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Abstract: The combination of nickel- and photocatalysis has unlocked a variety of cross
couplings. These protocols rely on a few photocatalysts that can only convert a small portion
of visible light (<500 nm) into chemical energy. Many dyes that absorb a much broader
spectrum of light are not applicable due to their short-lived excited states. Here we describe a
self-assembling catalyst system that overcomes this limitation. The modular approach combines
nickel catalysis with dye-sensitized titanium dioxide and can be used to catalyze various bond

formations.



The combination of photo- and nickel catalysis (metallaphotocatalysis) has emerged as
a powerful strategy for carbon—carbon and carbon—heteroatom cross couplings (Fig. 1A) (1-3).
Key to the success are redox or photosensitization events between a nickel- and a photocatalyst
(PC). Applicable PCs are iridium and ruthenium polypyridyl complexes (2), or carbazolyl
dicyanobenzenes (4), with tailored redox potentials or triplet energies, and long-lived excited
states (Fig. 1B). These PCs are limited to short excitation wavelengths that can cause unwanted
side-reactions (5). These could be avoided in a metallaphotocatalytic system that harvests
longer wavelengths. Current approaches towards photocatalysis with low photon energies
require complex catalytic cocktails that enable photon upconversion (6), osmium complexes as
PCs (7), or multi-photon excitation processes (5).

The use of abundant dyes that absorb broadly across the visible-light spectrum is highly
desirable. The redox potentials and triplet energies of many commodity chemicals, such as
fluorescein, rose bengal, or coumarins are in theory suitable for metallaphotocatalysis (8), but
their short excited state lifetime render a diffusion-limited interaction with a nickel catalyst in
a homogeneous solution unlikely (Fig. 1B). These dyes are, however, able to sensitize metal
oxide semiconductors, such as TiOz, in dye-sensitized solar cells (DSSCs) (9), or dye-sensitized
photocatalysts (DSPs) for light-driven Hz production (10). The carboxylic acid groups of the
dyes bind to the surface hydroxyl groups of TiO2. This facilitates electron injection into the
conduction band of the semiconductor upon photoexcitation. This results in a charge-separated
species that is sustained for several microseconds (11).

We wondered whether immobilization of a suitable nickel complex on dye-sensitized
TiO, accesses a bifunctional material that serves as metallaphotocatalyst (Fig. 1 C). We
hypothesized that such a system overcomes limitations related to short excited state lifetimes
and diffusion-controlled energy or single electron transfer events due to the close spatial
proximity between the PC and the nickel catalyst. The proposed, modular design of dye-
sensitized metallaphotocatalysts (DSMPs) allows selecting dyes/wavelengths and nickel

complexes depending on the respective application.
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Fig. 1. Working hypothesis towards a modular, heterogeneous metallaphotocatalyst.
Cross-coupling reactions using homogeneous metallaphotocatalysis (A). Onset of absorption
of photocatalysts. The suitability for homogeneous metallaphotocatalysis depends on excited
state lifetime (B). Dye-sensitized metallaphotocatalysts (DSMP) are proposed to overcome

excited state lifetime limitations (C).



Our investigations started with the O-arylation of carboxylic acids that was reported
using the PC Ir(ppy)s (ppy = 2-phenylpyridine) and a nickel bipyridine complex. The cross-
coupling proceeds via an energy transfer (EnT) mechanism (12), and is feasible using
semiconductors that absorb blue light (13, 14), but does not work using simple organic dyes
(4). We first tested if anchoring of a nickel complex on TiO2 P25 results i) in an active,
heterogeneous metallaphotocatalyst, and ii) improves the reaction yield due to permanent
spatial proximity of the PC and the nickel catalyst using near-UV light. A ligand equipped with
carboxylic acid groups (dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid) indeed gave a higher
yield of the C-O cross coupling product 1 than a ligand that lacks functionalities capable of
binding to the semiconductor’s surface (dtbbpy = 4,4'-di-tert-butyl-2,2’-dipyridyl) (Fig. 2A).
Next, dyes that contain a suitable anchoring group were studied as sensitizers using green light
(525 nm). Fluorescein sodium (NaFluo) showed the best results (see Supplementary
Information). The C-O coupling was also feasible at higher wavelengths (666 nm) using the
ruthenium dye N3 that has an excited state lifetime of 20 ns (9). The DSMPs self-assemble in
situ. An ex situ preparation of the DSMPs was carried out to characterize the bifunctional
materials (Fig. 2B). The UV—-Vis spectra of the materials confirmed immobilization of the dyes
on the metal oxide, and inductively coupled plasma - optical emission spectrometry (ICP-OES)
corroborated anchoring of the nickel complex.

Optimization of all reaction parameters using the in situ DSMP approach resulted in a
highly selective formation of 1 using blue (440 nm), green (525 nm), or red (666 nm) light (Fig.
2C). The highest activities were obtained when the amount of dye (1.25 mol%) and NiCl,-dcbpy
(10 mol%) exceeded the loading that was determined using ex situ DSMP preparation. This is
rationalized by a dynamic equilibrium between immobilized and unbound NiCl>-dcbpy as well
as dye molecules, which also contribute to productive catalysis in the course of the bulk
experiment (10). No product formation was observed in the absence TiO2 P25, the dye, dcbpy,
nickel salt, or light.

The DSMP approach also enabled metallaphotocatalyzed C-S (15), C-N (16), and C—
C (17) bond formations that proceed via single electron transfer processes (SET) (Fig. 2D). The
modular design principle and the self-assembling strategy facilitated a straightforward
optimization of dyes, nickel salts, and ligands resulting in selective cross-couplings using blue
(440 nm), green (525 nm), and red (666 nm) light. With regards to the C—C coupling, 68% of
the desired product (4) were obtained using blue light, which is similar to the homogeneous
metallaphotocatalysis system (17). Reactions at higher wavelengths, not accessible with the

original, homogeneous approach, resulted in a higher selectivity.
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Fig. 2. Self-assembling, modular metallaphotocatalysts enable cross-couplings using the
entire visible-light spectrum. Anchoring of nickel complexes on TiO2 P25 improves yield due
to permanent spatial proximity (A). UV-Vis spectra and nickel/dye loadings of two
representative DSMPs (B). Optimized conditions and control experiments for the O-arylation
of carboxylic acids using DSMPs. (D) C-S, C-N, and C-C cross coupling catalyzed by DSMPs
using blue, green, or red light. Yields were determined by *H-NMR using 1,3,5-
trimethoxybenzene as internal standard if not stated otherwise. 2Isolated yields. DSMP = dye-
sensitized metallaphotocatalyst n.d. = not detected. dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic
acid. mcbpy = 4'-methyl-2,2'-bipyridine-4-carboxylic acid. glyme = 1,2-dimethoxyethane.

NaFluo = fluorescein sodium



The dynamic equilibrium between immobilized and unbound molecules is responsible
for leaching of nickel and fluorescein during catalyst recycling studies and caused a gradual
decrease of the yield of 1 (Fig. 3A). Addition of either NaFluo or the nickel salt restored the
catalytic activity. This indicated that the amount of immobilized dye molecules and nickel
complexes have to be above a certain limit to observe catalytic activity. We therefore
questioned if only the close proximity of the dye molecules and the nickel complex is
responsible for productive catalysis, and TiO2 P25 only acts as support. In other words, an “on-
particle” rather than a “through-particle” mechanism could be responsible for overcoming the
short excited state lifetime (Fig. 3B). To test this hypothesis, we substituted TiO2 P25 with the
insulating metal oxides (MO) SiO. and Al>Os that only enable binding of the dye and the nickel
complex and observed product formation for all cross-couplings, but with significantly lower
efficiency compared to TiO2 P25 (Fig. 3C). A second set of experiments was carried out using
a nickel complex that is not able to bind to the surface of metal oxides. Here, only experiments
with the semiconductor TiO2 P25 gave productive catalysis. This confirms that dye sensitization
leads to a charge-separated species that is sufficiently long-lived to turn over a homogeneous
nickel catalyst in a semi-heterogeneous, diffusion-controlled reaction. Spectrophotometric
titrations unveiled the electronic communication between the excited dye and the immobilized
nickel complex “through” a semiconductor. Static fluorescence quenching of fluorescein-
sensitized TiO2 P25 was observed with a nickel complex that binds to the semiconductor’s
surface (NiClz-dcbpy). NiClz-dtbbpy showed solely dynamic quenching (Fig. 3D). Titration
experiments with fluorescein bound to SiO- instead of TiO2 P25 displayed dynamic quenching
behavior in case of both nickel complexes, and significantly lower quenching rates. Taking all
results together, we assumed that a combination of “on-particle” and “through-particle”

processes is responsible for the high catalytic activity of DSMPs with TiO, P25.
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Fig. 3. Mechanistic investigations. (A) Recycling experiments showed that catalytic inactive
materials still contain nickel complexes and dye molecules. (B) DSMPs might work via an “on-
particle” and/or “through-particle” mechanism. (C) Experiments using insulating metal oxides
and diffusion controlled metallaphotocatalysis. (D) Spectrophotometric titrations show static
quenching for DSMPs, whereas solely dynamic quenching was observed in other systems. MO
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bipyridine. Fluo = fluorescein.

In addition, we sought to compare the selectivity of DSMPs with homogenous
metallaphotocatalysis systems in the C-O arylation of (E)-cinnamic acid with 4-
iodobenzotrifluoride (Figure 4). The resulting coupling product (E-5) is prone to subsequent
photocatalytic isomerization or cycloadditions that could lead to low selectivities (18, 19). We
indeed observed significant amounts of the undesired Z-isomer (Z-5) when Ir(ppys) was used
as PCs using 440 nm irradiation. Other Ir complexes gave even worse results (see
Supplementary Information). Control experiments showed that E-5 is also slowly converted to

Z-5 at 440 nm in the absence of a PC (see Supplementary Information). The selectivity was,
7



however, not improved using Ir(ppys) and 525 nm irradiation, because the triplet energy of the
PC is not wavelength-dependent. The E-Z isomerization was also observed when the reaction
was catalyzed by a DSMP at 440 nm, but was totally suppressed by switching to higher

wavelengths, resulting in a selective formation of E-5.
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Figure 4. C-O arylation of (E)-cinnamic acid with 4-iodobenzotrifluoride with different
metallaphotocatalyst systems. Yields were determined by H-NMR using 1,3,5-

trimethoxybenzene as internal standard if not stated otherwise. 2Isolated yield in parentheses.

The DSMP concept overcomes the constraint of long excited state lifetimes of PCs for
metallaphotocatalysis and unlocks the potential of many dyes that were previously unsuitable.
Many cross couplings can be carried out using the entire visible light spectrum and selectivity
issues can be tackled strategically. The simplicity and modularity of DSMPs suggest that the

present approach will complement existing methods.
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1.  General remarks

Substrates, reagents, and solvents were purchased from commercial suppliers and used
without further purification. Titanium dioxide Aeroxide P25 (Acros), silicon dioxide (10-20 nm
particle size; Aldrich), and aluminum oxide, basic (50-200 pm, 60A; Acros) were used. 2,2’-
Bipyridine-4,4’-diphosphonic acid (20), 4,4'-di(p-carboxyphenyl)-2,2"-bipyridine (21), N-tert-
butylisopropylamine (BIPA) (22), and 1-((trimethylsilyl)methyl)piperidine (17) were prepared
according to literature procedures. LED lamps for photocatalytic experiments were purchased
from Kessil Lightning (23). *H-, 1*C-, and °F spectra were recorded on a Varian 400 spectrometer
(400 MHz, Agilent), a Ascend™ 400 spectrometer (400 MHz, cryoprobe, Bruker) and a Varian
600 spectrometer (600 MHz, Agilent) at 298 K, and are reported in ppm relative to the residual
solvent peaks. Peaks are reported as: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet
or unresolved, with coupling constants in Hz. Analytical thin layer chromatography (TLC) was
performed on pre-coated TLC-sheets, ALUGRAM Xtra SIL G/UV2s4 sheets (Macherey-Nagel)
and visualized with 254 nm light or staining solutions followed by heating. Purification of final
compounds was carried out by flash chromatography on the Reveleris X2 Flash Chromatography
System from GRACE using prepacked columns with 40 um silica gel. Silica 60 M (0.04-0.063
mm) silica gel (Sigmal Aldrich) was used for dry loading of the crude compounds on the flash
chromatography system. Centrifugation was carried out using an Eppendorf 5430 centrifuge.
UV/Vis spectra of liquid samples were recorded using a UV-1900 spectrometer (Shimadzu).
Diffuse reflectance UV/Vis spectra of powders were recorded on a Shimadzu UV-2600
spectrometer equipped with an integrating sphere. Inductively coupled plasma - optical emission
spectrometry (ICP-OES) was carried out using a Horiba Ultra 2 instrument equipped with a
photomultiplier tube detection system. FTIR spectra were recorded on a Thermo Scientific Nicolet
iD5 spectrometer. High-resolution mass spectral data were obtained using a Waters XEVO G2-
XS 4K spectrometer with the XEVO G2-XS QTOF capability kit (ESI) and a Micromass GC-TOF
micro (Water Inc.) (El). Spectrophotometric titrations were carried out in 10 mm OS cuvettes. Prior
to the measurements, the optical density of the TiO2 or SiO. dispersions were adjusted to ~0.1 at
505 nm for comparability and to reduce the influence of inner filter effects. UV-vis-NIR absorption
measurements were performed with a Specord 210 plus from Analytik Jena. Fluorescence

measurements were performed with a Fluoromax 4 from Horiba.
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1.1 440 nm setup
Experiments using blue light were carried out using a Kessil PR160-440 LED (Fig. S1). Two

sealed reaction vessels were placed on a stirring plate 4.5 cm away from a single lamp. To avoid
heating of the reaction mixture, a fan was used for cooling. All reactions were performed with
maximum stirring speed. The LED also emits light below 400 nm, which enabled the excitation of

pure titanium dioxide Aeroxide P25 for initial experiments (see Fig. 2A in the manuscript)

600000 -
500000
400000

300000 -

Radiance

400
Wavelength (nm)

200000

100000 ~

T

T T 1
400 500 600 700
Wavelength (nm)

Fig. S1. Setup for blue light experiments (A). Emission spectra of the Kessil PR160-440 (B)
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1.2 525 nm setup
Experiments using green light were carried out using a Kessil PR160-525 LED (Fig. S2). Two

sealed reaction vessels were placed on a stirring plate 4.5 cm away from a single lamp. To avoid
heating of the reaction mixture, a fan was used for cooling. All reactions were performed with

maximum stirring speed.
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Fig. S2. Setup for green light experiments (A). Emission spectra of the Kessil PR160-525 (B).
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1.3 666 nm setup

Experiments using red light were carried out using a Kessil H160 Tuna Flora LED in “red” mode
(Fig. S3). Two sealed reaction vessels were placed between two lamps on a stirring plate (4.5 cm
distance from each lamp). To avoid heating of the reaction mixture, a fan was used for cooling.
All reactions were performed with maximum stirring speed.

