acetone and
acetonitrile are not readily distinguishable (and the limiting solubility might introduce larger overall errors to
the determined absolute values), the higher solubility in dichloromethane clearly increases the quantum yield
of the triplet-triplet energy transfer as a main factor for the higher observable sensitized triplet-triplet

annihilation upconversion quantum yield.
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4.4. Mechanistic investigations of cis-trans isomerisation of stilbene
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Figure S32. Possible mechanism for red light driven photoredox catalysis with [Os(bpy)s](PFs). and DCA,

as in Figure 3 of the main manuscript, but here including the additional side reaction steps 1b, 2b and 4B.

Table S15. Summary of relevant data for STTA-UC for the isomerisation of cis- to trans-stilbene.”

step no.

1b
1b

2b

2b

3b
4
4B

description of step

TTET from [Os(bpy)s]*" to DCA

reductive quenching of [Os(bpy);]*" by 1
reductive quenching of [Os(bpy);]*" by 1-P

triplet-triplet annihilation between **DCA
reductive quenching of "DCA by 1

reductive quenching of "DCA by 1-P

electron transfer from 1to "DCA

electron transfer from 1-P to "DCA
recovery of DCA*™ by electron transfer

propagation pathway

ko/ M'-§

MeCN

4-10°

<10’
<10’

6.9:-10°

N/A®

N/A®

1.32-10"

ko/ M-
DCM

3-10°

6.8:10°
N/A®

N/A®

1.46-10"

1.54-10"

Figure

Figure S17
Figure S19
Figure S39
Figure S40
Figure S20
Figure S23
Figure S37
Figure S36
Figure S38
Figure S33
Figure S34
Figure S35

section 4.8.3

a) The determination of rate constants of steps 1 and 2 is discussed in the main manuscript and in section 4.2.

b) No Stern-Volmer analysis possible due to competing inherent first- and second order decay pathways.
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4.4.1. Quenching of DCA by stilbene

Reductive quenching of ''DCA by cis- and trans-stilbene

Further information concerning step 3 in Figure S32 is given here.

1.0 6
5

> T4
= 0.8 o 3
w B
% 2
'E 0.6 - 1 T T T T T 1
'_5 0 5 10 15 20 25
o [1]/ mM
-c_Nu 0.4
£ k=132 .10°M's"
S 0.2

0.0 —

60

|
80 100

time / ns

Figure S33. Singlet state quenching of DCA by cis-stilbene (1). DCA (10 uM) in de-acrated acetonitrile

was excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the

presence of different concentrations of cis-stilbene (5, 10, 15, 20 and 25 mM). The inset in the upper right

corner contains the resultin

g Stern-Volmer plot and the calculated quenching rate constant.
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Figure S34. Singlet state quenching of DCA by cis-stilbene (1). DCA (50 uM) in de-aerated

dichloromethane was excited at 405 nm. The emission decay was monitored at 435 nm in the absence

(green) and in the presence of different concentrations of cis-stilbene (5, 10, 15 and 25 mM). The inset in the

upper right corner contains

the resulting Stern-Volmer plot and the calculated quenching rate constant.
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Figure S35. Singlet state quenching of DCA by frans-stilbene (1-P). DCA (50 uM) in de-aerated
dichloromethane was excited at 405 nm. The emission decay was monitored at 435 nm in the absence
(green) and in the presence of different concentrations of trans-stilbene (5, 10, 15, 20 and 25 mM). The inset

in the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant.

Reductive quenching of SDCA by cis- and trans-stilbene

Further information concerning step 2b in Figure S32 is given here.

¥DCA can decay either via a first order deactivation to the ground state or via a second order triplet-triplet
annihilation upconversion process. Consequently, the **DCA decay is more complex than a typical
bimolecular quenching that can be analysed with a Stern-Volmer analysis. However, with natural lifetimes in
the microsecond timescale (e.g. 165 ps in dichloromethane, see section 4.3.1) any significant quenching of
*DCA by different substrates should be easily detectable, though exact quantification is not targeted here.
With respect to the essentially unchanged traces upon addition of cis- and trans-stilbene, reductive
quenching of *DCA is unlikely as alternative pathway to triplet-triplet annihilation upconversion (Figure

S36, Figure S37, Figure S38).
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Figure S36. Triplet state decay of DCA in the presence of trans-stilbene (1-P). [Os(bpy)s](PF¢)2 (50 uM) in
de-aerated acetonitrile was excited at 532 nm in the presence of DCA (500 uM). Decay of transient signals

of *'DCA were monitored at 440 nm in the absence (green) and in the presence of different concentrations of

trans-stilbene (10, 20, 30 mM).
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Figure S37. Triplet state decay of DCA in the presence of cis-stilbene (1). [Os(bpy)3](PFs)2 (50 uM) in de-
aerated dichloromethane was excited at 532 nm in the presence of DCA (2 mM). Decay of transient signals
of **DCA were monitored at 730 nm in the absence (green) and in the presence of different concentrations of

cis-stilbene (10, 20, 30, 40 mM).
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Figure S38. Triplet state decay of DCA in the presence of trans-stilbene (1-P). [Os(bpy)s](PF¢)2 (50 uM) in
de-aerated dichloromethane was excited at 532 nm in the presence of DCA (3 mM). Decay of transient
signals of *DCA were monitored at 810 nm in the absence (green) and in the presence of different
concentrations of trans-stilbene (10, 20, 30, 50, 100 mM).

4.4.2. Quenching of [Os(bpy)3](PFs): by stilbene

Further information concerning step 1b in Figure S32 is given here.

