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Summary

Visible-light is a powerful “reagent” for sustainable synthetic organic chemistry. In
particular, the combination of photo- and nickel catalysis (metallaphotocatalysis) has
emerged as a valuable strategy for carbon—carbon and carbon—heteroatom cross-couplings.
This research field is dominated by expensive homogeneous noble metal complexes that can
only convert a small portion of visible light (<500 nm) into chemical energy. The high-
energy photons that excite the photocatalyst can result in unwanted side reactions and the
homogenous nature of these does not allow for straightforward catalyst recycling.
Heterogeneous semiconductors that absorb visible light are a promising sustainable
alternative to noble metal photocatalysts (Chapter 2).

Their potential for metallaphotocatalytic C—N cross-couplings was demonstrated (Chapter
3). This transformation suffers from deactivation of the nickel catalyst using homogeneous
photocatalysts. The broad absorption range (up to 700 nm) of an organic, heterogeneous
carbon nitride photocatalyst (CN-OA-m) allows controlling the rate of the bond-forming
step by carefully selecting the wavelength thereby preventing catalyst deactivation. This is
not only crucial for the reproducibility of such reactions, but also expands the scope to
substrates that were previously unsuitable.

The redox potential of a carbon nitride photocatalyst can be tuned by changing the irradiation
wavelength to generate electron holes with different oxidation potentials (Chapter 4). This
was the key to design photo-chemo-enzymatic cascades that enable the synthesis of (S)- or
(R)- 1-phenylethan-1-ol from ethylbenzene by choosing the irradiation wavelength and the
enzyme co-catalyst.

In contrast to common photocatalysts that can be only excited using short wavelengths,
abundant organic dyes absorb broadly across the entire visible-light spectrum. Inspired by
dye-sensitized solar cells, the short-lived excited singlet states of such dyes were harnessed
for light-mediated cross-coupling reactions (Chapter 5). Immobilization of a nickel catalyst
on dye-sensitized titanium dioxide results in a material that catalyzes carbon—heteroatom
and carbon—carbon bond formations. The modular approach of dye-sensitized
metallaphotocatalysts (DSMPs) accesses the entire visible light spectrum and allows
tackling selectivity issues resulting from low-wavelengths strategically. The concept

overcomes current limitations of metallaphotocatalysis by unlocking the potential of dyes



that were previously unsuitable. However, recycling studies suffered from a gradual decrease
of the yield due to leaching of the nickel catalyst and the dye from the surface of TiO. This
was rationalized by the weak interaction between carboxylic acid anchoring groups and
titanium dioxide. Therefore, recyclable, bifunctional materials for metallaphotocatalytic C—
S cross-couplings were developed (Chapter 6). Key to the success was the permanent
immobilization through phosphonic acid anchor groups. The optimized catalyst harvests a
broad range of the visible light spectrum and requires a nickel loading of only ~0.1 mol%.
Another robust alternative to organic dyes that does not suffer from photobleaching was
realized, by immobilizing carbon dots on titanium dioxid (Chapter 7). The potential of these

sustainable materials was demonstrated for various carbon—heteroatom cross-couplings.



Zusammenfassung

Sichtbares Licht ist ein leistungsstarkes ,,Reagenz* fiir eine nachhaltige organische
Synthesechemie. Insbesondere die Kombination von Photo- und Nickelkatalyse
(Metallaphotokatalyse) hat sich als erfolgreiche Strategie fur Kohlenstoff—Kohlenstoff und
Kohlenstoff-Heteroatom Kreuzkupplungsreaktionen herausgestellt. Dieses Forschungsfeld
wird von teuren homogenen Edelmetallkomplexen, die nur einen kleinen Teil des sichtbaren
Lichtes absorbieren, dominiert. Die hochenergetischen Photonen, die flr die Anregung des
Photokatalysators bendtigt werden, konnen zu unerwinschten Nebenreaktionen fuhren.
Zusétzlich sind diese homogenen Katalysatoren nicht recyclierbar.

Heterogene Halbleiter, die sichtbares Licht absorbieren, sind eine vielversprechende
nachhaltige Alternative zu Edelmetall-Photokatalysatoren (Kapitel 2).

Das Potential dieser Materialien wurde fur metallaphotokatalytischen C—N-
Kreuzkupplungen demonstriert (Kapitel 3). Mit herkdbmmlichen Photokatalysatoren kommt
es bei dieser Reaktion zu einer Deaktivierung des Nickelkatalysators. Der breite
Absorptionsbereich (bis zu 700 nm) eines organischen, heterogenen Kohlenstoffnitrid-
Photokatalysators (CN-OA-m) ermdéglicht die Kontrolle der photokatalytischen Reaktion
durch die Wahl der Wellenlénge e, wodurch die Katalysatordeaktivierung verhindert werden
kann. Dies ist nicht nur entscheidend fir die Reproduzierbarkeit solcher Reaktionen, sondern
erweitert den Anwendungsbereich der Reaktion auf Substrate, die bisher nicht zugéngliche
waren.