1.04
0.8
0.6

0.4

Irradiance (normalized)

0.2

0.0

T T T
400 500 600 700
Wavelength (nm)

Fig. S3. A Setup for red light experiments (A). Emission spectra of the Kessil H160 Tuna Flora
LED in “red” mode (B).
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2 Exsitu preparation and characterization of DSMPs

General experimental procedure for the ex situ preparation of DSMPs. TiO2 Aeroxide P25
(30 mg) was dispersed in 3 mL DMSO and sonicated for 5 min. The respective dye (2.4 pumol),
NiCl26H20 (19.0 umol) and 2,2'-bipyridine-4,4’-dicarboxylic acid (dcbpy, 19.0 umol) were added
and the mixture was again sonicated for 10 min. The mixture was stirred overnight and the solid
material was separated by centrifugation. After washing with DMSO and separation by
centrifugation (2x), the DMSP was lyophilized overnight.

The experimental procedure was also modified to immobilize only the dye (dye-TiO.), or the
nickel complex (TiO2-NiClz-dcbpy) on TiO2 Aeroxide P25.

2.1  Fluo-TiO2-NiClz-dcbpy

Fluorescein sodium (NaFluo) was used as dye (Fig. S4). The amount of immobilized fluorescein
(Fluo, ~64 umol g*) was determined by UV/Vis spectrometry. The solution of the dye in DMSO
was measured before and after (supernatant) the immobilization process and the amount of

immobilized dye was determined using a calibration curve.

‘ CO,Na
CCC
NaO (o} o}

Fluorescein sodium C

Fig. S4. Fluo-TiO2-NiClz-decbpy. Unfunctionalized TiO2 Aeroxide P25 (A) and Fluo-TiO-
NiClz-dcbpy (B). Structure of fluorescein sodium (C). The functionalities that bind to the surface
hydroxyl groups of TiO. are marked in green.
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Table S1. Nickel content of Fluo-TiO2-NiCl2-dcbpy and reference samples determined by ICP-

OES analysis

Sample Ni [mg/g catalyst]
Fluo-TiO2-NiCl2-dcbpy 6.50
TiO2 0.02
TiO2-NiClz-dcbpy 5.45

rel. transmittance

\ wr‘.‘*

:MWM

Fluo-TiO,

1 —— Fluo-TiO,-NiCl, dchpy L W }
| —Fluo \ f

TiO,-NiCl, dcbpy
NiCl, dcbpy

T I T I T I T I T I T I T 1
4000 3500 3000 2500 2000 1500 1000 500

wavenumber [cm™]

Fig. S5. FTIR spectra of Fluo-TiO2-NiClz-dcbpy and reference samples.
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Fig. S6. Diffuse reflectance UV/Vis spectra of Fluo-TiO2-NiCl2-dcbpy and reference samples.
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2.2 N3-TiO2-NiClz-dcbpy

The ruthenium complex N3 was used as dye (Fig. S7). The amount of immobilized N3 (~66 pmol
gl) was determined by UV/Vis spectrometry. The solution of the dye in DMSO was measured
before and after (supernatant) the immobilization process and the amount of immobilized dye was

determined using a calibration curve.

HO,C N3

Fig. S7. N3-TiO2-NiClz:dcbpy. Unfunctionalized TiO. Aeroxide P25 (A) and N3-TiO»-
NiCl>-dcbpy (B). Structure of N3 (C). The functionalities that bind to the surface hydroxyl
groups of TiO2 are marked in green.

Table S2. Nickel content of N3-TiO2-NiCl2-dcbpy and reference samples determined by ICP-OES
analysis

Sample Ni [mg/g catalyst]
N3-TiO,-NiCl,-dcbpy 11.3
TiO2 0.02
TiO2-NiCl2-dcbpy 5.45
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Fig. S8. FTIR spectra of N3-TiO.-NiCl,-dcbpy and reference samples.
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Fig. S9. Diffuse reflectance UV/Vis spectra of N3-TiO2-NiClz-dcbpy and reference samples.
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3 C-Ocross-coupling

3.1 Optimization studies using in situ generated DSMPs.

General experimental procedure for screening experiments via in situ DSMP preparation.
An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with TiO2 P25, methyl 4-
iodobenzoate, N-Boc proline (N-(tert-Butoxycarbonyl)-L-proline), a dye, a Ni'' salt and the ligand.
Subsequently, the solvent (anhydrous, 3 mL) and N-tert-butylisopropylamine were added and the
vial was sealed with a septum and Parafilm. The reaction mixture was sonicated for 5-10 min
followed by stirring for 5 minutes to obtain a fine dispersion. The mixture was then degassed by
bubbling argon for 10 min. The mixture was irradiated with the respective LED lamps with rapid
stirring (1400 rpm). After the respective reaction time, one equivalent of 1,3,5-trimethoxybenzene
was added. An aliquot of the reaction mixture (~200 pL) was filtered, diluted with DMSO-ds and
subjected to *H-NMR analysis. For a representative NMR spectrum, see Fig. S10.

‘ rs.o
H r4.5

| H H r4.0

- Boc - - | F3.5
N © CO,Me
0_60
F25
H CO,Me

H r2.0

H co,Me H H |

I H

Poc
‘H j H \ " y l|.>r«o—£i>—cozme
| ' | ‘ J’ H CO,Me | ¥ 0\ o
I
‘|“| ‘ ’ Tf\ HO H ‘
| \|| 7 |- -~ H | |
I =T | ljl, ro.s
| |‘ _—"”;,‘r i | \Fl'
e |
SR S L WY | [ YO VO VS A — A e }oo0
TTIT T 1 T T
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f1 (ppm)

Fig. S10. Representative *H-NMR spectrum of a crude reaction mixture for determining NMR
yields in the DSMP catalyzed C-O arylation.
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Table S3: Ligand screening in absence of a dye using the 440 nm LED setup.?

TiO, P25 (15 mg)
NiBry'glyme (5 mol%)
ligand (5 mol%)

CO,Me CO,Me
CO,Me Boc cOo.M 2 2
/©/ . ENI)_{)H BIPA (3.0 equiv) D—< O 2Me
! o

DMSO (deg), 24 h
PR160-440

0.03 M 1.5 equiv

Conversion

Entry Ligand [%6]°

1[%]° 6[%]° 7 [%]°

HO,C CO,H

1 M 29 24 nd.  nd.
CO,H
2 m 17 8 nd.  nd.

3 7\ \* 16 12 n.d. n.d.
. /
Me Me
4 Aave 12 7 n.d. n.d.
_J \“
H,03R PO3H,
5 7 N 10 0 n.d. n.d.
- Y
6 s 8 0 nd nd
_N N~

@Reaction conditions: methyl 4-iodobenzoate (95.1 umol), N-Boc proline (140.7 pmol),
NiBrz-glyme (4.6 pmol), ligand (4.6 umol), BIPA (285.4 umol), TiO, (15 mg), DMSO
(anhydrous, 3 mL), 440 nm LED (50% power), 24 h. °Conversion of methyl 4-iodobenzoate
determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. SNMR yields
determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. n.d. = not
detected. BIPA = N-tert-butylisopropylamine. glyme = 1,2-dimethoxyethane. deg =
degassed
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Table S4. Dye screening using the 440 nm LED setup.?

TiO, P25 (30 mg)
dye (5 mol%)

NiBry'glyme (5 mol%)

Boc dcbpy (5 mol%)

Boc
I

CO,Me H
/©/ ., N OH__ BIPA (3.0 equiv)
| r\)_<o DMSO (deg), 24 h

PR160-440

CO,Me CO,Me
sSavaiegoNes
o H HO
1 6 7

0.06 M 1.5 equiv
Entry Dye Corp,’/f)]rjion 1[%]¢ 6[%]° 7 [%]
1 -- 37 33 n.d. traces
2 Fluorescein sodium 76 48 16 traces
3 Rose bengal 42 25 9 traces
4 Brilliant blue R 29 5 18 n.d.
5 Rhodamin B 26 traces 12 n.d.
6 Coumarin 343 15 n.d. 10 n.d.
7 Alizarin red S 9 n.d. 4 n.d.
8 Bromophenol blue 6 n.d. n.d. traces
9 Congo red 3 n.d. n.d. n.d.
10 Catechol 0 n.d. n.d. n.d.
11 Methyl orange 0 n.d. n.d. n.d.

@Reaction conditions: methyl 4-iodobenzoate (190.3 pumol), N-Boc proline (285.4 umol),
dye (9.5 pmol), NiBrz-glyme (9.5 pmol), dcbpy (9.5 pmol), BIPA (570.8 pmol), TiO- (30
mg), DMSO (anhydrous, 3 mL), 440 nm LED (50% power), 24 h. ®Conversion of methyl
4-iodobenzoate determined by H-NMR using 1,3,5-trimethoxybenzene as internal
standard. SNMR vyields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal
standard. dcbpy = 2,2’-bipyridine-4,4'-dicarboxylic acid. n.d. = not detected. BIPA = N-
tert-butylisopropylamine. glyme = 1,2-dimethoxyethane. deg = degassed
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Table S5. Dye screening using the 525 nm LED setup.?

TiO, P25 (30 mg)
dye (5 mol%)
NiBry'glyme (5 mol%)

CO,Me Boc dcbpy (5 mol%) Boc o CoMm CO,Me CO,Me
B H HO
! )
o 1 6 7

DMSO (deg), 24 h

0.06 M 1.5 equiv PR160-529
Entry Dye Conversion [%]° 1[%]° 6[%]¢ 7 [%]°

1 -- 0 n.d. n.d. n.d.
2 Fluorescein sodium 47 29 12 1

3 Rhodamin B 23 9 10 n.d.
4 Rose bengal 21 7 10 n.d.
5 Coumarin 343 7 traces  traces n.d.
6 Congo red 1 n.d. n.d. n.d.
7 Methyl orange 0 n.d. n.d. n.d.
8 Alizarinred S 0 n.d. n.d. n.d.
9 Brilliant blue R 0 n.d. n.d. n.d.
10 Catechol 0 n.d. n.d. n.d.
11 Bromophenol blue 0 n.d. n.d. n.d.

8Reaction conditions: methyl 4-iodobenzoate (190.3 umol), N-Boc proline (285.4 umol), dye
(9.5 pmol), NiBr2-glyme (9.5 pmol), dcbpy (9.5 pmol), BIPA (570.8 pumol), TiO, (30 mg),
DMSO (anhydrous, 3 mL), 525 nm LED (50% power), 24 h. ®Conversion of methyl 4-
iodobenzoate determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal standard.
°NMR vyields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard.
dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid. n.d. = not detected. BIPA = N-tert-
butylisopropylamine. glyme = 1,2-dimethoxyethane. deg = degassed
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Fig. S11. Structures of dyes that were tested for experiments using the 440 and 525 nm setup. The
functionalities that bind to the surface hydroxyl groups of TiO2 are marked in green.
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Table S6. Screening of Ni'" salts using the 525 nm LED setup.?

TiO, P25 (30 mg)
NaFluo (5 mol%)
Ni" salt (5 mol%)

Boc
dcb 5 mol% CO,Me CO,Me
CO,Me Boc Py ( _0) N O—@—COzMe 2 2
+ N OH BIPA (3.0 equiv) m + +
1 I:)—< DMSO (deg), 24 h o H HO
o PR160-525 1 6 7
0.06 M 1.5 equiv

Entry Ni'l source Conversion [%]° 1[%]¢ 6 [%]° 7 [%]°

1 NiBr2-glyme 40 20 11 traces
2 NiClz-glyme 38 19 12 traces
3 Ni(OAC)2-4H,0 38 14 10 traces
4 NiClz-6H20 32 15 10 traces
5 NiBrz-3H:20 12 n.d. 8 n.d.

8Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), N-Boc proline (285.4 umol),
Fluorescein sodium (9.5 pmol), NiBr2-glyme (9.5 umol) and dcbpy (9.5 pmol) in DMSO
(anhydrous, 3 mL), BIPA (570.8 pmol), TiO, (30 mg), 525 nm LED (50% power), 24 h.
PConversion of methyl 4-iodobenzoate determined by 'H-NMR using 1,3,5-
trimethoxybenzene as internal standard. °NMR yields determined by *H-NMR using 1,3,5-
trimethoxybenzene as internal standard. NaFluo = Fluorescein sodium. dcbpy = 2,2'-
bipyridine-4,4'-dicarboxylic acid. n.d. = not detected. BIPA = N-tert-butylisopropylamine.
glyme = 1,2-dimethoxyethane. deg = degassed

Although NiBr2-glyme and NiCly-glyme showed best results, NiCl,-6H>O was used for further
experiments. This nickel source is significantly cheaper and more convenient to handle, as
NiBrz-glyme and NiClx-glyme are hygroscopic. Methyl 4-acetoxybenzoate was occasionally
observed in case of Ni(OAc)2:4H>0 as side-product. This resulted from the C-O arylation of the
aryl iodide with the acetate anion of Ni(OAc)2-4H>O.
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Table S7. Solvent screening using the 525 nm LED setup.?