Reductive quenching of *'[Os(bpy);](PFe): by cis- and trans-stilbene
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Figure S39. Triplet state decay of [Os(bpy)s](PFs)> in the presence of cis-stilbene (1). [Os(bpy)s](PFe)2
(50 uM) in de-aerated acetonitrile was excited at 532 nm. The emission decay was monitored at 700 nm in
the absence (green) and in the presence of different concentrations of cis-stilbene (10, 20, 50 and 100 mM).
The inset in the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate

constant.
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Figure S40. Triplet state decay of [Os(bpy);](PFs). in the presence of trans-stilbene (1-P). [Os(bpy);](PFe)2
(50 uM) in de-aerated acetonitrile was excited at 532 nm. The emission decay was monitored at 700 nm in
the absence (green) and in the presence of different concentrations of trams-stilbene (10, 20, 50 and
100 mM). The inset in the upper right corner contains the resulting Stern-Volmer plot and the calculated

quenching rate constant.
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4.5. Mechanistic investigations of [2+2]-cycloaddition
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Figure S41. Possible mechanism for red light driven photoredox catalysis with [Os(bpy)s](PFs). and DCA,

as in Figure 4 of the main manuscript, but here including the additional side reaction steps 1b, 2b and 4B.

Table S16. Summary of relevant data for STTA-UC in acetone for the [2+2]-cycloaddition of substrate 2.*

step no. description of step ko! MC's" Figure
acetone

1 TTET from [Os(bpy)s]*" to DCA 4-10° Figure S18
1b reductive quenching of [Os(bpy);]*" by substrate 2 2.8-10’ Figure S44
2 triplet-triplet annihilation between **DCA 6.4-10° Figure S21
2b reductive quenching of '"DCA by substrate 2 N/A® Figure S43
3 electron transfer from substrate 2 to "DCA 2.1-10" Figure S42
3B trapping of radical intermediate by 2 - -

4 recovery of DCA by electron transfer from DCA®~ - -
4B propagation pathway - section 4.8.3

a) The determination of the rate constants for steps 1 and 2 is discussed in the main manuscript and in
section 4.2. b) No Stern-Volmer analysis possible due to competing inherent first- and second order decay

pathways.
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4.5.1. Quenching of DCA by vinylcarbazole (2)

Reductive quenching of ''DCA by vinylcarbazole (2)

Further information concerning step 3 in Figure S41 is given here.

1.0+
2 0.8- )
[72]
c
3
-_C% 0.6 1 2 3 4 5
o [2] / mM
N 0.4
£
10, -1 -1
= 21 -10°M" s
8 0.2
0.0 —
80 100

time / ns

Figure S42. Singlet state quenching of DCA by substrate 2. DCA (50 uM) in de-aerated acetone was excited
at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the presence of
different concentrations of substrate 2 (5, 10, 15, 20 and 25 mM). The inset in the upper right corner contains

the resulting Stern-Volmer plot and the calculated quenching rate constant.

Reductive quenching of *’DCA by vinylcarbazole (2)

Further information concerning step 2b in Figure S41 is given here.

As discussed in more detail in section 4.4.1, for the quenching of **DCA a Stern-Volmer analysis is not
readily possible, but a qualitative analysis is realistic. Given the decay of *’DCA with a lifetime in the
microsecond time range and the observation that this decay is essentially unchanged upon addition of
vinylcarbazole 2, reductive quenching of **DCA is unlikely as alternative pathway to triplet-triplet

annihilation upconversion.

S53



1.0

N 0.8 1
3
ko) 0-6_
]
N
® 0.4
S
@]
S 02

0.0

w

1
50 100 150
time / us

Figure S43. Triplet state decay of DCA in the presence of vinylcarbazole (2). [Os(bpy)s](PFe). (50 uM) in
de-aerated acetone was excited at 532 nm in the presence of DCA (500 uM). Decay of transient signals of

DCA were monitored at 440 nm in the absence (green) and in the presence of different concentrations of

vinylcarbazole 2 (25, 50, 75, 100, 150 mM).

4.5.2. Quenching of [Os(bpy)3](PFs): by vinylcarbazole (2)

Further information concerning step 1b in Figure S41 is given here.
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Figure S44. Triplet state decay of [Os(bpy)s](PFs): in the presence of substrate 2. [Os(bpy):;](PF¢)2 (50 uM)
in de-aerated acetone was excited at 532 nm. The emission decay was monitored at 720 nm in the absence
(green) and in the presence of different concentrations of substrate 2 (5, 10, 15, 20 and 25 mM). The inset in

the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant.
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4.6. Mechanistic investigations of Newman-Kwart rearranagement
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Figure S45. Possible mechanism for red light driven photoredox catalysis with [Os(bpy)s](PFs). and DCA,

as in Figure 5 of the main manuscript, but here including the additional side reaction steps 1b and 2b.

Table S17. Summary of relevant data for STTA-UC in acetonitrile and dichloromethane for the Newman-

Kwart rearrangement of substrate 3.*

step ko/ M'-s1 ko/ M-
description of step Figure
no. MeCN DCM

Figure S17

1 TTET from [Os(bpy)s]*" to DCA 4-10° 3-10° .

Figure S19
1b  reductive quenching of [Os(bpy)s]** by substrate 3 - 4.5-107 Figure S52
Ib  reductive quenching of [Os(bpy)s]** by naphthalene - <10’ Figure S53

Figure S20
2 triplet-triplet annihilation between > DCA 6.9-10° 6.8-10° .gu

Figure S23
2b  reductive quenching of ""DCA by substrate 3 N/AP® N/A® -

Figure S48
3 electron transfer from naphthalene to ""DCA 1.5-10" 1.1-10" .gu

Figure S49

i Figure S46
3b electron transfer from substrate 3 to "DCA 1.5-10" 1.0-10" )

Figure S47

. Figure S50
3b electron transfer from biphenyl to "DCA 1.9-10° <10* )

Figure S51
B electron transfer from naphthalene radical cation to ) i i

substrate 3
4 recovery of DCA by electron transfer from DCA®*~ - - -

a) The determination of rate constants of steps 1 and 2 is discussed in the main manuscript and in section 4.2.

b) No Stern-Volmer analysis possible due to competing inherent first- and second order decay pathways.
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4.6.1. Quenching of DCA by substrate 3 or redox mediator

Further information concerning step 3 in Figure S45 is given here.

Reductive quenching of ' 'DCA by substrate 3
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Figure S46. Singlet state quenching of DCA by substrate 3. DCA (50 uM) in de-aerated acetonitrile was
excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the presence
of different concentrations of substrate 3 (5, 10, 15 and 25 mM). The inset in the upper right corner contains

the resulting Stern-Volmer plot and the calculated quenching rate constant.