Weiters wurde gezeigt, dass das Redoxpotential eines Kohlenstoffnitrid-Photokatalysators
durch Anderung der Bestrahlungswellenlange beeinflusst werden kann. Durch
unterschiedliche  Lichtquellen, kdnnen Elektronenlécher mit  unterschiedlichen
Oxidationspotentialen erzeugt werden (Kapitel 4). Dies war der Schlussel zur Entwicklung
von photo-chemo-enzymatischen Kaskaden, die, abhangig von der
Einstrahlungswellenldnge und der Auswahl des Biokatalysators, eine enantioselektive
Umwandlung von Ethylbenzen in (S)- oder (R)- 1-Phenylethan-1-ol ermdglichen.

Im Gegensatz zu herkdmmlichen Photokatalysatoren, die nur mit kurzen Wellenlangen
angeregt werden konnen, absorbieren organische Farbstoffe das gesamte Spektrum des
sichtbaren Lichts. Inspiriert von farbstoffsensibilisierten Solarzellen wurde eine Methode

entwickelt, um die kurzlebigen, angeregten Singulett-Zustande solcher Farbstoffe fir



Kreuzkupplungsreaktionen zu nutzen (Kapitel 5). Die Immobilisierung eines
Nickelkatalysators und eines Farbstoffes auf der Oberflache von Titandioxid fihrt zu einem
Material, das die Bildung von Kohlenstoff-Heteroatom und Kohlenstoff-Kohlenstoff
Kreuzkupplungen katalysiert. Der modulare Ansatz dieser Metallaphotokatalysatoren kann
das gesamte Spektrum des sichtbaren Lichts nutzen und ermoglicht es
Selektivitatsprobleme, die bei kurzen Wellenlangen auftreten, strategisch zu l6sen.

Recyclingstudien zeigten jedoch die stufenweise Abnahme der Ausbeute aufgrund des
Auslaugens des Nickelkatalysators und des Farbstoffes. Dies deutet auf eine schwache
Wechselwirkung zwischen den Carbonsduregruppen des Farbstoffes und des
Nickelkatalysators und Titandioxid hin. Daher wurden bifunktionelle Materialien fur
metallaphotokatalytische C-S-Kreuzkupplungen entwickelt, die ohne Verlust ihrer
katalytischen Aktivitdat wiederverwendet werden kénnen (Kapitel 6). Der Schlussel zum
Erfolg ist die permanente Immobilisierung durch Phosphonséuregruppen. Der optimierte
Katalysator absorbiert einen breiten Bereich des sichtbaren Lichtspektrums und benétigt nur
kleine Mengen des Nickelkomplexes (~0,1 mol%). Eine Alternative zu organischen

Farbstoffen, wurde mit Hilfe von Kohlenstoffquantenpunkten entwickelt (Kapitel 7).



Chapter 1
Introduction

This chapter provides the scientific background and notions necessary to understand the
experimental studies and discussions within this thesis. Chapters 2 - 7 report the publications
listed at page vii, reformatted but with unaltered content. For each publication, supporting
information containing experimental details is included. Copies of NMR spectra of isolated
compounds are excluded and available through the website of the Publisher. A discussion of
the individual projects and their interpretation within the overall dissertation is given in
Chapter 8.

1.1 General principles of photocatalysis

Nature has developed elegant ways to use solar light as an energy source for (bio)chemical
processes, which inspired synthetic chemists to explore the use of light to facilitate chemical
reactions. Traditionally, photochemical reactions were carried out using ultraviolet light,*
but the high photon energies often cause selectivity problems. This has changed with the
development of photocatalysts (PC) that can absorb visible light to reach an excited state

that can activate substrates, reagents or co-catalysts.?

The electronic states of a molecule and transition between them are fundamental to
understand photochemical reactions and are illustrated in a Jablonski diagram (Figure 1.1).
Upon irradiation with a suitable wavelength, a chromophore is promoted from its ground
state (So) to a to a non-equilibrium level, for example the first singlet excited state (S1). Next,
energy is dissipated through vibrational relaxation and the molecule reaches the lowest
vibrational level of the singlet excited state. Relaxation to the ground state (So) typically
occurs via fluorescence (S1 — So). Fluorescence is a transition between states of the same
spin state (S1 — So) and occurs readily, resulting in short lifetimes of singlet states (<101
to 107 s). Molecules with large spin-orbit coupling can alternatively undergo intersystem
crossing (ISC; S1 — T1) followed by phosphorescence (T1— So). Intersystem crossing is a
spin-forbidden, non-radiative transition between two isoenergetic vibrational levels

belonging to electronic states of different spin multiplicity. Phosphorescence is a spin-
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forbidden, radiative transition between two electronic states of different spin multiplicity.

As aresult, triplet states are long-lived (>100 ns).

Non-radiative transitions

y A———  (vibronic relaxation)

LUMO S4 Yvy

e
Absorption T,
< Fluorescence
Ky
— Phosphoresence
m E i
> n
5 2
c \
L : 7
HOMO Sy LI |

Figure 1.1. Jablonski diagram for the illustration of a molecule's electronic and vibronic states and the
transition between the states.