TiO, P25 (30 mg)
NaFluo (5 mol%)
NiCly 6H,0 (5 mol%)
IBoc

dcbpy (5 mol%) CO,Me CO,Me
CO,Me Boc 2 2
/©/ 2 + ~N  OH__ BIPA (3.0equiv) _ EN)_{) CO,Me +/©/ " /©/
| solvent (deg), 24 h o) H HO

o 1 6 7

PR160-525

0.06 M 1.5 equiv

Entry Solvent Conversion [%]° 1[%]° 6[%]° 7 [%]°

1 DMSO 52 27 13 traces
2 DMACc 50 24 12 traces
3 MeCN 10 6 3 traces
4 Diglyme 10 7 3 n.d.
5 THF 9 3 traces  traces
6 Dioxane 8 4 4 n.d.
7 DCM 6 n.d. n.d. n.d.
8 Acetone 2 n.d. n.d. n.d.

8Reaction conditions: methyl 4-iodobenzoate (190.3 pumol), N-Boc proline (285.4
pmol), Fluorescein sodium (9.5 pmol), NiCl,-6H20 (9.5 pumol) and dcbpy (9.5 pmol)
in solvent (anhydrous, 3 mL), BIPA (570.8 pumol), TiO2 (30 mg), 525 nm LED (50%
power), 24 h. bConversion of methyl 4-iodobenzoate determined by *H-NMR using
1,3,5-trimethoxybenzene as internal standard. °NMR yields determined by *H-NMR
using 1,3,5-trimethoxybenzene as internal standard. NaFluo = Fluorescein sodium.
dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid. n.d. = not detected. BIPA = N-tert-
butylisopropylamine. glyme = 1,2-dimethoxyethane. deg = degassed
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Table S8. Optimization of lamp power using the 525 nm LED setup.?

TiO, P25 (30 mg)
NaFluo (5 mol%)
NiCl, 6H,0 (5 mol%)

CO,Me Boc dcbpy (5 mol%) Boc o CoMm CO,Me CO,Me
1 DMSO (deg), 24 h o) H HO
o PR160-525 1 6 7

0.06 M 1.5 equiv

Entry Lamp power [%] Conversion [%]® 1 [%]° 6 [%0]° 7 [%]°

1 50 52 27 13 traces

2 25 43 27 9 traces

8Reaction conditions: methyl 4-iodobenzoate (190.3 pumol), N-Boc proline (285.4 umol), Fluorescein
sodium (9.5 umol), NiClz-6H,0 (9.5 pumol) and dcbpy (9.5 pumol) in solvent (anhydrous, 3 mL), BIPA
(570.8 pmol), TiO2 (30 mg), 525 nm LED, 24 h. ®Conversion of methyl 4-iodobenzoate determined
by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. SNMR vyields determined by *H-NMR
using 1,3,5-trimethoxybenzene as internal standard. NaFluo = Fluorescein sodium. dcbpy = 2,2’
bipyridine-4,4’-dicarboxylic acid. n.d. = not detected. BIPA = N-tert-butylisopropylamine. deg =
degassed
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Table S9. Optimization of the equivalents of N-Boc proline using the 525 nm LED setup.?

CO,Me
SO
I

0.06 M

TiO, P25 (30 mg)
NaFluo (5 mol%)

NiCl, 6H,0 (5 mol%)

,Boc

o)

DMSO (deg), 24 h

dcbpy (5 mol%) Boc CO,Me CO,Me
. N O CO,Me
BIPA (3.0 equiv) m + +
- % H HO
1 6 7

PR160-525

Entry N-Boc proline [equiv] Conversion [%0]° 1[%]° 6[%]° 7 [%]°
1 1.0 30 20 7 traces
2 1.5 30 17 8 traces
3 2.0 22 13 8 traces
4 2.5 22 10 8 n.d.

8Reaction conditions: methyl 4-iodobenzoate (190.3 umol), N-Boc proline, Fluorescein sodium (9.5
pmol), NiClz-6H20 (9.5 pmol) and dcbpy (9.5 pumol) in DMSO (anhydrous, 3 mL), BIPA (570.8
umol), TiO2 (30 mg), 525 nm LED (25% power), 24 h. "Conversion of methyl 4-iodobenzoate
determined by H-NMR using 1,3,5-trimethoxybenzene as internal standard. ‘NMR yields
determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. NaFluo = Fluorescein

sodium. dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid.

butylisopropylamine. deg = degassed

n.d. = not detected. BIPA = N-tert-
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Table S10. Optimization of the amount of fluorescein sodium using the 525 nm LED setup.?

TiO, P25 (30 mg)
NaFluo
NiCl, 6H,0 (10 mol%)

Boc
co,Me  Boc debpy (10 mol%) N o COMe CO,Me CO,Me
@/ + N OH BIPA (3.0 equiv) m + +
o H HO
! o}
o) . . ,

DMSO (deg), 24 h
PR160-525
0.06 M 1.0 equiv

Entry NaFluo [mol%] Conversion [%]° 1[%]° 6[%]° 7 [%0]°

1 2.50 56 41 7 3
2 2.00 66 52 7 5
3 1.50 79 64 6 4
4 1.25 77 66 6 5
5 1.00 74 64 5 4
6 0.75 47 40 traces  traces
7 0.50 40 35 traces  traces

4Reaction conditions: methyl 4-iodobenzoate (190.3 umol), N-Boc proline (190.3 pumol),
Fluorescein sodium, NiCl2-6H20 (19.0 umol) and dcbpy (19.0 pmol) in DMSO (anhydrous,
3 mL), BIPA (570.8 umol), TiO, (30 mg), 525 nm LED (25% power), 24 h. "Conversion of
methyl 4-iodobenzoate determined by *H-NMR using 1,3,5-trimethoxybenzene as internal
standard. °NMR yields determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal
standard. NaFluo = Fluorescein sodium. dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid. n.d.
= not detected. BIPA = N-tert-butylisopropylamine. deg = degassed
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Table S11. Optimization of the amount of N-Boc proline using the 525 nm LED setup.?

TiO, P25 (30 mg)
NaFluo (1.25 mol%)
NiCl,' 6H,0 (10 mol%)

Boc
dcbpy (10 mol%) '
CO,Me  Boc
/@/ 2 . : BIPA (3.0 equiv) EN)—{) CO,Me
| (o)
1

N OH
Q—(O DMSO (deg), 24 h

PR160-525
0.06 M

Entry Methyl 4-iodobenzoate [equiv] 1 [%]°

1 1.5 76

2 1.0 66

@Reaction conditions: methyl 4-iodobenzoate, N-Boc proline (190.3
pmol), Fluorescein sodium (2.4 pumol), NiCl2-6H20 (19.0 umol) and
dcbpy (19.0 umol) in DMSO (anhydrous, 3 mL), BIPA (570.8 pumol),
TiO2 (30 mg), 525 nm LED (25% power), 24 h. °NMR yields
determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal
standard. NaFluo = Fluorescein sodium. dcbpy = 2,2’-bipyridine-4,4'-
dicarboxylic acid. nd. = not detected. BIPA = N-tert-
butylisopropylamine. deg = degassed
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Table S12. Optimized conditions and control studies using the 440 nm setup.?

CO,Me
SO
1

TiO, P25 (30 mg)
NaFluo (1.25 mol%)
NiCl, 6H,0 (10 mol%)

DMSO (deg), 24 h

Boc
Boc dcbpy (10 mol%) y
N OH__ BIPA (3.0equiv) _ EN)_<0 CO,Me
)
° 1

PR160-440

1.5 equiv 0.06 M
Entry Deviatig(r; r:‘dr?trlr(; rs];andard 1 [%]°
1 none 95
2 UV filter® 80
3 no NaFluo 15
4 no NaFluo, UV filter® n.d.

5 no TiO: 25
6 no TiOz, UV filter® 20
7 No dcbpy n.d.

8 no NiCl2:6H20 n.d.

9 no light n.d.
10 no degassing n.d.
11 no BIPA n.d.

Reaction conditions: methyl 4-iodobenzoate (285.4 pumol), N-Boc proline
(190.3 pmol), Fluorescein sodium (2.4 pumol), NiCl,-6H20 (19.0 pumol) and
dcbpy (19.0 pmol) in DMSO (anhydrous, 3 mL), BIPA (570.8 pumol), TiO-
(30 mg), 440 nm LED lamp (25% power), 24 h. "NMR yields determined by
'H-NMR using 1,3,5-trimethoxybenzene as internal standard. ‘Reactions
were carried out with a 425 nm cut-off filter (See Figure S13) between the
light source and the reaction vessel NaFluo = Fluorescein sodium. dcbpy =
2,2'-bipyridine-4,4’-dicarboxylic acid. n.d. = not detected. BIPA = N-tert-

butylisopropylamine. deg = degassed

S23



absorbance [a.u.]
N
1

L

0 ' I ' 1 ' I N I ! ‘-T N 1
200 300 400 500 600 700 800

wavelength [nm]

Fig. S12. Absorption spectrum of the 425 nm cut-off filter that was used for control studies using
the PR160-440 setup.
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Table S13. Optimized conditions and control studies using the 525 nm setup.?

TiO, P25 (30 mg)
NaFluo (1.25 mol%)
NiCly' 6H,0 (10 mol%)

Boc
dcbpy (10 mol%) H
CO,Me Boc
/©/ 2 . N OH__ BIPA (3.0equiv) _ [N)_<0 CO,Me
| > % 1

y

DMSO (deg), 38 h
PR160-525
1.5 equiv 0.06 M

Deviation from standard

Entry conditions L[%]°
1 none 97
2 no TiO2 n.d.
3 no NaFluo n.d.
4 no dcbpy traces
5 no NiCl2:6H20 n.d.
6 no light n.d.
7 no degassing n.d.
8 no BIPA n.d.

8Reaction conditions: methyl 4-iodobenzoate (285.4 umol), N-Boc proline
(190.3 pmol), Fluorescein sodium (2.4 umol), NiClz-6H,0 (19.0 umol) and
dcbpy (19.0 umol) in DMSO (anhydrous, 3 mL), BIPA (570.8 umol), TiO-
(30 mg), 525 nm LED (25% power), 38h. °NMR yields determined by 'H-
NMR using 1,3,5-trimethoxybenzene as internal standard. NaFluo =
Fluorescein sodium. dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid. n.d. =
not detected. BIPA = N-tert-butylisopropylamine. deg = degassed
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Table S14. Dye screening using the 666 nm setup.?

TiO, P25 (30 mg)
dye (1.25 mol%)
NiCl, 6H,0 (10 mol%) B
Boc dcbpy (10 mol%) Poc
/©/C°2Mf N OH BIPA (3.0 equiv) ©_<0—©—C02Me
| r\)—< DMSO (deg), 168 h 5
o 1

H160 Tuna Flora

1.5 equiv 0.06 M “red” mode
Entry Dye Variation 1 [%]°
1 N3 -- 95
2 N3 No TiO2 n.d.

3 Z907 -- 29
4 D149 -- n.d.

8Reaction conditions: methyl 4-iodobenzoate (285.4 pmol), N-Boc
proline (190.3 pmol), Fluorescein sodium (2.4 pmol), NiCl-6H,0 (19.0
pmol) and dcbpy (19.0 umol) in DMSO (anhydrous, 3 mL), BIPA
(570.8 pumol), TiO2 (30 mg), 666 nm LED (100% power), 168h. "NMR
yields determined by !H-NMR using 1,3,5-trimethoxybenzene as
internal standard. NaFluo = Fluorescein sodium. dcbpy = 2,2'-
bipyridine-4,4’-dicarboxylic acid. n.d. = not detected. BIPA = N-tert-
butylisopropylamine. deg = degassed

HO,C
N
N
S
=N ?S
N
[o} —

HO,C 2907

Fig. S13. Structures of dyes that were tested for experiments using the 666 nm setup. The
functionalities that bind to the surface hydroxyl groups of TiO2 are marked in green.
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3.2 Experimental procedure for the optimized C-O arylation using in situ generation of
DSMPs.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with TiO2 P25 (90 mg),
N-Boc proline (122.7 mg, 570.0 umol, 1.0 equiv), methyl 4-iodobenzoate (224.1 mg, 855.1 umol,
1.5 equiv), fluorescein sodium or N3 (7.1 pmol, 1.25 mol%), NiCl2-6H>0 (13.6 mg 57.1 pmol, 10
mol%) and 2,2'-bipyridine-4,4’-dicarboxylic acid (dcbpy, 13.9 mg 57.1 pmol, 10 mol%).
Subsequently, DMSO (anhydrous, 6 mL) and N-tert-butylisopropylamine (BIPA, 271 pL, 1.71
mmol, 3 equiv) were added and the vial was sealed with a septum and Parafilm. The reaction
mixture was sonicated for 5-10 min followed by stirring for 5 min to obtain a fine dispersion. The
mixture was then degassed by bubbling Argon for 10 min. The mixture was irradiated using the
525 (fluorescein sodium) or 666 nm LED setup (N3) with rapid stirring (1400 rpm). After the
respective reaction time, one equivalent of 1,3,5-trimethoxybenzene (internal standard, 96 mg, 570
pmol) was added and the mixture was stirred for 5 min. An aliquot of the reaction mixture (~200
uL) was filtered, diluted with DMSO-ds and subjected to *H-NMR analysis to determine NMR
yields. Thereafter, the NMR sample was combined with the reaction mixture. The reaction mixture
was diluted with H2O (40 mL) and extracted with dichloromethane (3 x 30 mL). The combined
organic phases were washed with brine (50 mL), dried over NaxSO4 and concentrated. The product
was purified by flash column chromatography (SiO2, Hexane/EtOAc elution gradient of 0-20%)
on a Grace Reveleris system using a 12 g cartridge. In some cases, mixed fractions containing
small amounts of the phenol byproduct and the desired product were observed. These could be
easily purified by a basic extraction (DCM and 0.5 M NaOH), followed by drying the organic
phase over Na>SO4 and solvent evaporation to maximize the reaction yield. The title compound

was isolated as a yellowish solid.