1.0 1.8
1.6 :
=
%" 0.8 - ;‘; 1.4
QCJ 1.2
£ 0561 T
D [3]/ mM
0.4
£
10, -1 -1
= k=1.0-10 M s
S 0.2
0.0 - | |
0 20 40 60 80 100
time / ns

Figure S47. Singlet state quenching of DCA by substrate 3. DCA (50 uM) in de-aerated dichloromethane
was excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the
presence of different concentrations of substrate 3 (1, 2, 3, 4 and 5 mM). The inset in the upper right corner

contains the resulting Stern-Volmer plot and the calculated quenching rate constant.
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Reductive quenching of 'DCA by redox mediator
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Figure S48. Singlet state quenching of DCA by naphthalene. DCA (15 uM) in de-aerated acetonitrile was

excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the presence

of different concentrations of naphthalene (2, 4, 6, 8 and 10 mM). The inset in the upper right corner

contains the resulting Stern-Volmer plot and the calculated quenching rate constant.
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Figure S49. Singlet state quenching of DCA by naphthalene. DCA (50 uM) in de-aerated dichloromethane

was excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the

presence of different concentrations of naphthalene (5, 10, 15, 20 and 25 mM). The inset in the upper right

corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant.
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Figure S50. Singlet state quenching of DCA by biphenyl. DCA (50 uM) in de-acrated acetonitrile was

excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the presence

of different concentrations of biphenyl (1, 2, 3, 4 and 5 mM). The inset in the upper right corner contains the

resulting Stern-Volmer plot and the calculated quenching rate constant.
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Figure S51. Singlet excited state decay of DCA in the presence of biphenyl. DCA (50 uM) in de-aerated

dichloromethane was excited at 405 nm. The emission decay was monitored at 435 nm in the absence

(green) and in the presence of different concentrations of biphenyl (5, 10, 15, 20 and 25 mM). The inset in

the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant.
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4.6.2. Quenching of [Os(bpy):](PFs): by substrate 3 or redox mediator

Further information concerning step 1b in Figure S45 is given here.

Reductive quenching of of 3'[Os(bpy);]*" by substrate 3
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Figure S52. Triplet state quenching of [Os(bpy)s](PFs). by substrate 3. [Os(bpy):](PFs)2 (50 uM) in de-
aerated dichloromethane was excited at 532 nm. The emission decay was monitored at 700 nm in the
absence (green) and in the presence of different concentrations of substrate 3 (5, 10, 15, 20 and 25 mM). The

inset in the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate

constant.

Reductive quenching of *"[Os(bpy);]>* by redox mediator
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Figure S53. Triplet excited state decay of [Os(bpy)s](PFs): in the presence of naphthalene. [Os(bpy)s;](PFs)2
(50 uM) in de-aerated dichloromethane was excited at 532 nm. The emission decay was monitored at
700 nm in the absence (green) and in the presence of different concentrations of naphthalene (5, 10, 15, 20,
25 and 50 mM). The inset in the upper right corner contains the resulting Stern-Volmer plot and the

calculated quenching rate constant.
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4.7. Mechanistic investigations of ether-to-ester rearranagement
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Figure S54. Possible mechanism for red light driven photoredox catalysis with [Os(bpy)s](PFs). and DCA,

as in Figure 6 of the main manuscript, but here including the additional side reaction steps 1b and 2b.

Table S18. Summary of relevant data for STTA-UC in dichloromethane for the ether-to-ester rearrangement

of substrate 4.2

ko !/ M!t-g!
step no. description of step Figure
dichloromethane
1 TTET from [Os(bpy)s]*" to DCA 3-10° Figure S19
' ) Figure S59
1b reductive quenching of [Os(bpy)s;]*" by substrate 4 . )

Figure S58
1b reductive quenching of [Os(bpy)s;]*" by substrate 4 7.2:10° Figure S60
2 triplet-triplet annihilation between **DCA 6.8:10° Figure S23
2b reductive quenching of '"DCA by substrate 4 N/A © -
2b reductive quenching of ""DCA by substrate 4 N/A © -

3 electron transfer from substrate 4 to ""DCA 5.0-10° Figure S53
3b electron transfer from substrate 4 to "DCA <10° Figure S56
3b electron transfer from tMePy to "DCA 1.0-10° Figure S57

4 recovery of DCA by electron transfer from DCA®~ - -
a) The determination of rate constants of steps 1 and 2 is discussed in the main manuscript and in section 4.2.
b) The anionic substrate and [Os(bpy)s;]*" result in concentration-independent quenching of the lifetime
(possibly as a result of aggregation), therefore no Stern-Volmer analysis was made. ¢) No Stern-Volmer

analysis possible due to competing inherent first- and second order decay pathways.
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4.7.1. Quenching of DCA by substrate 4 or 4

Further information concerning step 3 in Figure S54 is given here.

Reductive quenching of ''DCA by substrate 4, deprotonated substrate 4 or base
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Figure S55. Singlet state quenching of DCA by substrate 4. DCA (50 uM) in de-aerated dichloromethane

was excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the

presence of different concentrations of substrate 4~ (as TBA" salt, 1, 2, 3, 4 and 5 mM). The inset in the

upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant.
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Figure S56. Singlet state decay of DCA in the presence of substrate 4. DCA (50 uM) in de-aerated

dichloromethane was excited at 405 nm. The emission decay was monitored at 435 nm in the absence

(green) and in the presence of different concentrations of substrate 4 (1, 2, 3, 4, 5 and 50 mM). The inset in

the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant.
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Figure S57. Singlet state quenching of DCA by tMePy. DCA (50 uM) in de-aerated dichloromethane was

excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the presence

of different concentrations of tMePy (20, 40, 60, 80 and 100 mM). The inset in the upper right corner

contains the resulting Stern-Volmer plot and the calculated quenching rate constant.