Long excited state lifetimes are crucial for photocatalysts, because it enables the excited
catalyst to engage in bimolecular processes in solution (Figure 1.2).> Common
photocatalysts for organic synthesis are organometallic chromophores, organic dyes and
semiconductors that absorb visible light. Upon absorption of light, the PC reaches an excited
state (PC*) that can activate a target molecule (A, substrate or reagent) through energy or
single electron transfer. Upon collision with A, PC* relaxes to the ground state, and in the
process generates a reactive intermediate of the target molecule (A*). A* then goes on to
form the product either after or concurrent with its dissociation from PC. Thus, the lifetime

of PC* must be longer than time it takes to diffuse to A.

9@

}I Diffusion

@;?=®=@
@0 9 o

Figure 1.2. Key events to initiate reactions with a photocatalyst.
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1.1.1 Energy transfer

Energy transfer (EnT) is defined as “the photophysical process in which an excited state of
one molecular entity (the donor D) is deactivated to a lower-lying state by transferring
energy to a second molecular entity (the acceptor A), which is thereby raised to a higher
energy state.” In a photocatalytic reaction, the PC is the donor and a substrate, reagent,
intermediate or a co-catalyst is the acceptor. Electron transfer can be rationalized by two
different mechanisms: Forster resonance energy transfer and Dexter energy transfer (Figure
1.3).°

Forster energy resonance transfer (FRET) occurs through nonradiative dipole-dipole
coupling of the donor and the acceptor. The donor relaxes to its ground state and the released
energy is transferred through coulombic interactions (Figure 1.3, A). This phenomenon is
used to measure molecular interactions, but is not suitable for most photocatalytic
applications, especially in case of PCs that populate triplet excited states. This would require
a T1— So transition of the PC and a So— T1 transition of the substrate/reagent simultaneously

to occur, which violates Wigner's spin conservation rules.®

Dexter energy transfer relies on two simultaneous electron transfer processes. In contrast to
FRET, this requires an orbital overlap between the donor (PC) and the acceptor (Figure 1.3,
B). Consequently, the efficiency of such reactions is limited by the rate of diffusion. The
excited electron that populates the lowest unoccupied molecular orbital (LUMO) of the
donor is transferred to the LUMO of the acceptor. Concomitantly, an electron from the
highest occupied molecular orbital (HOMO) of the acceptor moves to the HOMO of the
donor. The Dexter mechanism is responsible for the most photocatalytic organic

transformations that take proceed via energy transfer mechanisms.

A) Forster (Resonance) Energy Transfer B) Dexter Energy Transfer

Energy (E)
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Figure 1.3. Forster (A) vs. Dexter EnT process (B).
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1.1.2 Single electron transfer

The vast majority of photocatalytic reactions proceed via single electron transfer (SET)
mechanisms (photoredox catalysis, PRC).%" Here, the excited photocatalyst is quenched by
accepting or donating a single electron to a substrate, reagent or co-catalyst. This enables
oxidative or reductive quenching cycles (Figure 1.4). In an oxidative quenching cycle, the
excited photocatalyst (PC*) first transfers an electron to an acceptor (A), which in turn
generates a reducing species (PCX) that can subsequently accept an electron from a single
electron donor (D) to close a catalytic cycle. Depending on reaction conditions, the inverse

events occur to complete a reductive quenching cycle.

PCred

reductive quenching cycle

- > PC*

oxidative quenching cycle

PCOX

Figure 1.4. Reductive and oxidative quenching cycles in photoredox catalysis.
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1.2 Metallaphotocatalyzed cross-couplings

Palladium-catalyzed cross-coupling reactions are among the most important reactions for
constructing complex molecular scaffolds,® but replacing palladium with a more sustainable
metal is desirable. Nickel is an attractive alternative for palladium that exists in oxidation
states that are crucial for such reactions and is much more abundant and therefore cheaper
than noble metals. However, replacing palladium with nickel in cross-coupling reactions is
challenging. Oxidative addition of an aryl halide to a Ni® complex and reaction with a
nucleophile results in a thermodynamically stable Ni" intermediate that does not form the
desired carbon-heteroatom bond through reductive elimination.® Destabilization of this Ni'"
intermediate to trigger product formation requires strong bases, tailored ligands and/or high
temperatures.t®12 In 2014, the combination of photoredox and nickel catalysis was shown to
efficiently perform such transformations under mild conditions with simple bipyridyl
ligands.®® %15 This approach is extensively studied for carbon—heteroatom (C—X) and

carbon—carbon (C—C) cross-couplings.1®8

Depending on the substrates, different mechanisms were proposed in metallaphotocatalytic
cross-couplings. In the case of the coupling of aryl halides with amines,*® sulfonamides? or
carboxylic acids,? energy transfer catalysis was suggested to turn over the nickel catalyst
(Figure 1.5A).

A) Energy Transfer catalysis B) Photoredox catalysis

Ar Br Ar—Br
—Br

Il NiO Ni”
N.+PC—(Q—>N| Nil

Ni'l +PC —@ - Ni° Nu=H
Ar—Nu \@ or )(
N PC

Ni | PCred Nu
d -
PC'} Nil H-Br Nil il

Pﬁe@zj‘c Ar*Nu/\w& —

Ar—Nu

Figure 1.5. Activation of Ni'" intermediates with energy transfer catalysis (A) and photoredox catalysis for
modulation of nickel oxidation state (B).