Using fluorescein sodium and the 525 nm setup:

Reaction time: 38 h

Isolated yield: 90% (179.2 mg, 512.9 umol)
Using N3 and the 666 nm setup:

Reaction time: 168 h

Isolated yield: 92% (183.2 mg, 524.4 pmol)
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1-(tert-butyl) 2-(4-(methoxycarbonyl)phenyl) pyrrolidine-1,2-dicarboxylate 1: *H NMR (400
MHz, CDClI3) rotameric mixture, 8 8.03 (m, 2H), 7.15 (m, 2H), 4.50 (dd, J = 8.6, 4.3 Hz, 0.4H),
4.42 (dd, J=8.7, 4.3 Hz, 0.6H), 3.88 (m, 3H), 3.61 — 3.38 (m, 2H), 2.45 — 2.25 (m, 1H), 2.16 (m,
1H), 2.10 — 1.86 (m, 2H), 1.42 (m, 9H). 1*C NMR (151 MHz, CDCls) rotameric mixture, signals
for minor rotamer are enclosed in parenthesis & (170.86) 170.82, (166.01) 165.88, 154.15 (153.88),
153.15, 130.93 (130.80), 127.52 (127.36), (121.22) 121.86, 80.00 (79.80), 58.88 (58.79), 51.93
(51.87), (46.34) 46.15, 30.71 (29.66), 28.09, (24.25) 23.43. HRMS (ESI) m/z calcd for
C18H23NNaOs [(M+Na)*] 372.1423, found 372.1417.

These data are in full agreement with those previously published in the literature (14).
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3.3 Experiments using ex situ prepared catalysts.

Table S15. C-O arylation with an nickel complex immobilized on TiO2 (ex situ preparation), using
the 440 nm setup.?

o _ Kl
o N
,N, ~ci
\_ °
(30 mg) poc
CO,Me N’Boc OoH  BIPA (3.0 equiv) N o_©_cozme
. ’ o
| | :I D—< DMSO (deg) wo
) PR160-440 1
1.5 equiv 0.06 M
Entry t[h] 1[%)
1 38 29
9 168 67

4Reaction conditions: methyl 4-iodobenzoate (285.4
pumol), N-Boc proline (190.3 pmol), TiO2-NiCl,-dcbpy (30
mg) in DMSO (anhydrous, 3 mL), BIPA (570.8 umol), 440
nm LED (25% power), 38 h. °NMR vyields determined by
'H-NMR using 1,3,5-trimethoxybenzene as internal
standard. dcbpy = 2,2'-bipyridine-4,4’-dicarboxylic acid.
n.d. = not detected. BIPA = N-tert-butylisopropylamine.
deg = degassed
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Table S16. C-O arylation with an ex situ prepared DSMP and reference systems using the 525 nm
setup.?

O cl

VN
Y e
x
0

(o]

30 mg) Boc
COo,Me  Boc ( . q
/@/ 2 N N OH BIPA (3.0 equiv) _ [N)_<O—®—C02Me
| o
o 1

DMSO (deg)

PR160-525
1.5 equiv 0.06 M

Entry Catalyst t [h] 1 [%]°
1 Fluo-TiO2-NiClz-dcbpy 38 63
2 Fluo-TiO + NiCl,-dcbpy® 24 63
3 Fluo-TiOz + NiClz-dtbbpy® 24 27

@Reaction conditions: methyl 4-iodobenzoate (285.4 pumol), N-Boc proline (190.3 umol), NaFluo-
TiO2-NiCl-dcbpy (30 mg) in DMSO (anhydrous, 3 mL), BIPA (570.8 umol), TiO2 (30 mg), 525 nm
LED (25% power), 38 h. °®NMR vyields determined by *H-NMR using 1,3,5-trimethoxybenzene as
internal standard. The nickel salt and the ligand were added separately (19.0 pumol). NaFluo =
Fluorescein sodium. debpy = 2,2'-bipyridine-4,4'-dicarboxylic acid. dtbbpy = 4,4’-di-tert-butyl-2,2'-
dipyridyl. n.d. = not detected. BIPA = N-tert-butylisopropylamine. deg = degassed
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4  C-S cross-coupling

4.1 Optimization studies using in situ generation of DSMPs.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with TiO2 P25 (30 mg),
methyl 4-iodobenzoate (1 equiv), methyl 3-mercaptopropionate (2 equiv), a dye (1.25 mol%),
NiBrz2-3H20 (10 mol%), and the ligand (10 mol%). Subsequently, MeCN (anhydrous, 3 mL) and
N-tert-butylisopropylamine (BIPA, 3 equiv) were added, and the vial was sealed with a septum
and Parafilm. The reaction mixture was sonicated for 5-10 min followed by stirring for 5 min to
obtain a fine dispersion. The mixture was then degassed by bubbling Argon for 10 min. The
mixture was irradiated with the respective LED lamps with rapid stirring (1400 rpm). After the
respective reaction time, one equivalent of 1,3,5-trimethoxybenzene was added. An aliquot of the
reaction mixture (=200 pL) was filtered, diluted with DMSO-ds and subjected to *H-NMR

analysis. For a representative NMR spectrum, see Fig. S14.

- MeO. OMe L40

OMe
35

30

25

H 20
H ﬁcozm

/ I H "
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H
. o H co,Me
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065
153—1
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Fig. S14. Representative *H-NMR spectrum of a crude reaction mixture for determining NMR
yields in the C-S arylation.
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Table S17. Ligand screening in absence of a dye using the 440 nm LED setup.?

TiO, P25 (30 mg)
NiBry  3H,0 (10 mol%)
ligand (10 mol%)

CO,Me  Hs OMe . o
BIPA (3.0 equiv)
|/©/ * Y > MeoJ\/\s
2

CO,Me

CO,Me CO,Me
JOEENG]
H HO

6 7

0 MeCN (deg), 24 h

PR160-440
0.03 M 2.0 equiv

Entry Ligand Conversion [%]° 2[%]¢ 6 [%]° 7 [%]°

CO,H

1 M 86 84 nd.  nd.
=N \ /
HO,C CO,H

2 N 32 32 nd.  nd.
— /

2Reaction conditions: methyl 4-iodobenzoate (300.0 umol), methyl 3-mercaptopropionate
(600.0 pumol), NiBrz-3H20 (30.0 umol), ligand (30.0 umol), BIPA (900 umol) in MeCN
(3 mL), and TiO, (30 mg), 440 nm LED (50% power), 24 h. ®Conversion of methyl 4-
iodobenzoate determined by *H-NMR using 1,3,5-trimethoxybenzene as internal
standard. °NMR yields determined by 'H-NMR using 1,3,5-trimethoxybenzene as
internal standard. BIPA = N-tert-butylisopropylamine. n.d. = not detected. deg = degassed
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Table S18. Dye screening using the 525 nm LED setup.?

TiO, P25 (30 mg)
dye (1.25 mol%)
NiBr, 3H,0 (10 mol%)
mcbpy (10 mol%) CO,Me co,Me CO,Me
/©/00sz HS\/\n,OMe BIPA (3.0 equiv) j\/\ /©/ +/©/ 2 + /@/ 2
| 0 = MeO S H HO
2 6 7

MeCN (deg), 24 h

0.06 M 2.0 equiv PR160-525
Entry Dye Conversion [%]° 2 [%]¢ 6 [%]° 7 [%]°
1 - 18 18 n.d. n.d.
2 Coumarin 343 quant 99 n.d. n.d.
3 Rose bengal 91 91 n.d. n.d.
4 Rhodamin B 47 45 n.d. n.d.
5 Brilliant blue R 5 n.d. n.d. n.d.
6 Alizarinred S 5 5 n.d. n.d.
7 Methyl orange 4 n.d. n.d. n.d.
8 Congo Red 4 n.d. n.d. n.d.
9 Bromophenol blue 0 n.d. n.d. n.d.
10 Fluorescein sodium 0 n.d. n.d. n.d.

8Reaction conditions: methyl 4-iodobenzoate (190.3 umol), methyl 3-mercaptopropionate
(380.5 umol), dye (2.4 umol), NiBr,-3H,0 (19.0 umol) TiO; (30 mg), and mcbpy (19.0 umol),
BIPA (570.8 umol) in MeCN (3 mL), 525 nm LED (50% power), 24 h. ®Conversion of methyl
4-iodobenzoate determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal standard.
°NMR vyields determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal standard. For
structures of the dyes, see Fig. S11. BIPA = N-tert-butylisopropylamine. mcbpy = 4'-methyl-
2,2'-bipyridine-4-carboxylic acid . n.d. = not detected. deg = degassed. quant = quantitative.
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Table S19. Optimized conditions and control studies using using the 440 nm LED setup.?

TiO, P25 (30 mg)
Courmarin 343 (1.25 mol%)
NiBry" 3H,0 (10 mol%)

mcbpy (10 mol%)

CO,Me CO,Me CO,Me
COMe  Hs OMe  gipa (3.0 equiv) f [ . | i | ’
|/©/ i V\g/ MeCN (deg), 12h MeOJ\/\S H HO
0.06 M 2.0 equiv PR160-440 2 6 7
Deviation from
Entry standard Conversion [%]° 2 [%]° 6[%]° 7 [%]°
conditions
1 -- quant 99 n.d. n.d.
2 no degassing 40 35 n.d. n.d.
3 no Coumarin 343 21 19 n.d. n.d.
4 no BIPA 20 19 n.d. n.d.
5 no light 5 n.d. n.d. n.d.
6 no NiBr2:3H20 4 traces n.d. n.d.
7 no TiO> 3 n.d. n.d. n.d.
8 no mchpy 0 n.d. n.d. n.d.

@Reaction conditions: methyl 4-iodobenzoate (190.3 umol), methyl 3-mercaptopropionate
(380.5 pmol), coumarin 343 (2.4 pmol), NiBr;-3H,0 (19.0 umol) and mcbpy (19.0 pmol),
BIPA (570.8 pmol) in MeCN (3 mL), TiO2 (30 mg), 440 nm LED (50% power), 12 h.
determined by
trimethoxybenzene as internal standard. °NMR vyields determined by *H-NMR using 1,3,5-
trimethoxybenzene as internal standard. BIPA = N-tert-butylisopropylamine. mcbpy = 4'-
methyl-2,2'-bipyridine-4-carboxylic acid. n.d. = not detected. deg = degassed. quant =

bConversion

of methyl

quantitative.

4-iodobenzoate

'H-NMR

using 1,3,5-

S34



Table S20. Optimized conditions and control studies using the 525 nm LED setup.?

TiO, P25 (30 mg)
Courmarin 343 (1.25 mol%)
NiBr, 3H,0 (10 mol%)

mcbpy (10 mol%) CO,Me CcO,Me CO,Me
COMe Hs OMe 0 O /©/ 2 /©/ 2
BIPA (3.0 equiv) o + +
|/©/ * \/\ﬂ/ ' MeOJ\/\S H HO
2 6 7

o MeCN (deg), 24 h

PR160-525

0.06 M 2.0 equiv

Deviation from

Entry standard Conversion [%]° 2 [%]¢ 6 [%]° 7 [%]°
conditions
1 -- quant. 99 n.d. n.d.
2 no degassing 40 37 n.d. n.d.
3 no BIPA 18 17 n.d. n.d.
4 no Coumarin 343 17 17 n.d. n.d.
5 no NiBrz-3H.0 8 traces n.d. n.d.
6 no TiO: 6 traces 3 n.d.
7 no light 5 n.d. n.d. n.d.
8 no mchpy 0 n.d. n.d. n.d.

2Reaction conditions: methyl 4-iodobenzoate (190.3 pumol), methyl 3-mercaptopropionate
(380.5 pmol), Coumarin 343 (2.4 pmol), NiBrz-3H20 (19.0 umol) and mcbpy (19.0 umol),
BIPA (570.8 pmol) in MeCN (3 mL), TiO2 (30 mg), 525 nm LED (50% power), 24 h.
bConversion of methyl 4-iodobenzoate determined by !H-NMR using 1,3,5-
trimethoxybenzene as internal standard. °NMR vyields determined by *H-NMR using 1,3,5-
trimethoxybenzene as internal standard. BIPA = N-tert-butylisopropylamine. mcbhpy = 4'-
methyl-2,2'-bipyridine-4-carboxylic acid. n.d. = not detected. deg = degassed. quant =
quantitative.
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Table S21. Optimized conditions and control studies using the 666 nm setup.?

TiO, P25 (30 mg)
N3 (1.25 mol%)
NiBr, 3H,0 (10 mol%)

mcbpy (10 mol%) COzMe CO,Me CO,Me
CO,Me H M (o] 2 2
e sv\nzo ©  BIPA(3.0equiv) _ PN + +
| o © MeO s H HO

2 6 7

MeCN (deg), 72 h
0.06 M 2.0 equiv H160 Tuna Flora
“red” mode

Deviation from

Entry standard Conversion [%]° 2 [%]° 6 [%]° 7 [%]°
conditions
1 -- quant 99 n.d. n.d.
2 no TiO> 20 20 n.d. n.d.
3 no N3 10 10 n.d. n.d.

2Reaction conditions: methyl 4-bromobenzoate (190.3 umol), methyl 3-mercaptopropionate
(380.5 pmoal), N3 (2.4 pmol), NiBr2-3H-0 (19.0 pmol) and mcbpy (19.0 umol) BIPA (570.8
umol) in MeCN (3 mL), TiO, (30 mg), 666 nm LED (100% power), 72 h. ®Conversion of
methyl 4-iodobenzoate determined by *H-NMR using 1,3,5-trimethoxybenzene as internal
standard. °NMR yields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal
standard. BIPA = N-tert-butylisopropylamine. mcbpy = 4'-methyl-2,2'-bipyridine-4-
carboxylic acid . n.d. = not detected. deg = degassed. quant = quantitative.
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Fig. S15. UV/Vis absorption spectra of TiO, (black) and 3-mercaptopropionate-TiO- (yellow).