4.7.2. Quenching of triplet-excited [Os(bpy)3](PFe)2 by substrate 4 or 4—

Further information concerning step 1b in Figure S54 is given here.
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Figure S58. Triplet state quenching of [Os(bpy);](PFe). by substrate 4. [Os(bpy)s](PFs)2 (50 uM) in de-

aerated dichloromethane was excited at 500 nm. The steady-state emission was monitored in the absence

(dark blue) and in the presence of substrate 4~ (5 mM, pale blue). Red traces illustrate the effect of adding

TBAPFs.
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Figure S59. Triplet state decay of [Os(bpy):](PFs): in the presence of substrate 4. [Os(bpy):;](PFe)2
(50 uM) in de-aerated dichloromethane was excited at 532 nm. The emission decay was monitored at
700 nm in the absence (green) and in the presence of different concentrations of substrate 4~ (1, 2, 5, 10, 15,
20 and 25 mM). The inset in the upper right corner contains the resulting Stern-Volmer plot. No quenching
constant was calculated, but the data suggest an essentially concentration-independent (static) quenching or a
counter-ion induced change in the natural lifetime of [Os(bpy)s]**. At higher concentrations (above 10 mM)
of substrate, a biexponential fit function was needed to account for a laser-limited (static) quenching
contribution (~6 ns). These observations might due to aggregation in solution, in line with steady-state

measurements in Figure S58 and observations for other metal complexes.’>
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Figure S60. Triplet state decay of [Os(bpy)s](PFs): in the presence of substrate 4. [Os(bpy):;](PF¢)2 (50 uM)
in de-aerated dichloromethane was excited at 532 nm. The emission decay was monitored at 700 nm in the
absence (green) and in the presence of different concentrations of substrate 4 (2, 5, 10, 15, 20 and 25 mM).

The inset in the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate

constant.
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4.8. Radical chain mechanism, salt effect and deactivation pathways

4.8.1. Exciplex formation
For excited state quenching of "DCA several examples of (emissive) exciplexes have been reported in the

literature.®>% The stabilisation of the excited state by exciplex formation and consequent emission at
longer wavelengths represents a possible unproductive deactivation pathway that does not lead to the desired
oxidative quenching of "DCA. Typically excimer formation is more likely in apolar solvents, in which the
radical ions formed upon electron transfer between individual excimer components are less well stabilized

than in polar solvents,’”":¢2
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Figure S61. Normalized steady-state emission spectra of "DCA in the absence and presence of different
compounds. DCA (20 uM) was excited at 400 nm in the presence of (a) 1 (50 mM), 1-P (50 mM) or
naphthalene (50 mM) in acetonitrile, (b) 1 (50 mM) or 1-P (50 mM) in dichloromethane, (c) 2 (50 mM) in
acetone, (d) naphthalene (50 mM) in dichloromethane or 4 (50 mM), tMePy (50 mM) or 4 and tMePy (each
50 mM) in dichloromethane. The emission spectra without additives is given as green trace in all parts (a-e).
Upconverted emission of [Os(bpy)s](PFs), (20 uM) excited with a 705 nm cw laser in the presence of DCA
(2 mM) and either 1, 1-P or naphthalene (50 mM in each case) was also detected in dichloromethane for all
cases that showed clear excimer emission bands by dircet excitation (see a-e). Towards 650 nm, the
ungenched emission of *'[Os(bpy)s]*" is marked with an asterisk. All emissions have been normalized to the

highest emission peak of '"DCA.

Indeed, excitation of DCA at 400 nm in acetonitrile resulted in essentially identical emission spectra in the

presence of substrate 1 and product 1-P after normalization to the emission maximum (Figure S61a) while in
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dichloromethane new excimer emission bands between 500 and 750 nm are visible (Figure S61b). In the
case of substrate 2 in acetone and for substrate 4 (deprotonated by tMePy as well as for its protonated form)
no excimer emission band was detected (Figure S61c and e). For naphthalene (which is the redox mediator
for the conversion of substrate 3) in dichloromethane a clear excimer emission band between 500 nm and
700 nm is detected.

Also under upconversion conditions, with [Os(bpy)s](PFs). (20 uM) excited at 705 nm with a cw laser in the
presence of DCA (2 mM) in dichloromethane and either 1 (50 mM), 1-P (50 mM) or naphthalene (50 mM)
added, excimer emission contributes to the emission spectra between 450 and 650 nm (Figure S61f).

These measurements indicate that for the isomerisation of cis-stilbene (1) exciplex formation (especially
with the product trans-stilbene 1-P) can lead to an alternative deactivation pathway. This is as well the case
for the naphthalene-mediated Newman-Kwart rearrangement of substrate 3. In line with these findings, a
(weak) emission upon cw laser irradiation was visible over the complete time of irradiation in the photoredox

catalysis experiments for these two reactions.

4.8.2. Salt effect of TBAPF

The presence of TBAPFs was found to be beneficial as additive for the light-driven reaction in

dichloromethane. For the Newman-Kwart rearrangement of substrate 3  (Table S5,
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Table S6) the addition of the salt was indispensable for productive reaction, while in its absence no reaction
was observed at all. The ether-to-ester rearrangement of substrate 4 (Table S7, Table S8) was markedly
faster in the presence of salt.

The lifetime of "DCA is on the same time scale as the pulse duration of the excitation laser pulse (~10 ns) in
our laser setup and the direct excited state decay of "DCA cannot be detected with this setup, but long-lived
intermediates resulting from quenching of "DCA can be readily monitored. As a representative reaction
partner, naphthalene was chosen as quencher, because this compound is known to give a comparatively high
cage escape yield for electron-transfer photoproducts (at least in acetonitrile ~0.58),% thereby possibly

allowing the direct detection of new spectroscopic signals in transient UV-vis spectroscopy.