A fundamentally different mechanism was proposed for another amination?® protocol and

the etherification® of aryl halides (Figure 1.5B). Here, oxidative addition is followed by
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ligand exchange of the bromide with the respective nucleophile. Oxidation of the Ni'' species
to Ni'"' by the PC triggers reductive elimination of the desired product. The resulting Ni'
species is reduced by the PC to close both cycles. In the coupling of aryl halides with thiols
and anilines,?*?® the photocatalyst was proposed to oxidize the nucleophile to produce a
radical intermediate. This radical engages with a Ni" species, which is generated by an
oxidative addition of the aryl halide to Ni°. Reductive elimination of the formed Ni'"! species

releases the desired product and, after reduction of Ni' to Ni the catalytic cycle is closed.

More recent studies, suggest that the role of the photocatalyst must be reconsidered. It has
been hypothesized that carbon—heteroatom cross-couplings proceed via Ni'- Ni'' sequences
that are initiated by a reduction of the Ni'' pre-catalyst to the active Ni' species. This
hypothesis led to a photocatalyst-free coupling of aryl halides with carboxylic acids, alcohols

and amines using Zn as a sub-stoichiometric reductant (Figure 1.6A).%

A) Thermally-sustained Ni/Ni" catalysis B) Photoinduced nickel disproportionation

Ar—Br .
Nl Zn Ni /\{ Nl“-dttl)bpy
Ni”' (f
Ni'"-dtbbpy
Ar—Nu _ AIN
.m‘/(\ Nu-H *[ Ni'-dtbbpy ] Ni"-dtbbpy .
Ni Ni'-dtbbpy

H-Br

Figure 1.6. Thermally-sustained Ni'-Ni'"' catalysis initiated by reduction with zinc (A), and
photodisproportionation of nickel(Il) complexes (B).

Another study showed that Ni''(dtbbpy) aryl halide complexes (dtbbpy = 4,4°-di-tert-butyl-
2,2’-bipyridyl) can absorb light through a metal-to-ligand charge transfer. Upon irradiation,
Ni-aryl homolysis takes place to form a catalytically active Ni' catalyst.?2° This enables C—
O and C—N cross-couplings by direct irradiation of nickel complexes with UV-light (Figure
1.6B).30-31

10
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1.3 Photocatalysts

1.3.1 A wish list

In order to use light as a traceless, sustainable “reagent” an ideal photocatalyst should fulfill

several requirements:®

Tunable redox potentials and excited state energies

Tunability

o E—

_|_I

* redox potentials
- excited state
energies

Depending on the reaction, the PC requires certain redox potentials or
excited state energies to activate the substrate, reagent or co-catalyst.
To adapt to the requirements of the reaction, these values should be
tunable. For homogeneous organic and organometallic PCs, the
introduction of electron donating or electron withdrawing groups can
modify the redox potential. Heterogeneous photocatalysts can be
tuned by structural modifications that alter the band structure 323

More specifically, the position of the valence and conduction band depend on several factors,

such as the degree of crystallinity. In addition, surface complexation or doping can modify

the electro- as well as photochemical properties of a photocatalyst. It is, however, important

to note that changes of the electronic properties affect the optical properties of

photocatalysts, such as absorbance. In addition, a reversible redox behavior is necessary.

Stability
Stability
e o
T
- thermal

- photo
- chemical

To ensure high turnover numbers, a photocatalyst has to be chemically,
thermally and photochemically stable. Although most photocatalytic
reactions are carried out without additional heating, some
transformations can benefit from elevated temperatures under which no
thermal degradations should occur. The photocatalyst should also not be
destroyed by the highly reactive intermediates (radicals) it creates

during a photocatalytic reaction. Most importantly, no degradation induced by photons

(photobleaching) should occur.

11
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Long excited state lifetime

. Photocatalysts with short lifetimes may relax to the ground state

Long excited state
lifetime before they collide with another species in solution. It is crucial that

@ @ the lifetime of an excited photocatalyst is long enough to activate a
‘ target molecule in a diffusion-controlled process.

Absorption characteristics

, A strong absorbance over a broad range of wavelengths in the
Accessing long

wavelengths visible region (400-700 nm) is desirable for efficient use of
A/ . : :

_\\ A (solar) light. Most organic molecules absorb only UV light. To

’/ A ~ prevent side reactions, an absorption overlap of the substrates

. and the catalyst should be avoided.3* Accessing long
* Improved solar harvesting

- Better selectivity wavelengths overcomes not only selectivity issues, but also

- Chromoselective reactions . . R . -
enables biological applications,® increases the scalability of

reactions® and enables the opportunity to develop chromoselective reactions.*’

Preparation and sustainability
Simple synthesis The ideal synthesis of a photocatalyst is short, simple, scalable and
reproducible. The precursors should be readily available. Common

photocatalysts are based on expensive precious metal precursors,

which is a drawback. Organic dyes are sustainable alternatives, but
* 1-2 steps homogeneous photocatalysts are usually not recyclable.
- reproducible

Heterogeneous photocatalysts are advantageous, because they can

be separated from the reaction mixture by filtration or centrifugation.