The absorption spectrum of TiO2 P25 is extended to visible light due to surface complexation of

the thiol starting material (24). This effect is responsible for background reactions.
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4.2 Experimental procedure for the optimized C-S arylation using in situ generation of
DSMPs.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with TiO2 P25 (90 mg),
methyl 4-iodobenzoate (149.37 mg, 570.0 umol, 1.0 equiv), methyl 3-mercaptopropionate (126.3
pL, 1.14 mmol, 2.0 equiv), Coumarin 343 or N3 (7.1 pmol, 1.25 mol%), NiBrz-3H20 (15.5 mg,
57.0 umol, 10 mol%) and 4'-methyl-2,2'-bipyridine-4-carboxylic acid (12.2 mg, 57.0 pumol, 10
mol%). Subsequently, MeCN (anhydrous, 6 mL) and N-tert-butylisopropylamine (BIPA, 271 pL,
1.71 mmol, 3 equiv) were added and the vial was sealed with a septum and Parafilm. The reaction
mixture was sonicated for 5-10 min followed by stirring for 5 min to obtain a fine dispersion. The
mixture was then degassed by bubbling Argon for 10 min. The mixture was irradiated using the
525 (fluorescein sodium) or 666 nm LED setup (N3) with rapid stirring (1400 rpm). After the
respective reaction time, one equivalent of 1,3,5-trimethoxybenzene (internal standard 96 mg, 570
pmol) was added and the mixture was stirred for 5 min. An aliquot of the reaction mixture (~200
uL) was filtered, diluted with DMSO-ds and subjected to *H-NMR analysis. Thereafter, the NMR
sample was combined with the reaction mixture, diluted with H>.O (40 mL) and extracted with
ethyl acetate (3 x 30 mL). The combined organic phases were washed with aqueous NaOH (1 M,
2x40 ml) and brine (40 mL), dried over Na.SO4 and concentrated. The product was purified by
flash column chromatography (SiO., Hexane/EtOAc elution gradient of 0-10%) on a Grace
Reveleris system using a 12 g cartridge. The title compound was isolated as a white solid.

Using Coumarin 343 and the 525 nm setup:

Reaction time: 24 h

Isolated yield: 95% (135.7 mg, 533.6 pmol)
Using N3 and the 666 nm setup:

Reaction time: 72 h

Isolated yield: 96% (137.3 mg, 540.0 umol)
Methy! 4-((3-methoxy-3-oxopropyl)thio)benzoate 2: *H NMR (400 MHz, CDCl3) § 7.93 (d, J =
8.6 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H), 3.89 (s, 3H), 3.69 (s, 3H), 3.25 (t, J = 7.4 Hz, 2H), 2.68 (t, J
= 7.4 Hz, 2H). 13C NMR (101 MHz, CDCls) § 171.98, 166.68, 142.68, 130.18, 127.41, 127.17,
52.21, 52.08, 33.83, 27.38. HRMS-EI (m/z) [M*]" calcd for Ci2H1404S: 254.0613; found:
254.0617.
These data are in full agreement with those previously published in the literature (25).
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5 C-N cross-coupling
5.1 Optimization studies using in situ generation of DSMPs.

General experimental procedure for screening experiments via in situ DSMP preparation.
An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with TiO> P25 (30 mg),
methyl 4-bromobenzoate (1 equiv), pyrrolidine (3 equiv), a dye, NiBr2-:3H20 (10 mol%), and a
ligand (10 mol%). Subsequently, dimethylacetamide (anhydrous, 3 mL) was added and the vial
was sealed with a septum and Parafilm. The reaction mixture was sonicated for 5-10 min, followed
by stirring for 5 min to obtain a fine dispersion. The mixture was then degassed by bubbling Argon
for 10 min. The mixture was irradiated with the respective LED lamps with rapid stirring (1400
rpm). After the respective reaction time, one equivalent of 1,3,5-trimethoxybenzene was added.
An aliquot of the reaction mixture (~200 uL) was filtered, diluted with DMSO-ds and subjected to
"H-NMR analysis. For a representative NMR spectrum, see Fig. S16.
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Fig. S16. Representative *H-NMR spectrum of a crude reaction mixture for determining NMR
yields in the C-N arylation.
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Table S22. Ligand screening in absence of a dye using the 440 nm LED setup.?

TiO, P25 (30 mg)

H  NiBry 3H,0 (10 mol%) COMe CO;Me CO;Me
co,Me H N .
+ ligand (10 mol%)
> Oq H HO
Br 3 6 7

DMAc (deg), 24 h

0.03 M 3.0 equiv PR160-440
Entry Ligand Conversion [%]° 3 [%]¢ 6 [%]° 7 [%]°
HO,C CO,H
1 m 89 78 3 traces
- \/

CO,H
2 M 88 62 10 3
=N N /

8Reaction conditions: methyl 4-bromobenzoate (300.0 pmol), pyrrolidine (900.0 pmol),
NiBr2-3H20 (30.0 pmol) and ligand (30.0 pmol) in DMAc (3 mL), TiO, (30 mg), 440 nm, LED
(50% power), 24 h. ®Conversion of methyl 4-bromobenzoate determined by *H-NMR using 1,3,5-
trimethoxybenzene as internal standard. “NMR vyields determined by 'H-NMR using 1,3,5-
trimethoxybenzene as internal standard. DMAc = dimethylacetamied.
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Table S23. Dye screening using the 525 nm LED setup.?

/©/C02Me N
C D
Br

TiO, P25 (30 mg)
dye (1.25 mol%)

H NiBr, 3H,0 (10 mol%
dcbpy (10 mol%)

DMAc (deg), 24 h

) CcO,Me CO,Me CO,Me
oy 1
> Cr’q H HO
3 6 7

0.06 M 3.0 equiv PR160-525

Entry Dye Conversion [%]° 3 [%]° 6 [%]° 7 [%]°
1 - 2 n.d. n.d. n.d.
2 Rose bengal 56 43 7 n.d.
3 Coumarin 343 50 32 14 n.d.
4 Rhodamin B 15 3 traces n.d.
5 Fluore_zsceln 10 traces 6 n.d.

sodium
6 Bromophenol 7 n.d. n.d. n.d.
blue

7 Congo red 5 n.d. n.d. n.d.
8 Alizarinred S 4 n.d. n.d. n.d.
9 Brilliant blue R 2 n.d. n.d. n.d.
10 Catechol 0 n.d. n.d. n.d.
14 Methyl orange 0 n.d. n.d. n.d.

@Reaction conditions: methyl 4-bromobenzoate (190.3 pumol), pyrrolidine (570.8 pumol), dye
(2.4 pmol), NiBr2-3H.0 (19.0 umol) and dcbpy (19.0 umol) in DMAc (3 mL), TiO2 (30 mg),
525 nm LED (50% power), 24 h. ®Conversion of methyl 4-bromobenzoate determined by H-
NMR using 1,3,5-trimethoxybenzene as internal standard. °NMR vyields determined by *H-
NMR using 1,3,5-trimethoxybenzene as internal standard. For structures of the dyes, see Fig.
S11. dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid. DMAc = dimethylacetamide. n.d. = not

detected. deg = degassed.
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Table S24. Optimization of the amount of dye and equivalents of pyrrolidine using the 525 nm
setup.?

TiO, P25 (30 mg)
Rose bengal

CO,Me n NiBr, 3H,0 (10 mol%) /©/002Me+/©/cozﬂﬁe /©/002Me
dcb 10 mol%
Q/ * D Py { 0, N H HO
Br
3 6 7

DMAc (deg), 24 h

0.06 M PR160-525

Entry variations Conversion [%]° 3 [%]¢ 6[%]° 7 [%0]°
0,
1 0.50_mo| % d¥6.+ quant 98 traces n.d.
5 equiv pyrrolidine
0.63 mol% dye
2 + 5 equiv pyrrolidine quant 85 6 n.d.
0,
3 0.63 mol% dye 67 58 10 traces

+ 3 equiv pyrrolidine

8Reaction conditions: methyl 4-bromobenzoate (190.3 pmol), pyrrolidine, NiBr.-3H,O (19.0
pmol), Rose begal, and dcbpy (19.0 pmol) in DMAc (3 mL), TiO2 (30 mg), 525 nm LED (50%
power), 24 h. ®Conversion of methyl 4-bromobenzoate determined by ‘H-NMR using 1,3,5-
trimethoxybenzene as internal standard. °NMR yields determined by 'H-NMR using 1,3,5-
trimethoxybenzene as internal standard. dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid. DMAc =
dimethylacetamide n.d. = not detected. deg = degassed. quant = quantitative.
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Table S25. Optimized conditions and control studies using the 440 nm setup.?

CO,Me H
/©/ + Q dcbpy (10 mol%)
Br DMAc (deg), 14 h

TiO, P25 (30 mg)
Rose bengal (0.5 mol%)

H  NiBry 3H,0 (10 mol%

)

CO,Me CO,Me CO,Me
oy
G« H HO
3 6 7

0.06 M 5.0 equiv PR160-440
Deviation from
Entry standard Conversion [%]° 3 [%]¢ 6 [%]° 7 [%]°
conditions

1 -- quant 99 traces n.d.
2 no dcbpy 67 65 n.d. n.d.
3 no Rose Bengal 20 19 n.d. n.d.
4 no light 2 n.d. n.d. n.d.
5 no NiBrz:3H20 0 n.d. n.d. n.d.
6 no TiO> 0 n.d. n.d. n.d.
7 no degassing 0 n.d. n.d. n.d.

2Reaction conditions: methyl 4-bromobenzoate (190.3 pumol), pyrrolidine (951.6 pmol), Rose
Bengal (1.0 pmol), NiBr2-3H,0 (19.0 umol) and dcbpy (19.0 umol) in DMAc (3 mL), TiO»
(30 mg), 440 nm blue LED (50% power) for 14 h. "Conversion of methyl 4-bromobenzoate
determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. “NMR yields
determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. dcbpy = 2,2'-
bipyridine-4,4'-dicarboxylic acid. DMAc = dimethylacetamide n.d. = not detected. deg =

degassed. quant = quantitative
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Table S26. Optimized conditions and control studies using the 525 nm setup.?

CO,Me N
/©/ + r\) dcbpy (10 mol%)
Br DMACc (deg), 24 h

PR160-525

TiO, P25 (30 mg)
Rose bengal (0.5 mol%)

H  NiBry 3H,0 (10 mol%

) CO,Me CO,Me CO,Me
oy
o G« H HO
3 6 7

0.06 M 5.0 equiv
Deviation from
Entry standard Conversion [%]° 3 [%]° 6 [%]° 7 [%]°
conditions

1 -- quant 99 traces n.d.
2 no dcbpy 70 69 n.d. n.d.
3 no Rose Bengal 2 traces n.d. n.d.
4 no light 2 n.d. n.d. n.d.
5 no NiBr2:3H.0 0 n.d. n.d. n.d.
6 no TiOz 0 n.d. n.d. n.d.
7 no degassing 0 n.d. n.d. n.d.

@Reaction conditions: methyl 4-bromobenzoate (190.3 pmol), pyrrolidine (951.4 umol), Rose
Bengal (1.0 pmol), NiBr2-3H20 (19.0 umol) and dcbpy (19.0 pmol) in DMAc (3 mL), TiO»
(30 mg), 525 nm LED (50% power), 24 h. "Conversion of methyl 4-bromobenzoate
determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. “NMR yields
determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. dcbpy = 2,2'-
bipyridine-4,4'-dicarboxylic acid. DMAc = dimethylacetamide n.d. = not detected. deg =

degassed. quant = quantitative
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Table S27. Optimized conditions and control studies using the 666 nm setup.?

TiO, P25 (30 mg)
N3 (0.5 mol%)

CO,Me n NiBr,' 3H,0 (10 mol%) /©/C02Me+/©/002|\1e /©/COZM6
dcb 10 mol%
/©/ O py(tomore) ., o
Br
3 6 7

DMAc (deg), 72 h
H160 Tuna Flora

0.06 M 5.0 equiv
“red” mode

Deviation from

Entry standard Conversion [%]° 3 [%]¢ 6 [%]° 7 [%]°
conditions
1 -- quant. 95 4 n.d.
2 no TiOz 2 n.d. n.d. n.d.
3 No N3 3 n.d. n.d. n.d.

8Reaction conditions: methyl 4-bromobenzoate (190.3 pumol), pyrrolidine (951.4 umol), Rose
Bengal (1.0 umol), NiBr2-3H20 (19.0 umol) and dcbpy (19.0 umol) in DMAc (3 mL), TiO;
(30 mg), 666 nm red LED (100% power), 72 h. ®Conversion of methyl 4-bromobenzoate
determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal standard. °NMR yields
determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. dchpy = 2,2-
bipyridine-4,4'-dicarboxylic acid. DMAc = dimethylacetamide n.d. = not detected. deg =
degassed. quant = quantitative
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5.2 Experimental procedure for the optimized C-N arylation using in situ generation of
DSMPs.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with TiO2 (90 mg),
pyrrolidine (121.6 mg, 142.7 pl, 1.71 mmol, 5.0 equiv), and 4-bromomethylbenzoate (122.6 mg,
570.0 pmol, 1.0 equiv), Rose Bengal or N3 (2.9 umol, 0.50 mol%), NiBrz-3H20 (57.0 pmol, 10
mol%) and 2,2'-bipyridine-4,4'-dicarboxylic acid (57.0 pmol, 10 mol%). Subsequently, DMAc
(anhydrous, 6 mL) was added and the vial was sealed with a septum and Parafilm. The reaction
mixture was sonicated for 5-10 min followed by stirring for 5 min to obtain a fine dispersion. The
mixture was then degassed by bubbling Argon for 10 min. The mixture was irradiated using the
525 (Rose Bengal) or 666 nm LED setup (N3) with rapid stirring (1400 rpm). After the respective
reaction time, one equivalent of 1,3,5-trimethoxybenzene (internal standard 96 mg, 570 pumol) was
added and the mixture was stirred for 5 min. An aliquot of the reaction mixture (~200 pL) was
filtered, diluted with DMSO-ds and subjected to *H-NMR analysis. Thereafter, the NMR sample
was combined with the reaction mixture, diluted with H.O (40 mL) and extracted with ethyl acetate
(3 x 30 mL). The combined organic phases were washed with H>O (40 mL), NaHCO3 solution (40
ml) and brine (40 mL), dried over Na,SO4 and concentrated. The product was purified by flash
column chromatography (SiO2, Hexane/EtOAc elution gradient of 0-10%) on a Grace Reveleris

system using a 12 g cartridge. The title compound was isolated as a white solid.