Interestingly, the spectroscopic signals detected 200 ns after the excitation of DCA (25 uM) in
dichloromethane in the presence of 100 mM naphthalene significantly differ depending on the presence or
absence of TBAPF (Figure S62, middle). In the absence of the salt the spectroscopic features of **DCA are
clearly visible (with a new absorption band around 440 nm) while in the presence of TBAPFs the radical
anion (DCA®~ ) with absorption maxima around 640 nm and 705 nm is visible. Small spectroscopic
differences between the reference and the measured spectra are attributed to solvents effects, as the reference
spectra were recorded in acetonitrile. A similar analysis with other substrates (Table S19 under slightly
modified conditions) revealed that in polar solvents such as acetonitrile (for 1 and 1-P) and acetone (2) the
radical anion is readily detectable, while in dichloromethane this is not the case for any of the substrates in
the absence of TBAPFs as additive. Unfortunately, quantification is challenging, among other reasons due to
more complex isomerisation of substrate 1 (involving different intermediates in more apolar solvents such as

6465 compared to acetonitrile®"). Interestingly, for trans-stilbene 1-P (extinction coefficient

dichloromethane
of 69500 M cm™ at 472 nm)* a weak signal of the radical cation or dimer radical cation intermediate can
be detected in dichloromethane in the absence of salt. This observation implies that the resolution of our
measurement is in this case not high enough to detect the radical anion of DCA (extinction coefficient of
8400 M"' cm'at 705nm)”. This is in line with previous spectroscopic investigations in
dichloromethane.'™*>** A comparison to the bleach of [Ru(bpy);]*" at 455 nm indicates that the cage escape
yield of free ions is less than 10% in the absence of salt, based on the assumption that the spectroscopic
features of DCA® can be unambiguously identified for signal intensities above 5 mAOD (data summarized in
Table S19, spectroscopic data not shown). Due to the unknown spectroscopic features of most of the
investigated radical cations and possible alternative pathways (e.g. formation of **DCA) with additional
overlapping signals, quantification for all substrates is not straightforward and below the scope of this
investigation. Investigations of "DCA quenching imply that the cage escape yields to form solvent-separated

ions can differ significantly depending on the substrate.?**’
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Figure S62. Spectral differences in transient absorption spectra included by addition of TBAPFs. DCA
(25 uM) in de-aerated dichloromethane was excited at 435 nm in the presence of napthalene (100 mM).
Measurements occurred both in the presence as well as in the absence of 100 mM TBAPFs (middle panel)
and the transient absoprtion spectra were recorded with a time delay of 200 ns after the laser pulses, time-
integrated over 200 ns. The reference spectra of DCA®~ (top) and *DCA (bottom) in actonitrile are shown

for comparison. Both reference spectra were reproduced from the literaure.?

Overall, our measurements imply that there is a significant change in the reactivity for the excited state
quenching step of "DCA in dichloromethane depending on the exact conditions and the additive.
Investigations of different systems for the quenching of "DCA have previously shown that the addition of a
salt can facilitate the dissociation of radical ion pairs to solvent separated ion pairs.”®’? The formation of
DCA has been suggested in apolar solvents and can occur either via charge recombination pathway (from
contact ion pairs),*'*"**""" or intersystem crossing (e.g. from exciplexes between DCA and quencher).’*"*
Therefore it seems reasonable to conclude that the addition of TBAPFs supports the charge separation to

form solvent-separated ion pairs,'”**

which is the first step towards substrate activation in the mechanisms
proposed for our systems.

In principle also signals for the naphthalene radical cation should be detectable upon electron transfer to
"DCA, in addition to the clearly detectable DCA®~ in Figure S62. Unfortunately, the spectroscopic features
of the naphthalene radical cation are broad and comparably weak, with a absorption band maximum around
580 nm and an extinction coefficient of ~5000 M cm™.”> Weak naphthalene radical cation absorption is
presumably causing the slight spectroscopic differences between the reference spectra (Figure S62, top) of
DCA’~ and the spectra obtained by transient spectroscopy in the presence of TBAPF¢ (Figure S62, middle).

Subsequent formation of new transient intermediates (e.g. dimer cation of naphthalenes)” complicate the

identification of the bands caused by naphthalene-related species in this case.

S67



Table S19. "DCA quenching and radical anion detection under different conditions.

quencher solvent Additive DCA®~ detectable? * Dion
1 acetonitrile - yes 0.13 %
) - no <0.1
1 dichloromethane
TBAPF, yes -
1-P acetonitrile - yes 0.21 %
) - no ¢ <0.1
1P dichloromethane
TBAPF, yes -
2 acetone - yes -
- no ¢ <0.1
3 dichloromethane
TBAPF no° <0.1
- no ¢ <0.1°¢
naphthalene dichloromethane
TBAPFe yes -
4 dichloromethane TBAPFe no <0.1
- no <0.1
4 + tMePy dichloromethane
TBAPF no <0.1

a) The presence of DCA®~ was determined based on transient absorption spectrum recorded 200 ns after the
laser pulse (time integration 200 ns). Conditions: DCA (75 uM), quencher (75 mM), additive (75 mM) in
de-aerated solvent, excited at 437 nm. b) New values determined against [Ru(bpy);]*", further details are

provided in the text. ¢) Formation of **DCA detected. d) frans-Stilbene radical cation detectable. e) In

acetonitrile: ~0.58.%

4.8.3. Photochemical quantum yield estimation and radical chain mechanism

The photochemical quantum yield can give insights into the mechanism of a light-driven reaction and
provide insights about radical chain mechanisms.”® Especially for oxidative substrate activation, radical
chain mechanisms represent a viable reaction pathway and have to be considered.”’”” For the isomerisation
of cis- (1) to trans-stilbene (1-P) in acetonitrile, a radical chain mechanism has been reported earlier for high
concentrations of substrate under conditions with low light intensities, while in apolar solvents such as
benzene no propagation pathway was reported.” Furthermore, for the [2+2] cycloaddition reaction of
vinylcarbazole (2) a radical chain propagation has been found earlier in a reaction sensitized by fluorenone in

acetone under an Argon atmosphere (¢pc ~2.1).”

The photochemical quantum yield ¢pc is defined as the number of molecules formed divided by the number

of photons absorbed (equation S7).
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d) __ #product formed amount of product _ n (S7)
PC ™y photons absorbed - photon flux - time - fraction of absorbed light T PF-t - f
P Aex
pF=-L_=p. 2 (58)
Ejex h-c
f=1— 104 (S9)

The amount of product formed in the course of the light-driven reaction over a certain irradiation time is
calculated using the known concentration of starting material and the reaction volume to obtain the overall
amount of substance in solution. The amount of product (n) is then determined by quantitative NMR
measurements against dioxane as internal standard. For quantum yields above 1, a propagation pathway is
occurring, while for quantum yields (significantly) below 1 a radical chain mechanism is less likely.