12
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1.3.2 Organometallic complexes

To date, the vast majority of photocatalytic reactions are carried out using ruthenium or
iridium polypyridyl complexes, which can undergo metal-to-ligand charge transfer to

generate stable, long-lived excited states.’

F F
Ru(bpy);?* fac-Ir(ppy); Ir[dF(CF3)ppyl,(dtbbpy)*

Figure 1.7. Structures of commonly used noble metal-based organometallic complexes.

Upon irradiation, an electron from the metals tog-orbital is transferred to the «* orbital of the
ligand that is lower in energy than the eg-orbital of the metal. This metal-to-ligand charge
transfer (MLCT) transition results in a species in which the metal center has been oxidized
and the ligand has undergone a single electron reduction. This singlet MLCT (S1)
immediately undergoes intersystem crossing (ISC), resulting in the lowest energy triplet
MLCT state (T1). The relaxation to the singlet ground state is a spin-forbidden process and
such species have long excited state lifetimes (~1000 ns), suitable to participate in
bimolecular ET or EnT processes. The versatility of these homogeneous photocatalysts
derives from the ability to tailor their photochemical properties, by changing the metal and
modifying the ligands in order to fulfill the needs of the respective chemical transformation.®
In addition, the solubility of a compound can be controlled by, for example, exchanging the
counter ions. Recently, copper complexes have been investigated as photocatalysts, but are

limited in their application compared to noble metal complexes.®

13



Chapter 1

1.3.3 Organic dyes

Organic dyes such as xanthene dyes, benzophenones, cyanoarenes,**-*! acridinium salts*>“®
and boron dipyrromethenes (BODIPY) are intensively studies as metal-free alternatives to

transition metal complexes.**

BENZOPHENONES DIPYRROMETHENES ACRIDINIUMS
0 o R
X \N. N N
benzophenone  yanthone (X=0) B Me
thioxanthone (X=S) FF
BODIPY Acr-Me™ (R=H)
Ph-Acr-Me™ (R=Ph)
Mes-Acr-Me* (R=Mes)
XANTHENES CYANOARENES
® ¥
CO,H NC CN
C LI . @D
® R N N
R' @ R
S O\ S
R X R N
Fluorescein (X,Y,Z=H) Rhodamin B (Y,R"=H; R,R'=Et)
Eosin Y (X,Y=Br; Z=H)  Rhodamin 6G (Y=Me; R'=H; R,R"=Et)
Rose Bengal (X,Y=l; Z=Cl) 4-CzIPN

Figure 1.8. Structures of common organic dyes used as photocatalyst.

Many organic dyes are readily available or can be easily prepared and tuned by synthetic
modifications. However, the short excited state lifetimes of most of these molecules are a
major drawback.*+*® The majority of abundant organic dyes (e.g., fluorescein or rhodamine
B) do not undergo intersystem crossing (Figure 1.9A). Upon excitation, they only reach
short-lived singlet states, which quickly relax to the ground state via fluorescence. The
collision of these singlet excited state species with another molecule in solution is
statistically unlikely due to the limiting rate of diffusion, especially when the dye is present
in catalytic amounts. Therefore, most of the current research using organic dyes as
photocatalysts focuses on the design of photocatalysts that reach long-lived excited states.*
Similar to organometallic complexes, some organic dyes such as cyanoarenes or eosin 'Y can
reach long-lived triplet excited states through intersystem crossing (ISC) due to specific

structural features, such as the heavy-atom effect,>® or tailored electron densities (Figure
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1.9B).°! In addition to their short excited state lifetimes, some organic dyes are prone to

degradation.*? 52

A) Short lifetimes
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Figure 1.9. Selection of organic dyes that are suitable (A) or unsuitable (B) as photocatalysts due to their
excited state lifetimes.
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1.3.4 Summary of homogeneous photocatalysts

Redox potentials and selected photophysical properties of the discussed homogeneous photocatalysts are summarized below (Table 1.1).

Table 1.1. Photophysical and electrochemical properties of common photocatalysts.

photocatalys e s i (PC ) Fin P 1P) F2(PCP) S AL
Ru(bpy)s** 454 1100 -0.81 +0.77 +1.29 -1.33 v
fac-Ir(ppy)s 375 1900 -1.73 +0.31 +0.77 -2.19 7
Ir(ppy)2(dtbbpy)* 380 557 -0.96 +0.66 +1.21 -151 7
Ir[dF(CF3)ppy]2(dtbbpy)* 380 2300 -0.89 +1.21 +1.69 -1.37 7
Cu(dap),* 690 270 -1.43 . +0.62 - 7
4CzIPN 365 5.1 -1.18 +1.43 +1.49 -1.24 390,44
Mes-Acr* 425 6 2.06 -0.57 40,44
Fluorescein 491 4,73 +0.83 -1.22 a4
Eosin Y 520 2.1 -1.11 +0.83 +0.78 -1.06 39,44
Rose Bengal 549 0.5 -0.99 +0.66 +0.78 -1.11 %, 44

All potentials are giving in volts versus the saturated calomel electrode (SCE)
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1.3.5 Semiconductors

A suitable alternative to homogeneous photocatalysts are heterogeneous medium band gap
semiconductors.>® The energy difference between valence (VB) and conduction band (CD)
enables the activation of such materials using visible light. When the semiconductor absorbs
photons with sufficiently high energies, electrons are excited from the valence band (VB)
into the conduction band (CB) thereby generating an oxidizing and a reducing species on a
single particle at the same time. The electron holes in the VB (h™) can oxidize electron donors
whereas the electrons in the VB are able to reduce electron acceptors via single-electron

transfer.