Using Rose Bengal and the 525 nm setup:

Reaction time: 72 h

Isolated yield: 94% (109.9 mg, 535.8 pumol)
Using N3 and the 666 nm setup:

Reaction time: 72 h

Isolated yield: 96% (112.2 mg, 547,0 umol)

1-(4-methylbenzoate)pyrrolidine 3: *H NMR (400 MHz, CDCls) § 7.90 (d, J = 8.7 Hz, 2H),
6.47 (d, J = 8.7 Hz, 2H), 3.84 (s, 3H), 3.42 — 3.09 (m, 4H), 2.05 — 1.86 (m, 4H). 3C NMR (101
MHz, CDCl3) 6 167.76, 150.95, 131.49, 116.37, 110.76, 51.55, 47.62, 25.58. HRMS (ESI-TOF)
m/z calcd. for C12H1sNO2 [(M+H)*]: 206.1176; found: 206.1187.

These data are in full agreement with those previously published in the literature (26).
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6 C-C cross-coupling

6.1 Synthesis of 1-((trimethylsilyl)methyl)piperidine

OH

Nea:
N SiMe
c1” > siMe, > O mes
DMF, 90°C, 24 h

8

A 100 mL round bottom flask equipped with a stir bar was charged with
(chloromethyl)trimethylsilane (3.07 g, 25 mmol, 1 equiv), DMF (25 mL) and piperidine (6.38 g,
7.41 mL, 75 mmol, 3.0 equiv). The mixture was heated to 90°C in an oil bath (overnight) under an
argon atmosphere. Reaction progress was assessed by NMR. When the reaction was completed,
the mixture was cooled to room temperature and was diluted with deionized H20 (~50 mL). The
mixture was extracted with EtoO (75 mL). The layers were separated, and the aqueous layer was
extracted with Et;O (2 x 50 mL). The combined organic layers were washed with deionized H.0O
(2 x100 mL) and brine (150 mL). The organic layer was dried (Na;S0O4), and the solvent was
removed. Further purification was accomplished by vacuum distillation (bp 60-62 °C @ 1 mmHg)

giving clear colorless oil (2.57 g, 60%).

1-((trimethylsilyl)methyl)piperidine 8: *H NMR (400 MHz, CDClIs) §. 0.02 (s, 9H), 1.29 -1.38
(m, 2H), 1.47 -1.56 (m, 4H), 1.85 (s, 2H), 2.19 -2.38 (m, 4H). 3C NMR (101 MHz, CDCl3) & -
0.97 (CHa), 23.96 (CH>), 26.45 (CH>), 51.82 (CHz), 58.58 (CH.). HRMS (ESI-TOF) m/z calcd.

for CoHaNSi [(M+H)*]: 172.1516; found: 172.1515.

These data are in full agreement with those previously published in the literature (17).
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6.2 Optimization studies using in situ generation of DSMPs.

General experimental procedure for screening experiments via in situ DSMP preparation.
An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with TiO> P25 (30 mg), 4-
bromobenzonitrile (1 equiv), 1-((trimethylsilyl)methyl)piperidine (1.2 equiv), a dye (1.25 mol%),
NiBr;-glyme (10 mol%), and a ligand (10 mol%). Subsequently, the solvent (anhydrous, 3 mL)
was added and the vial was sealed with a septum and Parafilm. The reaction mixture was sonicated
for 5-10 min followed by stirring for 5 min to obtain a fine dispersion. The mixture was then
degassed by bubbling Argon for 10 min. The mixture was irradiated with the respective LED lamps
with rapid stirring (1400 rpm). After the respective reaction time, an aliquot of the reaction mixture
(~200 pL) was extracted with diethyl ether and the solvent was removed. The remaining reaction
mixture , diluted with CDCls and subjected to 'H-NMR analysis to determine substrate-to-product

rations. For a representative NMR spectrum, see Fig. S17.
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Fig. S17. Representative *H-NMR spectrum of a crude reaction mixture for determining substrate-
to-product ratios yields in the C-C cross-coupling.
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Table S28. Ligand screening in absence of a dye using the 440 nm LED setup.?

TiO, P25 (30 mg)

CN A~ NiBr, glyme (10 mol%)
/@/ . O« SiMe, ligand (10 mol%) O/\@
Br 8 CN
4

DMACc (deg), 24 h

0.06 M 1.2 equiv PR160-440
Entry Ligand Ar-Br:4P
CO,H
RS 151
N N
HO.C coH
=

@Reaction conditions: 4-bromobenzonitrile  (190.3
pmol),  1-((trimethylsilyl)methyl)piperidine  (228.3
pmol), NiBr2-3H,0 (19.0 umol) and ligand (19.0 umol)
in DMAc (3 mL), TiO2 (30 mg), 440 nm LED (100%
power), 24 h. ‘Determined by HNMR. DMAc =
dimethylacetamide. glyme = 1,2-dimethoxyethane. n.d.
= not detected. deg = degassed.
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Table S29. Dye screening using the 440 nm LED setup.?

dye (1.25 mol%)
TiO, P25 (30 mg)

NiBr,  glyme (10 mol%
CN N/\SiMe3 2 gly! ( " o)
+ mcbpy (10 mol%) O/\©\
Br 8 CN
4

DMACc (deg), 24 h

0.06 M 1.2 equiv PR160-440
Entry Sensitizer Ar-Br:4b
1 Coumarin 343 1.8:1
2 Rose bengal 1.4:1
3 Rhodamin B 31
4 Fluorescein sodium 3.4:1

@Reaction conditions: 4-bromobenzonitrile  (190.3
pmol),  1-((trimethylsilyl)methyl)piperidine  (228.3
pmol), Sensitizer (1.25 mol%), NiBr,-glyme (19.0
pmol) and mcbpy (19.0 umol) in DMAc (3 mL), TiO;
(30 mg), 440 nm LED (100% power), 24 h. "Determined
by 'HNMR. For structures of the dyes, see Fig. S11.
DMAc = dimethylacetamide. glyme = 1,2-
dimethoxyethane. mcbpy = 4'-methyl-2,2'-bipyridine-
4-carboxylic acid. n.d. = not detected. deg = degassed.
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Table S30. Optimized conditions and control studies using the 440 nm setup.?

Coumarin 343 (1.25 mol%)
TiO, P25 (30 mg)

CN A~ NiBr,glyme (10 mol%)
Br 8 CN
4

DMAc (deg), 72 h

PR160-440
0.06 M 1.2 equiv
Entry Deviation from standard Ar-Br-4b
conditions

1 -- 0:1
2 no mchpy 4:1
3 no Coumarin 343 10:1
4 no light 1:0
5 no TiOz 9:1
6 no NiBrz2-glyme 1.0
7 no degassing 13:1

8Reaction conditions: 4-bromobenzonitrile  (190.3 umol), 1-
((trimethylsilyl)methyl)piperidine (228.3 pmol), Coumarin 343 (1.25
mol%), NiBrz-glyme (19.0 umol) and mcbpy (19.0 umol) in DMAc
(3 mL), TiO> (30 mg), 440 nm LED (100% power), 72 h. *Determined
by !HNMR. DMAc = dimethylacetamide. glyme = 1,2-
dimethoxyethane. mcbpy = 4'-methyl-2,2'-bipyridine-4-carboxylic
acid. n.d. = not detected. deg = degassed.
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Table S31. Optimized conditions and control studies using the 525 nm setup.?

Coumarin 343 (1.25 mol%)
TiO, P25 (30 mg)

CN A~ NiBr, glyme (10 mol%)
Br 8 CN
4

DMAc (deg), 120 h

PR160-525
0.06 M 1.2 equiv
Entry Deviation frpr_n standard Ar-Br-4b
conditions

1 none 0:1
2 no mchpy 7:1
3 no Coumarin 343 1:0
4 no light 1:0
5 no TiO> 12:1
6 no NiBrz2-glyme 1.0
7 no degassing 19:1

8Reaction conditions: 4-bromobenzonitrile  (190.3 pmol), 1-
((trimethylsilyl)methyl)piperidine (228.3 pmol), Coumarin 343 (1.25
mol%), NiBr,-glyme (19.0 umol) and mcbpy (19.0 umol) in DMAc
(3 mL), TiO2 (30 mg), 525 nm LED (100% power), 120 h.
Determined by *HNMR. DMAc = dimethylacetamide. glyme = 1,2-
dimethoxyethane. mcbpy = 4'-methyl-2,2'-bipyridine-4-carboxylic
acid. n.d. = not detected. deg = degassed.
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Table S32. Optimized conditions and control studies using the 666 nm setup.?

N3 (1.25 mol%)
TiO, P25 (30 mg)

CN A~ NiBr, glyme (10 mol%)
Br 8 CN
4

DMAc (deg), 144 h
0.06 M 1.2 equiv H160 Tuna Flora
red” mode

Deviation from standard

_Br-4b

Entry conditions Ar-Br:4
1 none 0:1
2 no N3 1:0
3 no TiO» 1:0

8Reaction conditions: 4-bromobenzonitrile  (190.3 umol), 1-
((trimethylsilyl)methyl)piperidine (228.3 pmol), N3 (1.25 mol%),
NiBr2-glyme (19.0 umol) and mcbpy (19.0 umol) in DMAc (3 mL),
TiO2 (30 mg), 666 nm LED (100% power), 144 h. "Determined by
'HNMR. DMACc = dimethylacetamide. glyme = 1,2-dimethoxyethane.
mcbpy = 4'-methyl-2,2-bipyridine-4-carboxylic acid. n.d. = not
detected. deg = degassed.
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6.3 Experimental procedure for the optimized C-C coupling using in situ generation of
DSMPs.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with TiO> (30 mg), 1-
((trimethylsilyl)methyl)piperidin (139.8 pL, 685.0 umol, 1.2 equiv), 4-bromobenzonitrile (103.9
mg, 570.0 umol, 1.0 equiv), Coumarin 343 (7.1 umol, 1.25 mol%), NiBrz-gylme (57.0 umol, 10
mol%) and 4'-methyl-2,2'-bipyridine-4-carboxylic acid (57.0 pumol, 10 mol%). Subsequently,
DMACc (anhydrous, 6 mL) was added and the vial was sealed with a septum and Parafilm. The
reaction mixture was sonicated for 5-10 min followed by stirring for 5 min to obtain a dispersion.
The mixture was then degassed by bubbling Argon for 10 min. The mixture was irradiated using
the 440, 525 (Rose Bengal) or 666 nm LED setup (N3) with rapid stirring (1400 rpm). After the
respective reaction time, an aliquot of the reaction mixture was extracted with diethyl ether. The
solvent was removed and remaining reaction mixture diluted with CDCl; and subjected to *H-
NMR analysis (See Table S13). Thereafter, the NMR sample was combined with the reaction
mixture, diluted with H>O (40 mL) and 2M NaOH (10 mL) and extracted with Et>O (3 x 30 mL).
The combined organic phases were washed with brine (50 mL), dried over Na>SOs and
concentrated. The product was purified by flash column chromatography (SiO2, DCM/MeOH
elution gradient of 0-2%) on a Grace Reveleris system using a 12 g cartridge. The title compound

was isolated as a yellowish oil.

Using Coumarin 343 and the 440 nm setup:

Reaction time: 72 h

Isolated yield: 68% (77.7 mg, 388.0umol)
Using Coumarin 343 and the 525 nm setup:

Reaction time: 120 h

Isolated yield: 75% (85.6 mg, 427.4 umol)
Using N3 and the 666 nm setup:

Reaction time: 144 h

Isolated yield: 81% (92.4 mg, 461,3 pumol)

4-(Piperidin-1-ylmethyl)benzonitrile 4: *H NMR (400 MHz, CDCl3) § 7.60 (d, J = 8.2 Hz,
2H), 7.46 (d, J = 8.0 Hz, 2H), 3.52 (s, 2H), 2.46 - 2.29 (m, 4H), 1.64 — 1.51 (m, 4H), 1.50 — 1.38
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(m, 2H). 3C NMR (101 MHz, CDCls) & 144.79, 132.13, 129.66, 119.17, 110.80, 63.31, 54.71,
26.01, 24.29. HRMS (ESI-TOF) m/z calcd. for C13H16N2 [(M+H)*]: 200.1386; found: 200.1397.