The number of photons absorbed can be calculated from the known photon flux (PF, as photons per time)
multiplied with the irradiation time. In our case, a cw laser setup was used and the laser power (P, in W or
J/s) determined with a laser power meter was directly used together with the energy of the laser at the
excitation wavelength (Ejex) to calculate the photon flux per second (PF, equation S8). In combination with
the time of irradiation (t), the number of photons emitted by the cw laser can be calculated. Multiplication
with the fraction of absorbed light (f, equation S9), which is determined from the absorbance A at the
excitation wavelength, measured by UV-vis absorption of diluted solutions, results in the number of photons

absorbed by the photocatalyst.

Photochemical quantum vield for cis-trans isomerisation

The results for the photochemical quantum yield determination by direct excitation with a blue cw laser for
the isomerisation of cis- (1) to trans-stilbene (1-P) are summarized in Table S20 for different solvents. The
data for the light-driven reaction with red light in the presence of sensitizer are given in Table S21.

Our determined photochemical quantum yields (Table S20) for a solution of 0.1 M cis-stilbene in acetonitrile
with blue light irradiation are about one third of the reported literature value (¢pc ~0.32 at a concentration of
0.05 M cis-stilbene).” This result implies that at this concentration no propagation pathway is present, while
at higher concentrations of 0.3 M of stilbene a photochemical quantum yield of 2.7 was measured
previously. In general a correlation between high concentration and high photochemical quantum yields
(including a radical chain mechanism) have been proposed and one would therefore in principle expect a
higher quantum yield for the case of 0.1 M 1 in comparison to the measurement at 0.05 M.’ Furthermore, the
light intensity has been suggested to have an influence on the photochemical quantum yield, and at higher
light intensities lower quantum yields were determined for DCA,’ as well as for other sytems in which a
radical chain mechanism was operative.” The main differences between our measurements and those
reported in literature is probably the collimated and significantly more intense light source used in our
investigation. Therefore, the photochemical quantum yield was also calculated for the reaction with red light
irradiation in the presence of [Os(bpy)s]*". Unsurprisingly, the overall quantum yield (~0.015) was lower

than the value determined by direct excitation with blue light (~0.03), but a similar value as for the triplet-
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triplet annihilation upconversion quantum yield (~0.0148 in dichloromethane, see section 4.3.2) is obtained.
This would suggest that each "DCA populated results in a successful substrate turnover and subsequent
product formation. The findings that the charge separation quantum yield after excited-state quenching of
"DCA is below unity (particularly in the absence of TBAPFg, section 4.8.2) and that trans-stilbene 1-P is
also capable to quench the excited state (offering an alternative unproductive pathway with respect to
product formation) are remarkable. Even though the conditions used for spectroscopic measurements and the
light-driven reactions might not be perfectly comparable, these findings indicate that the hypothesis that
every "DCA formed under upconversion conditions indeed leads to productive substrate turnover is not very
plausible. Therefore, contributions to the product formation through a radical chain mechanism seems more
likely as explanation for the similar upconversion quantum yield and photochemical cis-trans isomerisation

quantum yield with red light.

Table S20. Summary of relevant data for the determination of the photochemical quantum yield for light-

driven isomerisation of 1 with 405 nm cw laser irradiation.

A4osn PF/ absorbed product /

solvent a f P/ mW umols” t/s photons / jimol umol drc
90 ~105 ~14 ~0.13
MeCN 0.62 0.76 453 1.53
180 ~210 ~23 ~0.11
180 ~275 ~8 ~0.03
DCM >3 ~1 452 1.53
360 ~550 ~14 ~0.03

Conditions: cis-stilbene (1, 100 mM), DCA (5 mol%), 405 nm cw laser irradiation. a) Absorbance in the
NMR tube estimated based on the measured absorbance from diluted solutions taking the dilution factor and

the smaller path length in the NMR tube into account.

Table S21. Summary of relevant data for the determination of the photochemical quantum yield for light-

driven isomerisation of 1 in the presence of osmium sensitizer with 635 nm cw laser irradiation.

PF/ absorbed product /

2+ a
[Os(bpy)s] Ag3som f P/ mW pmol-s™ t/s photons / mol wmol drc

900 ~1800 ~14 ~0.015

1 mol% 1.28 0.95 400 2.12
1800 ~3600 ~23 ~0.013
900 ~490 ~4 ~0.017

0.1 mol% 0.128 0.255 400 2.12
1800 ~980 ~9 ~0.019

Conditions: cis-stilbene (1, 100 mM), [Os(bpy):](PFs)., DCA (5 mol%), 635 nm cw laser irradiation in
dichloromethane-d; (0.6 mL). a) Calculated quantum yield multiplied with a factor of two to account for the

need of two photons per catalytic turnover.

Photochemical quantum vield for [2+2]-cycloaddition
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The results for the photochemical quantum yield determination by direct excitation for the cycloaddition of
substrate 2 are summarized in Table S22. In this case a 447 nm cw laser instead of the 405 nm cw laser was
used to account for the background reactivity observed without 425 nm long-pass filter (see Table S3). The
data for the red light-driven reaction in the presence of osmium sensitizer are given in Table S23.

A similar analysis as in the previous subsection for the cis-frans isomerisation is also possible in this case;
the photochemical quantum yield (~0.18) determined by direct blue light excitation is below unity and
deviates substantially from the literature value of 2.1.” A comparison of ¢pc under conditions with red light
irradiation (Table S23) results again in a smaller absolute quantum yield of ~0.0017. As in the previous
example discussed above, this is on the same order of magnitude as the upconversion quantum yield in
acetone (~0.0013). Therefore, with the same arguments discussed above are applicable, and contributions
from a radical chain mechanism seem plausible for this reaction under red light irradiation despite the low

apparent photochemical quantum yield.