D

NS N AL
D

Figure 1.10. Charge separation in semiconductors upon light absorption.

!
|
Sl
HE)-
~
Y
!
>

A major benefit of semiconductors is their chemical and thermal stability and that they do
not suffer from degradation during photocatalytic reactions. In addition, these heterogeneous
catalysts can be typically easily recycled through filtration or centrifugation. Unfortunately,

they often suffer from lower activity compared to homogenous catalysts.

Titanium dioxide (TiO>)

Titanium dioxide has been used as a heterogeneous photocatalyst for multiple applications
due to its high photoactivity and stability, as well as its low toxicity and abundance.> The
large band gap energy of ca. 3.2 eV limits its absorbance to ultraviolet (UV) light.%
Irradiation with UV light can cause selectivity issues through the direct activation of
substrate or reagents. The absorbance of TiO2 can be extended to visible light through the
immobilization of sensitizers (dyes) on the surface of the metal oxide semiconductor .%® This
is used in dye-sensitized solar cells (DSSCs)®” and dye-sensitized photocatalysts (DSPs) for
H. production,® but rarely explored in organic synthesis.>®

Other inorganic semiconductors such as bismuth oxides, cadmium sulfide and cadmium
selenide have smaller band gaps (2.1-2.8 eV) compared to TiO, and absorb visible light, but

are only rarely applied in organic synthesis.>®
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Carbon nitrides

The most common metal-free semiconductors used in photocatalysis are graphitic carbon
nitrides (g-CN).>°>%® These materials have a band gap of ~2.7 eV and are able to absorb
visible light. In general, g-CN are organic polymers that consist of C and N and are easy to
synthesize from cheap precursors, such as urea, cyanamide, or melamine through thermal
polymerization. The band gap and position of the VB and CB can be modified by several
factors such as the C/N ratio, the polymerization degree or the crystallinity that can be

tailored via the synthetic approach.

Coming back to the “wish list” for photocatalysts, it can be concluded that an ideal candidate,
that combines all the demands, does not exist yet. Each photocatalyst class has advantages,
and disadvantages and the decision for the best material has to be made case-by-case

considering the respective transformation.

The position of VB and CB, as well as the band gap of selected heterogeneous

semiconductors are shown in Figure 1.11.

5 K-PHI mMpg CN-OA-m TiO2R TiO2A CdS CdSe
154y 165V
5'1_ -0.60V . 050V 076V 50y T
O > ©
0 ~ © -0.03V S good reductants
¢ 01— & X > % !
> - N good oxidants
I = -
i > >
oS g4ey 092V - = +0.92 V
1 o~ gl +1.16 V
2,
J212v
3 +2.71V +2.71V

Figure 1.11. Band gap diagrams of heterogeneous photocatalysts.* 0-61
K-PHI = Potassium poly(heptazine imide), mpg = mesoporous graphitic carbon nitride, CN-OA-m = carbon
nitride that is prepared through co-condensation of urea and oxamide, followed by post-calcination in a molten

salt, TiO, R/A = titanium dioxide rutile/anatase, CdS = Cadmium sulfide, CdSe = cadmium selenide
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1.4 Light as a parameter to control selectivity

Reactant

Product 1 Product 2

Figure 1.12. Light as a tool.

The main goal in synthetic chemistry is to find reaction conditions that maximize yield and
selectivity. Traditionally, the selectivity of a reaction is often controlled by the stoichiometry
of the reagents or changing reaction conditions such as temperature, pH, or the solvent. In
photocatalysis, however, the wavelength and intensity of light are rarely used to influence
the outcome of reactions.®?

Recently, it was shown that varying the irradiation wavelength also enables selective control
between a one or two-fold substitution of 1,3,5-tribromobenzene with N-methylpyrrole using
Rhodamin 6G (Rh-6G) as PC (Figure 1.13).3" In presence of N,N-diisopropylethylamine
(DIPEA), the radical anion Rh-6G" is formed upon irradiation with green light (530 nm).
This species has a reduction potential of -1.0 V vs. SCE, which is sufficient to activate aryl
bromides with relatively low reduction potentials, resulting in a selective monosubstitution.
When blue light (455 nm) was used as irradiation source, the disubstituted products were
obtained. This is possible, because at short wavelengths, Rh-6G" is again excited, forming
Rh-6G~" (reduction potential ca -2.4 V vs. SCE), which can activate aryl bromides with

rather high reduction potentials.