These data are in full agreement with those previously published in the literature (17).
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7 Catalyst recycling experiments

Experimental procedure for catalyst recycling experiments of the C-O arylation with the 525
nm setup using Fluo-TiO2-NiClz-dcbpy generated in situ. An oven dried vial (19 x 100 mm)
equipped with a stir bar was charged with TiO2 P25 (30 mg), N-Boc proline (40.9 mg, 190.3 pmol,
1.0 equiv), methyl 4-iodobenzoate (74.8 mg, 285.4 umol, 1.5 equiv), fluorescein sodium (2.4
pmol, 1.25 mol%), NiCl2-6H20 (4.5 mg 19.0 umol, 10 mol%) and 2,2-bipyridine-4,4'-
dicarboxylic acid (dcbpy, 4.6 mg 19.0 umol, 10 mol%). Subsequently, DMSO (anhydrous, 3 mL)
and N-tert-butylisopropylamine (BIPA, 90.4 uL, 570.8 pumol, 3 equiv) were added and the vial
was sealed with a septum and Parafilm. The reaction mixture was sonicated for 5-10 min followed
by stirring for 5 min to obtain a fine dispersion. The mixture was then degassed by bubbling Argon
for 10 min. The mixture was irradiated using the 525 nm LED setup with rapid stirring (1400 rpm).
After the respective reaction time, the reaction mixture was centrifuged and washed twice with 3

mL DMSO. The remaining DSMPs was lyophilized overnight and reused in the next reaction
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Table S33. Catalyst Recycling experiments of the C-O arylation with the 525 nm setup using an
in situ generated DSMP.2

TiO, P25 (30 mg)
NaFluo (1.25 mol%)
NiCl, 6H,0 (10 mol%)

Boc
dcbpy (10 mol%) h
co,Me Boc
/@/ *. _N_ OH__ BIPA (3.0equiv) _ @_{—@—cozm
I w DMSO (deg), 38 h Y

° 1

1.5 equiv 0.06 M PR160-525
Entry Cycle 1 [%]°
1 1 95
2 2 67
3 3 58
4 4 26
5 5 n.d.
6 +NaFluo (1.25 mol%)¢ 98
7 +NiCl26H20 (10 mol%)e 75

@Reaction conditions: methyl 4-iodobenzoate (285.4 umol), N-Boc proline
(190.3 pmol), Fluorescein sodium (2.4 pumol), NiCl;-6H20 (19.0 umol) and
dcbpy (19.0 pmol) in DMSO (anhydrous, 3 mL), BIPA (570.8 umol), TiO; (30
mg), 525 nm LED (25% power), 38h. "Conversion of methyl 4-iodobenzoate
determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard.
°NMR yields determined by *H-NMR using 1,3,5-trimethoxybenzene as
internal standard. YFluorescein sodium (2.4 pmol) was added to a reaction
mixture using the material recovered from entry 5. ¢The nickel salt (19.0 umol)
was added to a reaction mixture using the material recovered from entry 5.
NaFluo = Fluorescein sodium. dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid.
n.d. = not detected. BIPA = N-tert-butylisopropylamine. deg = degassed
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Fig. S18. Reaction mixtures (see Table S33) by centrifugation.

Table S34. ICP-OES measurements of the nickel content the DSMP and the recovered DSMP
after 5 cycles.

Sample Ni [mg/g catalyst]
TiO2 0.02
Fluo-TiO2-NiCl-dcbpy (in situ) 7.43
Fluo-TiO2-NiClz-dcbpy (after) 2 0.71

2Fluo-TiO2-NiClz-dcbpy after 5 reaction cycles
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Experimental procedure for catalyst recycling experiments of the C-O arylation with the 525
nm setup using Fluo-TiO2-NiCl2-dcbpy generated in ex situ.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with TiO2 P25 (30 mg),
N-Boc proline (40.9 mg, 190.3 pumol, 1.0 equiv), methyl 4-iodobenzoate (74.8 mg, 285.4 umol,
1.5 equiv) and Fluo-TiO2-NiClz-dcbpy (for preparation, see section 2). Subsequently, DMSO
(anhydrous, 3 mL) and N-tert-butylisopropylamine (BIPA, 90.4 pL, 570.8 pumol, 3 equiv) were
added and the vial was sealed with a septum and Parafilm. The reaction mixture was sonicated for
5-10 min followed by stirring for 5 min to obtain a fine dispersion. The mixture was then degassed
by bubbling Argon for 10 min. The mixture was irradiated using the 525 nm LED setup with rapid
stirring (1400 rpm). After the respective reaction time, the reaction mixture was centrifuged and
washed twice with 3 mL DMSO. The remaining DSMPs was lyophilized overnight and reused in

the next reaction.

Table S35. Catalyst Recycling experiments of the C-O arylation with the 525 nm setup using an
ex situ prepared DSMP.2

o o &
\'N‘“N}\
I S S
o+
. o
CO,Me Boc . £
/@/ . N OH BIPA (3.0 equiv) EN)_<0 CO,Me
| w DMSO (deg),38h %
o PR160-52
1.5 equiv 0.06 M 528 !
Entry Cycles 1 [%]°
1 ex situ prepared 63
2 1 21
3 2 4

8Reaction conditions: methyl 4-iodobenzoate (285,4 umol), N-Boc proline
(190.3 pmol) in DMSO (anhydrous, 3 mL), BIPA (570.8 umol), catalyst (30
mg; for preparation procedure see 2.1), 525 nm LED (25% power), 38h.
Conversion of methyl 4-iodobenzoate determined by *H-NMR using 1,3,5-
trimethoxybenzene as internal standard. °NMR vyields determined by 'H-
NMR using 1,3,5-trimethoxybenzene as internal standard. dcbpy = 2,2'-
bipyridine-4,4'-dicarboxylic acid. n.d. = not detected. BIPA = N-tert-
butylisopropylamine. deg = degassed
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Fig. S19. Reaction mixtures (see Table S35) after catalyst separation by centrifugation.

Table S36. ICP-OES measurements of the nickel content on the new and recovered catalyst

Sample Ni [mg/g catalyst]
TiO2 0.02
Fluo-DSMP (ex situ) 6.50
Fluo-DSMP (after)? 1.66
Fluo-TiO» 0.041
TiO2-NiClz-dcbpy 5.45

aFluo-TiO2-NiCl,-dcbpy after 5 reaction cycles
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8 Experiments with insulating metal oxides and diffusion controlled
metallaphotocatalysis.

The reactions were carried out according to the optimized experimental procedures for the
individual couplings (see Section 3.2.; 4.2; 5.2 and 6.2) using different metal oxides and ligands.

Table S37. C-O cross-couplings with different metal oxides using the 525 nm setup.?

metal oxide (30 mg)
NaFluo (1.25 mol%)
NiCly 6H,0 (10 mol%)

Boc
dcbpy (10 mol%) i
CO,Me Boc
/©/ 2 N N OH BIPA (3.0 equiv) I:N)_<O CO,Me
o
1 > ,

’

DMSO (deg), 38 h

0.06 M 1.5 equiv PR160-525
Entry Metal oxide 1 [%]°
1 TiO, 97
2 SiO, 50
3 Al20; 39
4 Zno 33

> ) n.d.

@Reaction conditions: methyl 4-iodobenzoate (285.4 umol), N-Boc proline (190.3 umol),
Fluorescein sodium (2.4 pmol), NiCl,-6H,0 (19.0 umol) and dcbpy (19.0 umol), BIPA
(570.8 umol), and metal oxide (30 mg) in DMSO (anhydrous, 3 mL), 525 nm LED (25%
power) for 38h. PNMR vyields determined by *H-NMR using 1,3,5-trimethoxybenzene as
internal standard. NaFluo = Fluorescein sodium. dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic
acid. n.d. = not detected. BIPA = N-tert-butylisopropylamine. deg = degassed
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Table S38. C-O cross-couplings with different metal oxides and a non-binding nickel complex

using the 525 nm setup.?

metal oxide (30 mg)
NaFluo (1.25 mol%)
NiCl, 6H,0 (10 mol%)

T A o s 4 oo
SOANER A
0.06 M 1.5 equiv

Entry Metal oxide 1 [%]°

1 TiO2 65

2 Si0; n.d.

3 Alz0s n.d.

4 Zno traces

> ) n.d.

8Reaction conditions: methyl 4-iodobenzoate (285.4 pmol), N-Boc proline (190.3 pmol),
Fluorescein sodium (2.4 umol), NiCl,-6H,0 (19.0 umol), dtbbpy (19.0 umol), BIPA (570.8 umol),
and metal oxide (30 mg) in DMSO (anhydrous, 3 mL), 525 green LED (25% power) for 38h. "NMR
yields determined by H-NMR using 1,3,5-trimethoxybenzene as internal standard. NaFluo =
Fluorescein sodium. dtbbpy = 4.,4'-di-tert-butyl-2,2'-dipyridyl. n.d. = not detected. BIPA = N-tert-
butylisopropylamine. deg = degassed

Table S39. C-O cross-couplings with different metal oxides using the 666 nm setup.?

metal oxide (30 mg)
N3 (1.25 mol%)

NiCly' 6H,0 (10 mol%)
dcbpy (10 mol%)

Boc IBoc
CO,Me
/©/ 2 N N OH BIPA (3.0 equiv) %O—O—COZMe
: o]
° 1

DMSO (deg), 168 h
H160 Tuna Flora

0.06 M 1.5 equiv “red” mode
Entry Metal oxide 1 [%]°
1 TiO2 95
2 SiO; 48
3 Al;03 37

8Reaction conditions: methyl 4-iodobenzoate (285.4 pmol), N-Boc proline (190.3 pmol),
Fluorescein sodium (2.4 pmol), NiCl;-6H20 (19.0 pmol) and dcbpy (19.0 pmol) in DMSO
(anhydrous, 3 mL), BIPA (570.8 umol), semiconductor (30 mg), 666 nm LED (100% power) for
168h.. °NMR yields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard.
NaFluo = Fluorescein sodium. dcbpy = 2,2’-bipyridine-4,4'-dicarboxylic acid. n.d. = not detected.
BIPA = N-tert-butylisopropylamine. deg = degassed
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Table S40. C-S cross-couplings with different metal oxides using the 525 nm setup.?

metal oxide (30 mg)
Coumarin 343 (1.25 mol%)
NiBr, 3H,0 (10 mol%)

mcbpy (10 mol%) CO,Me CO,Me CO,Me
CO,Me HS OMe o] 2 2
BIPA (3.0 equiv.) + +
. \/\n/ ‘
|/©/ o MeOJ\/\S H HO
2 6 7

MeCN (deg), 24 h

0.06 M 2.0 equiv PR160-525
Entry Metal oxide 2 [%0]° 6 [%0]° 7 [%0]°
1 TiO2 99 n.d. n.d.
2 Al203 99 n.d. n.d.
3 SiO2 48 n.d. n.d.
4 - traces n.d. n.d.

8Reaction conditions: methyl 4-bromobenzoate (190.3 pmol), methyl 3-mercaptopropionate (380.5
pmol), Coumarin 343 (2.4 pmol), NiBr2-3H20 (19.0 umol), mcbpy (19.0 umol) and metal oxide (30
mg) in MeCN (3 mL), 525 nm LED (50% power) for 24 h. °®NMR yields determined by *H-NMR
using 1,3,5-trimethoxybenzene as internal standard. BIPA = N-tert-butylisopropylamine. mcbpy =
4'-methyl-2,2"-bipyridine-4-carboxylic acid . n.d. = not detected. deg = degassed. quant =
quantitative.

Table S41. C-S cross-couplings with different metal oxides and a non-binding nickel complex
using the 525 nm setup.?

metal oxide (30 mg)
Coumarin 343 (1.25 mol%)
NiBr, 3H,0 (10 mol%)

dtbbpy (10 mol%) CO,Me CO,Me CO,Me
g et e o
0.06 M 2.0 equiv PR160-525 2 6 7
Entry Metal oxide 2 [%]° 6 [%]° 7 [%]°
1 TiO: 80 n.d. n.d.
2 Al203 10 n.d. n.d.
3 SiO; 5 n.d. n.d.
4 - traces n.d. n.d.

8Reaction conditions: methyl 4-bromobenzoate (190.3 umol), methyl 3-mercaptopropionate (380.5
pmol), Coumarin 343 (2.4 pmol), NiBrz-3H20 (19.0 umol), dtbbpy (19.0 umol) and metal oxide (30
mg) in MeCN (3 mL), 525 green LED (50% power) for 24 h. °™NMR yields determined by *H-NMR
using 1,3,5-trimethoxybenzene as internal standard. BIPA = N-tert-butylisopropylamine. dtbbpy =
4 4'-di-tert-butyl-2,2'-dipyridyl. n.d. = not detected. deg = degassed. quant = quantitative.
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Table S42. C-N cross-couplings with different metal oxides using the 525 nm setup.?

metal oxde (30 mg)
Rose bengal (0.5 mol%

)
: co,M COo,M CO,Me
cOo,Me N NiBry 3H;0 (10 mol%) @/ 2 i@/ 2 +e /@/ 2
dcbpy (10 mol%
/©/ e by (10 mol%) \ . o
Br
3 6 7

DMAc (deg), 24 h

0.06 M 5.0 eq. PR160-525
Entry Metal oxide 3 [%0]P 6 [%0]° 7 [%]b
1 TiO> 99 n.d. n.d.
2 Al203 99 n.d. n.d.
3 SiO2 48 n.d. n.d.
4 - n.d. n.d. n.d.

@Reaction conditions: methyl 4-bromobenzoate (190.3 umol), pyrrolidine (951.4 umol), Rose Bengal (0.5
mol%) NiBr;-3H20 (19.0 umol) and dcbpy (19.0 pmol) in DMAc (3 mL), metal oxide (30 mg), 525 nm
green LED (50% power) for 24 h. "Conversion of methyl 4-bromobenzoate determined by *H-NMR using
1,3,5-trimethoxybenzene as internal standard. °NMR vyields determined by H-NMR using 1,3,5-
trimethoxybenzene as internal standard. dcbpy = 2,2-bipyridine-4,4’-dicarboxylic acid. DMAc =
dimethylacetamide n.d. = not detected. deg = degassed. quant = quantitative

Table S43. C-N cross-couplings with different metal oxides and a non-binding nickel complex
using the 525 nm setup.?

metal oxide (30 mg)
Rose bengal (0.5 mol%

)
iBr.: CO,Me CO,Me CO,Me
CO,Me n ngngstgém n:;l)%) /©/ 2 +©/ 2 " /©/ 2
mo
* D By - N H HO
Br
3 6 7

DMAGc (deg.), 24 h

0.06 M 5.0 eq. PR160-525
Entry Metal oxide 3 [%]° 6 [%]° 7 [%]°
1 TiO2 12 n.d. n.d.
2 Al;03 n.d. n.d. n.d.
3 SiO2 n.d. n.d. n.d.
4 - n.d. n.d. n.d.