Table S22. Summary of relevant data for the determination of the photochemical quantum yield for light-

driven isomerisation of 2 with 447 nm cw laser irradiation.

absorbed photons / product /

A4:7nm f P/ mW PF/ },l,nl()l's-1 t/s b ¢PC
pumol pmol
90 -84 ~15 ~0.18
0.30 0.5 501 1.87
180 ~168 24 ~0.14

Conditions: substrate 2 (200 mM), DCA (2.5 mol%), 447 nm cw laser irradiation in acetone-ds (0.6 mL). a)
Absorbance in the NMR tube estimated based on the measured absorbance from diluted solutions taking the
dilution factor and the shorter path length in the NMR tube into account. b) Concentration divided by 2 to

account for the need of one photon and two molecules of substrate to form one equivalent of product.

Table S23. Summary of relevant data for the determination of the photochemical quantum yield for light-

driven isomerisation of 2 in the presence of sensitizer with 635 nm cw laser irradiation.

absorbed photons / product /

-1
Agsim P/mw  PF/pmols™ ¢/ dpc®
pmol pmol
3600 ~7230 ~6 ~0.0017
1.28 0.95 400 2.121
7200 ~14460 ~10 ~0.0014

Conditions: substrate 2 (200 mM), [Os(bpy):](PFs). (0.5 mol%), DCA (2.5 mol%), 635 nm cw laser
irradiation. a) Calculated quantum yield multiplied by a factor of two to account for the need of two photons

per catalytic turnover.

4.8.4. Deactivation via electron transfer cascade pathway
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For the isomerisation of substrate 1 and the dimerization of substrate 2 contributions from a radical chain
mechanism are plausible (see section 4.8.3). The slow reaction progress for the rearrangements of substrate 3
and 4, requiring irradiation times of several days under red light irradiation, seemed curious in comparison to
the reasonably fast conversions observed for the same reactions under blue light irradiation (section 2.3.3
and 2.3.4). Salt effects or low cage escape yields might explain to some extent the need for long reaction
times, but these two effects should be comparable under red and blue light irradiation. Recently, we were
able to obtain mechanistic insights into the elementary steps after triplet-triplet annihilation upconversion
using time-resolved laser spectroscopy,'® and this might also provide useful insights in the present cases
here, although the lower upconversion quantum yields and the lower cage escape yields in the present system

might complicate the detection of transient intermediates.

a) no quencher b) 100 mM naphthalene e) 10
; ; 5
= R 100 IS 2
=154 ) —soom = 154 o loom g o S0
g 10 - ; ": qu 10 — s -5 —— no quencher
) —_ i > 1 —  Sps -10 —— 50 mM naphthalene
10ps — 10us
E o5 E os "’ g 3
o ] P 0
c c == = <]
0.0 | S —— .0t — 4 -5 ‘ I
400 600 800 400 600 800 -10 | [ ‘ ‘: : [Os(bpy)sT**
A/nm A/nm 5 0+ ; i it |
c) 40 10 d) 40 10 E ’_\_'\|/‘ I I
— 20::: — 20&55 ] -1 [ : '
o 20 — SOus — 50us < ] [ | '
% g SN P /\f\/l\_/UA._
£ ]
20— 20 g ol L =
400 500 600 700 800 400 500 600 700 80 400 500 600 700 800
A/nm A/nm A/nm
f) 60+ 9 204 h) 20+
] 810 154 480 |
a 40 — no :Tencher o 104 — no :Tencher 8 10 480 nm
9] 20; —— 100 mM naphthalene g —— 100 mM naphthalene < 4
S ] = g* <E] 0-
0 ,
h T T T T -5- T T T -10- T T T T
0 20 40 60 80 0 100 200 300 0 100 200 300
time / us time / us time / us

Figure S63. Time-resolved spectroscopy for upconversion system with and without naphthalene (called
“quencher”) present. [Os(bpy)s](PFs): (50 uM) in dicholoromethane was excited at 532 nm in the presence
DCA (5 mM) and TBAPFs (100 mM) and the emission spectra (a) and transient absorption spectra (c) were
recorded with different time delays after the laser pulse (as indicated in the figure, all time-integrated over
200 ns). Measurements under identical conditions in the presence of naphthalene (100 mM) are presented in
(b) and (d). A comparison of the transient absorption spectra with a time-delay of 50 us after the laser pulse
in the presence (red) and absence (blue) of napthalene as well as the substraction of these two waves (green)
together with the spectroelectrochemically generated [Os(bpy)s]*" (purple) and electrochemcially generated
DCA®~ (black) is given in (e). In the lowest panels, the kinetic traces at 810 nm (f) and 480 nm (g) for the

solutions described above in the presence (red) and absence (blue) of naphthalene are displayed together
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with the difference-of-difference trace for the signal over time at 480 nm (h). A mathematical smoothing

function was applied to enhance the quality of the data presented in (f) and (g).