Br Br
Br f Br,

Rh-6G

Br Br

/
N

B
' W) Rhodamin 6G \ |

Figure 1.13. C-H arylation of N-methylpyrrole with 1,3,5-tribromobenzene.
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1.5 Aim of the thesis

The aim of this doctoral thesis was to develop photocatalysts and methods that enable an
efficient use of solar light and to study the influence of different wavelengths on
photocatalytic reactions. A major focus of this doctoral study was the development of
sustainable and efficient approaches using heterogeneous semiconductors.

First, a graphitic carbon nitride was used as a photocatalysts for the cross-coupling of aryl
halides and amines. The semiconductor absorbs up to ~500 nm, which was key for
developing robust conditions for challenging substrates. Specifically, the reaction of
electron-rich aryl bromides suffered from severe reproducibility issues, which were
overcome by controlling the rate of oxidative addition and reductive elimination via the
substrate concentration and the wavelength, respectively.

The same catalyst enabled me and my collaborators to develop chromoselective reactions. |
showed that a carbon nitrides can generate electron holes with different oxidation potentials
depending on the irradiation wavelength. This allowed me to promote a photocatalytic
reaction with green light selectively in the presence of a second substrate that is only photo-
oxidized when high energetic blue light is used. By combining this approach with
biocatalysis, the (R)- and (S)-enantiomer of 1-phenyl-ethan-1-ol derivatives were selectively
synthesized from the respective ethylbenzenes in photo-biocatalytic cascade reactions.

In order to enable cross-coupling reactions with long wavelengths, | developed a strategy
that was inspired by dye-sensitized solar cells. Key to success was the immobilization of an
organic dye and a nickel complex on the surface of TiO». By studying different dyes and
nickel complexes, | showed that such modular, self-assembling catalytic systems can harvest
the entire visible light spectrum. More importantly, by studying different functional groups
for the immobilization, | was able to attach the nickel complex and the dye permanently on
the semiconductor. This resulted in a recyclable bifunctional catalyst for light-mediated

cross-couplings.
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Abstract

Visible light photocatalysis has become a powerful tool in organic synthesis that uses
photons as traceless, sustainable reagents. Most of the activities in the field focus on the
development of new reactions via common photoredox cycles, but recently a number of
exciting new concepts and strategies entered less charted territories. We survey approaches
that enable the use of longer wavelengths and show that the wavelength and intensity of
photons are import parameters that enable tuning of the reactivity of a photocatalysts to
control or change the selectivity of chemical reactions. In addition, we discuss recent efforts
to substitute strong reductants, such as elemental lithium and sodium, by light, and

technological advances in the field.
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| collected and organized the literature existing on the topic at the time (March 2021). |
outlined a structure for the work, prepared figures, tables and schemes and wrote the

manuscript. B. Pieber revised and corrected the manuscript.
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Chapter 2

2.1 Introduction

Using light to induce chemical reactions is attractive since photons are traceless reagents
that provide energy to activate substrates, reagents or catalytic intermediates under mild
conditions. Traditionally, photochemical reactions were carried out using ultraviolet light
(UV) to excite substrates or reagents 1. The high energy of these light sources requires special
equipment and often causes unselective reactions, which are difficult to predict and control.
This has changed with the development of photocatalysts (PC) that can be activated with
low-energy photons, paving the way for sustainable chemical synthesis that is driven by a
non-hazardous and environmentally friendly reagent: visible-light.? Photocatalysts can
initiate transformations via various mechanistic scenarios (Figure 2.1, A).2 In particular,
visible light photoredox catalysis (PRC) has gained widespread recognition as a powerful
tool in organic synthesis.*® Upon irradiation, an excited catalyst (PC*) accepts or donates a
single electron, enabling oxidative or reductive quenching cycles depending on the
substrates and reagents that are present in the reaction mixture. During an oxidative
quenching cycle, the excited state catalyst reduces an electron acceptor (A), resulting in a
strong oxidant (PC™"). This oxidized form of the catalyst can accept an electron from a
suitable donor (D) to close the catalytic cycle. Depending on reaction conditions, the inverse
events can occur to complete a reductive quenching cycle. Redox events can be also
accompanied by a concerted proton transfer (proton coupled electron transfer, PCET).®
Photocatalytic hydrogen atom transfer (HAT), on the contrary, proceeds through homolytic
cleavage of C—H bonds by the photocatalyst, or after single electron transfer events.’
Moreover, a PC can also transfer its excited state energy to a substrate or reagent that is not
able to absorb light at the given wavelength, thereby inducing a chemical reaction.®
Photocatalysis can be combined with “conventional” catalysis (dual catalysis) to
enable reactions that are not possible using only one catalyst (Figure 2.1, B).° Merging
photocatalysis with transition metal catalysis (metallaphotocatalysis) enables selective
carbon-heteroatom and carbon—carbon cross coupling reactions under mild conditions.°
Key to the success is the modulation of the oxidation state of transition metal complexes via
single electron transfer (SET) processes, radical additions, or by photosensitization. This
strategy is extensively studied using nickel complexes,'®! and was further expanded to a
range of other transition metals,® 2 including abundant first row metals such as cobalt,

copper,** and iron.’>*® Combining photo- and organocatalysis involves SET of an excited
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photocatalyst and, for example, enamine intermediates to enable the a-functionalization of