8Reaction conditions: methyl 4-bromobenzoate (190.3 pmol), pyrrolidine (951.4 pmol), Rose Bengal (0.5 mol%)
NiBrz-3H,0 (19.0 pumol) and dtbbpy (19.0 pmol), metal oxide (30 mg), in DMAc (3 mL), 525 nm LED (50%
power) for 24 h. °®NMR yields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. dtbbpy
= 4. 4'-di-tert-butyl-2,2'-dipyridyl. DMAc = dimethylacetamide n.d. = not detected. deg = degassed. quant =
quantitative
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Table S44.C-C cross-couplings with different metal oxides using the 525 nm setup.?

metal oxide (30 mg)
Coumarin 343 (1.25 mol%)

CN A~ NiBr, glyme (10 mol%)
N7 SiMe, o
+ mcbpy (10 mol%) O/\©\
Br 8 CN
4

DMAc (deg), 120 h

0.06 M 1.2 equiv PRI60-525
Entry Metal oxide Ar-Br:4°
1 TiO2 0:1
2 Al2O3 151
3 SiO; 1.6:1
4 - 1:traces

aReaction conditions: 4-bromobenzonitrile (190.3 pmol), 1-
((trimethylsilyl)methyl)piperidine (228,3 pumol), N3 (1.25 mol%), NiBrz-glyme
(19.0 pumol) metal oxide (30 mg), and mcbpy (19.0 umol) in DMACc (3 mL), 666
nm LED (100% power), 144 h. °Determined by HNMR. DMAc =
dimethylacetamide. glyme = 1,2-dimethoxyethane. mcbpy = 4'-methyl-2,2'-
bipyridine-4-carboxylic acid. n.d. = not detected. deg = degassed.

Table S45. C-C cross-couplings with different metal oxides and a non-binding nickel complex
using the 525 nm setup.?

metal oxide (30 mg)
Coumarin 343 (1.25 mol%)

CN A~ NiBry glyme (10 mol%)
Br 8 DMAc (deg), 120 h CN
PR160-525

0.06 M 1.2 equiv 4
Entry semiconductor Ar-Br:4°
1 TiO: 0:1
2 Al>03 1.0
3 SiO2 1:0
4 - 1:0
8Reaction conditions: 4-bromobenzonitrile (190.3 pmol), 1-

((trimethylsilyl)methyl)piperidine (228,3 umol), N3 (1.25 mol%), NiBrz-glyme (19.0
pmol) metal oxide (30 mg), and mcbpy (19.0 umol) in DMACc (3 mL), 666 nm LED
(100% power), 144 h. "Determined by *HNMR. DMACc = dimethylacetamide. glyme
= 1,2-dimethoxyethane. dtbbpy = 4,4'-di-tert-butyl-2,2-dipyridyl. n.d. = not
detected. deg = degassed.
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9 Spectrophotometric titrations

Incremental amounts of NiClz-dcbpy or NiClz-dtbbpy were added while the concentration of Fluo-
TiO2 or Fluo-SiO2 was kept constant. The fluorescence signals were corrected for re-absorption

effects at the excitation wavelength and quantitatively analyzed.

Spectrophotometric titrations were conducted to analyze the electronic interactions between Fluo-
MO (with MO = TiO; or SiO2) and a nickel complex (NiClz-dcbpy or NiClz-dtbbpy) dispersed in
DMSO. To this end, the absorption and emission features were monitored in dispersions with a
constant concentration of Fluo-MO upon adding varying amounts of a nickel complex. The
prominent absorption feature related to Fluo-MO with a maximum at 521 nm diminishes gradually
upon stepwise addition of a nickel complex. The Fluo-MO related fluorescence, excited at 505
nm, is gradually quenched upon addition of the nickel complex (Fig. S27). The lo/I relationship
shows linear trends in all experiments except for the titration of Fluo-TiO2 with NiCl,-dcbpy,
where a drastic increase of the slope was observed for NiCl,-dcbpy concentrations > 7.3 x 107 M.
A positive deviation from the initial linear relationship is typically described as mixed static and
dynamic quenching, i.e. complex formation occurs to a certain degree. Association were

determined from the linear parts of the lo/I relationships and are summarized inTable S46.

Table S46. Association constants determined by spectrophotometric titrations.

Kass (dynamic) Kass (static)
L mol L mol
Fluo-TiO2 - NiCly-dcbpy 6.2 x 10° 6.2 x 107
Fluo-TiOz - NiCly-dtbbpy 6.2 x 10°
Fluo-SiOz - NiCl2-dcbpy 1.5 x 10°
Fluo-SiO2 - NiCl,-dtbbpy 7.0 x 10*
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Fig. S20. Left: absorption spectra of Fluo-TiO> dispersed in DMSO during the course of a titration
with NiClz-dcbpy (black to purple, 0 — 2.6 x 10° M); Right: steady-state fluorescence spectra of
Fluo-TiO> dispersed in DMSO during the course of a titration with NiCl>-dcbpy (black to purple,

0-2.6 x 10 M);
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Fig. S21. Left: absorption spectra of Fluo-TiO> dispersed in DMSO during the course of a titration
with NiCly-dtbbpy (black to purple, 0 — 2.6 x 10 M);Right: steady-state fluorescence spectra (Aex
= 505 nm) of Fluo-TiO; dispersed in DMSO during the course of a titration with NiCl>-dtbbpy

(black to purple, 0 — 2.6 x 105 M).
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Fig. S22. Left: absorption spectra of Fluo-SiO- dispersed in DMSO during the course of a titration
with NiClz-dcbpy (black to purple, 0 — 1.6 x 10°® M); Right: steady-state fluorescence spectra (Aex
= 505 nm) of Fluo-SiO> dispersed in DMSO during the course of a titration with NiClz-dcbpy

(black to purple, 0 — 1.6 x 10 M).
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Fig. S23. Left: absorption spectra of Fluo-SiO- dispersed in DMSO during the course of a titration
with NiCl-dtbbpy (black to purple, 0 — 1.6 x 10°® M); Right: steady-state fluorescence spectra (lex
= 505 nm) of Fluo-SiO> dispersed in DMSO during the course of a titration with NiCl>-dtbbpy

(black to purple, 0 — 1.6 x 10 M).
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10 Comparison of metallaphotocatalyst systems for the C-O arylation of cinnamic acid.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with trans cinnamic acid
(84.5 mg, 570 pmol, 1.0 equiv), 4-iodobenzotrifluoride (125.6 pL, 855 pmol, 1.5 equiv),
NiCl2-6H20 (57 pmol, 10 mol%) and 2,2’-bipyridine-4,4’-dicarboxylic acid (57 pmol, 10 mol%).
Three different homogeneous photocatalysts (Ir[dF(Me)ppy]2 (dtbbpy))PFs (5.17 pmol, 1.00
mol%), Ir[dF(CF3)ppy]2(dtbpy))PFs (5.17 pumol, 1.00 mol%), Ir(ppy)z (5.17 pumol, 1.00 mol%))
and the DSMP system (Fluorescein sodium (7.14 pmol, 1.25 mol%) + TiO2 (90 mg)) were studied
in individual reactions. DMSO (anhydrous, 6 mL) and N-tert-butylisopropylamine (BIPA, 271
pL, 1.2 mmol, 3 equiv) were added and the vial was sealed with a septum and Parafilm. The
reaction mixture was sonicated for 5-10 min followed by stirring for 5 min to obtain a fine
dispersion of the solids. The mixture was then degassed by bubbling Argon for 10 min. The
mixture was irradiated with the respective LED lamp with rapid stirring (1400 rpm). After the
respective reaction time, one equivalent of 1,3,5-trimethoxybenzene (internal standard 96 mg, 570
pmol) was added and the mixture was stirred for 5 min. An aliquot of the reaction mixture (~200
uL) was filtered, diluted with CDCls, extracted with 1M HCI and subjected to *H-NMR analysis.
For representative NMR spectra, see Fig. S24.
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Fig. S24. Representative *H-NMR spectrum of a crude reaction mixture for determining NMR
yields in the DSMP catalyzed C-O arylation of cinnamic acid.
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Fig. S25. Representative *H-NMR spectrum of a crude reaction mixture of E- and Z- cinnamic
acid.
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Table S47. Comparison of metallaphotocatalyst systems for the C-O arylation of cinnamic acid.?

photocatalyst
NiCl, 6H,0 (10 mol%)

CF,
o dcbpy (10 mol%) o /©/ CF,
CF3 X~ “oH BIPA (3.0 equiv) N0 + /©/
+ . HO'
| DMSO (deg)
5 9

1.5 equiv 0.06 M light source

Lightsource Time E-5 Z-5 9

Entry photocatalyst [nm] [h] [%6]° [%]° [%]°
TiO2 (30 mg) +
1 NaFluo (1.25 mol%) 525 72 95  n.d. 3
) TiO2 (30 mg) + 240 2 - o4 .

NaFluo (1.25 mol%)

Ir[dF(Me)ppy]2 (dtbbpy))PFe
3 (1.00 mol%) 440 1 52 36 9

Ir[dF(CF3)ppy]2(dtbpy))PFs
4 (1,00 mol%) 440 1 48 38 16

Ir(ppy)s
5 (1,00 mol%) 440 1 70 22 20

Ir(ppy)s
6 (1,00 mol%6) 525 2 78 24 6

@Reaction conditions: 4-lodobenzotrifluoride (285,4 umol), trans cinnamic acid (190.3 umol), Ir catalyst
(2.90 pmol), Fluorescein sodium (2.4 pmol), ), TiOz (30 mg), NiCl,-6H,0 (19.0 umol) and dcbpy (19.0
pmol) in DMSO (anhydrous, 3 mL), BIPA (570.8 pmol), 440 nm blue LED (100% power) at RT. °NMR
yields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. 525 nm LED (100%)
instead of 440 nm LED. NaFluo = Fluorescein sodium.dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid. BIPA
= N-tert-butylisopropylamine. n.d. = not detected. deg = degassed

The reaction from table S47, Entry 1 was isolated on a larger scale for product
characterization: An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with
trans cinnamic acid (84.5 mg, 570 umol, 1.0 equiv), 4-iodobenzotrifluoride (125.6 pL, 855 pmol,
1.5 equiv), NiCl2-6H20 (13.6 mg, 57 pmol, 10 mol%), 2,2'-bipyridine-4,4'-dicarboxylic acid
(dcbpy. 13.9 mg, 57 umol, 10 mol%), fluorescein sodium (7.14 pmol, 1.25 mol%), and TiO2 (90
mg). DMSO (anhydrous, 6 mL) and N-tert-butylisopropylamine (BIPA, 271 puL, 1.2 mmol, 3
equiv) were added and the vial was sealed with a septum and Parafilm. The reaction mixture was
sonicated for 5-10 min followed by stirring for 5 min to obtain a fine dispersion of the solids. The
mixture was then degassed by bubbling Argon for 10 min. The mixture was irradiated with the
respective LED lamp with rapid stirring (1400 rpm). After the respective reaction time, one
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equivalent of 1,3,5-trimethoxybenzene (internal standard 96 mg, 570 umol) was added and the
mixture was stirred for 5 min. An aliquot of the reaction mixture (~200 pL) was filtered, diluted
with CDCls, extracted with 1M HCI and subjected to *H-NMR analysis. The NMR sample was
combined with the reaction mixture, diluted with H>O (40 mL) and extracted with dichloromethane
(3 x 30 mL). The combined organic phases were washed with brine (50 mL), dried over Na>SO4
and concentrated. The product was purified by flash column chromatography (SiOa,
Hexane/EtOAc elution gradient of 0-20%) on a Grace Reveleris system using a 12 g cartridge. The
title compound was isolated as a white solid in 90% yield (Reaction time: 72 h, 149.92 mg, 513.0
pmol).

E-4-(Trifluoromethyl)phenyl cinnamate E-5: *H NMR (400 MHz, CDCls) 5. 7.92 (d, J = 16.0
Hz, 1H), 7.69 (d, J = 8.4 Hz, 2H), 7.61 (dt, J = 6.7, 2.3 Hz, 2H), 7.45 (dd, J = 5.1, 2.0 Hz, 3H),
7.32 (d, J = 8.2 Hz, 2H), 6.65 (d, J = 16.0 Hz, 1H). *C NMR (101 MHz, CDCls) § 164.92, 153.42,
147.53, 134.05, 131.10, 129.17, 128.51, 128.26 (s, J = 32.74 Hz), 126.89 (q, J = 3.8 Hz), 125.39
(s, J=272.17 Hz), 122.27, 116.7. **F NMR (377 MHz, CDCl3) § -62.21 ppm. HRMS-EI

(m/z) [M*]* calcd for C1sH11F302: 292.0711; found: 292.0718.

These data are in full agreement with those previously published in the literature (27).

Table S48. Control studies isomerization of 4-(Trifluoromethyl)phenyl cinnamate.?

o CF;
photocatalyst o CF3
2
o > X /©/
DMSO (deg), 72h o)
E-5
Z-5

PR160-440nm
0.06 M

Entry photocatalyst E-5: Z-5°
1 -- 1:0.16
2 NaFluo (1.25 mol%) 1:0.11
3 TiO2 (30 mQ) 1:0.12

8Reaction conditions: E-4-(Trifluoromethyl)phenyl cinnamate (190.3 pumol), Fluorescein
sodium (2.4 pmol), ), TiO2 (30 mg), in DMSO (anhydrous, 3 mL), 440 nm blue LED (100%
power), 72h. ¢ Determined by *HNMR. NaFluo = Fluorescein sodium. n.d. = not detected.
deg = degassed
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12 Copies of NMR spectra
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