As a representative model system, we investigated the DCA excited state quenching by naphthalene under
triplet-triplet annihilation upconversion conditions. Investigation of the effect of the presence of naphthalene
on our upconversion system consisting of [Os(bpy)s](PFs)> (50 uM), DCA (5 mM) and TBAPFs (100 mM)
in dicholoromethane was measured under pulsed 532 nm laser excitation (Figure S63). As expeced, a
delayed emission of "DCA was observed in the absence of naphthalene (Figure S63a) while in the presence
of naphthalene (100 mM) most of the upconverted emission of "DCA was completely quenched and mainly
the (weaker) excimer emission was detected between 450 and 650 nm (Figure S63b). At short delay times of
100 ns unquenched prompt emission of *[Os(bpy);]*" is still detected in the presence and absence of
naphthalene (see a and b). The transient absorption spectra recorded with different time delays after the laser
pulse clearly show very dominant spectral features of >’ DCA with maxima around ~440-450 nm, 735 nm and
810 nm, irrespective of whether naphthalene is added or not (Figure S63c and d). As expectable for an
additional elementary step following triplet-triplet annihilation upconversion, some differences become
observable with longer delay times after the laser pulse, but the most prominent difference is a negative band
with a maximum around 480 nm (Figure S63d, brown trace with a time-delay of 50 us) that is not detected in
the absence of naphthalene. In principle, spectroscopic features of DCA®*™ and oxidized naphthalene radical
cation would be expected as positive new signals, while a negative signal indicates a ground state bleach or
an (intense) emission band in that spectral range. Emission might in principle serve as an explanation here
(with signals between 400 nm and 600 nm) and is indeed detectable in the absence of naphthalene (negative
signal around 440 nm in Figure S63c). However, the emission intensity is rather low in the presence of
naphthalene (this can be rationalized by the fact that almost all emission is quenched by naphthalene, as
concluded above). An alternative explanation for the observable negative signal would be a ground state
bleach, and indeed, the difference-of-difference spectrum obtained with a time delay of 50 ps resembles very
well the shape obtained for the Os(IIl) complex (obtained by electrochemical oxidation, purple trace in
Figure S63e). Furthermore, the comparison of the kinetic traces at 810 nm (Figure S63f), where only
contributions from **DCA are present, and at 480 nm (Figure S63g), where *DCA and [Os(bpy)s]**
contribute to the overall signal, clearly shows that naphthalene addition makes a difference only at the latter
wavelength. The subtraction of both traces at 480 nm (Figure S63h) indicates that [Os(bpy)s]*" is present
over several hundred microseconds. The more positive signal at 480 nm over the first ~10 us after the laser
pulse in the difference-of-difference trace is attributed to a decreased signal intensity in the absence of
naphthalene, caused by the more intense upconverted emission contributing to the overal signal in
comparison to the trace in the presence of naphthalene where the upconverted emission is quenched. The
absence of any band corresponding to the naphthalene radical cation and the formation of [Os(bpy):]*
within the first 50 pus after the laser pulse clearly indicates that an electron transfer cascade to yield

[Os(bpy)s]*” is a fast but unwanted deactivation pathway. Overall, the insights gained within this
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spectroscopic investigation of the full triplet-triplet annihilation upconversion system in the presence of
naphthalene point out that measurements of the system as a whole can provide a better understanding of
(desired and undesired) reactions than seperate measurements of the individual steps.

While the bleach in Figure S63e can be unambiguosly attributed to [Os(bpy)s]** (as discussed above), the
signal intensity of DCA®™ is weak. A possible reason for this might be the overall low signal intensity and
better spectral resolution around 500 nm in comparison to 700 nm, rendering the detection of the radical
anion more difficult. Analogous investigations in acetonitrile or acetone (in which the upconversion quantum

yields are much lower) have not been performed.

4.8.5. Catalyst stability under long-term irradiation

For some of the reactions investigated herein, very long irradiation times are required (14 days for substrate
3, 140 hours for substrate 4). Consequently, the stability of the catalytic system comprised of
[Os(bpy);](PFs). and DCA was probed by 'H-NMR spectroscopy following long-term irradiation
(Figure S64).

Due to the low concentration of [Os(bpy):](PFs)> (1 mol%), its proton resonances are weak compared to
those of the other reaction components, yet the data in Figure S64 clearly shows that substantial portions of
both [Os(bpy)s]*" (green boxes in Figure S64) and the DCA annihilator remain intact (blue box in Figure
S64), although some degradation of DCA seems to have occurred. Overall, this analysis indicates that our
catalyst combination is largely stable over up to 14 days and sTTA-UC seems plausible even under long-

term irradiation.
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Figure S64. Extract of the '"H-NMR spectra monitoring the Newman-Kwart rearrangement of substrate 3
under 635 nm cw-laser irradiation, shown together with reference spectra of [Os(bpy);](PFs). and DCA in
dichloromethane-d,. Reaction conditions for the light-driven reaction: 50 mM 3, 1 mol% [Os(bpy)s](PF)2,
10 mol% DCA, naphthalene (2 eq.) and TBAPFs (1 eq.) in dichloromethane-d,. IS = internal standard (1,4-
dioxane). Key proton resonances present in the reference as well as in the reaction mixture before and after

irradiation are highlighted in green ([Os(bpy)s;]*") and blue (DCA). Grey framed parts indicate zones, in

which proton resonances originating from different reaction components overlap with one another.
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5. NMR data
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Figure S65. 'H-NMR spectra monitoring isomerisation of substrate 1 over time using 635 nm cw-laser
irradiation. Reaction conditions: 50 mM 1, 0.1 mol% [Os(bpy);](PFs): and 5 mol% DCA in

dichloromethane-d,. IS = internal standard (1,4-dioxane).
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Figure S66. 'H-NMR spectra monitoring cycloaddition of substrate 2 over time using 635 nm cw-laser
irradiation. Reaction conditions: 200 mM 2, 0.5 mol% [Os(bpy)3](PFe)2 and 2.5 mol% DCA in acetone-ds. IS

= internal standard (1,4-dioxane).
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Figure S67. 'H-NMR spectra monitoring Newman-Kwart rearrangement of substrate 3 over time using
635 nm cw-laser irradiation. Reaction conditions: 50 mM 3, 1 mol% [Os(bpy)s](PFs)2, 10 mol% DCA,
naphthalene (2 eq.) and TBAPFs (1 eq.) in dichloromethane-d.. IS = internal standard (1,4-dioxane).

t=0n ”6‘\
ol
. //\\/ \\\
b I IS

L0 \
” il
} .uj l _\_}t ) :.mljl | | 11

T T
10 9

T T T T T
6 5 4 2 1 0
f1 (ppm)

82 80 78 76 74 72 70 68 6638 36 3.4{1 ?ﬁ%m)B-O 24 22 20 18 16 14 12 10 08 06 0.

Figure S68. 'H-NMR spectra monitoring isomerisation of substrate 4 over time using 635 nm cw-laser
irradiation. Reaction conditions: 100 mM 4, 0.5 mol% [Os(bpy)3](PFe)2, 5 mol% DCA, TBAPFs (1 eq.) and
2,4,6-trimethylpyridine (1 eq.) in dichloromethane-d,. IS = internal standard (1,4-dioxane).
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