aldehydes with high enantioselectivity.!” Catalytic amounts of Lewis acids form activated

complexes with certain substrates, which can interact with a PC to trigger, for example, [2+2]

photocycloadditions.8

A Mechanistic Pathways of Photocatalysis
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2.2 Photocatalysis in  medicinal chemistry and the

pharmaceutical industry

Although photocatalytic synthesis with visible light is a relatively young branch of organic
chemistry, it quickly became an integral part of the synthetic chemists’ toolbox. The
advantages associated with visible light photocatalysis resulted in various applications in

medicinal chemistry, including drug discovery, bioconjugation, late-stage C-H

functionalization, and isotopic labelling (Figure 2.2).19-2
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Chemoselective peptide modifications are achieved through the selective
photocatalytic activation of tryptophan to induce Michael-type additions (Figure 2.2, A).%
The method was validated on the peptide hormone glucagon resulting in 16% isolated yield
of the desired conjugate. The low selectivity was a result of bis-conjugation (tryptophan and
C-terminus), but remarkably, no conjugation on the His, Phe, Tyr, Arg, Met, Ser, Lys and
Thr residues was observed.

Tyrosine residues were selectively modified using Ru(byp)sCl2.?? The authors could
also show that the tyrosine modification can be carried out on a specific protein in cell
lysates. Therefore, the ruthenium PC was equipped with a ligand that binds selectively to the
target protein. This enables local single electron transfer reactions on the target protein,
whereas the tyrosine amino acids of other proteins in the lysate stay untouched.

Photocatalysis enabled the late stage alkylation of biologically active heterocycles
(Figure 2.2, B). Methylation of Fasudil, an important rho-kinase inhibitor, was achieved via
the generation of a methyl radical using t-butylperacetate and an iridium photocatalyst
through a PCET mechanism.?® In a similar vein, Fasudil was functionalized with N-Boc-
protected morpholine. In this case, the generation of an a-amino radical enabled the direct
cross-dehydrogenative-coupling via a Minisci-type addition.?* In both cases, high-
throughput experimentation (HTE) techniques were used to identify suitable catalytic
cocktails.

Metallaphotocatalysis is at the forefront of light-mediated reactions and has a
significant impact in small molecule synthesis (Figure 2.2, C). In traditional, palladium
catalyzed transformations organometallic nucleophiles are coupled with aryl
(pseudo)halides. These methods are effective for Cspo—Csp2 couplings, but Cspz—Csp2 are
challenging due to low rates of oxidative addition and reductive elimination, as well as
undesired side reactions via B-hydride elimination. In 2014, two independent publications
showed that efficient Csp3-Csp2 cross couplings can be achieved using dual photo/nickel
catalysis via the photocatalytic generation of alkyl radicals from carboxylic acids,?® or
potassium trifluoroborates.?® The radical adds to a Ni(ll) complex that is formed via
oxidative addition of an aryl halide with a Ni(0) catalyst. The resulting Ni(lll) complex
undergoes facile reductive elimination of the desired product and a final photocatalytic SET
event regenerates the Ni(0) catalyst. A range of similar strategies for other alkyl radical
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precursors,!! and various carbon — heteroatom couplings?’ were developed that all have the
potential to have a high impact in the synthesis of active pharmaceutical ingredients (APISs).
Understanding the metabolic fate of a drug candidate is a key factor during its
development. One common technique to gain better understanding of the biological behavior
is to label its molecular framework with stable isotopes. Late stage labeling of
pharmaceutically active compounds with deuterium and tritium was recently realized via a
photoredox mediated HAT reaction (Figure 2.2, D).?® This method enables hydrogen-
deuterium or hydrogen-tritium exchange reactions using isotopically labeled water (DO or
T-0) in a single step and was applied for several APIs. More recently, a direct arene C-H
fluorination with 8F containing salts was realized using an acridinium photocatalyst.?°
In addition, a series of new strategies and concepts for light-mediated methodologies
were developed that have the potential to open up new horizons in medicinal chemistry and
industrial applications. These protocols access hitherto undisclosed reactions, enable new
ways to control selectivities, and overcome limitations of current approaches. Here, we
discuss these developments using selected examples. We begin our survey with methods that
enable the use of long wavelengths, which is key for efficient solar harvesting. Thereafter,
we discus examples that show that the photons are not only a sustainable energy source to
trigger reactions, but also a enable controlling selectivities in reactions by changing the
photon energy/intensity. Next, we survey strategies to generate catalyst species that have
oxidation/reduction potentials beyond those which are accessible by “standard” photoredox
cycles, and have the potential to serve as sustainable alternatives for reactions that, for
example, require elemental sodium or lithium. Reaction technology is of utmost importance
for reproducible and efficient photocatalytic reactions. In the last two chapters, we discuss
some recent technological achievements for photocatalytic transformations using batch and

continuous flow strategies.
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2.3 The wavelength matters

Most photocatalytic reactions, including the examples described above, rely on a small set
of photocatalysts, such as homogeneous iridium or ruthenium polypyridyl complexes,® a
few organic dyes,3! and some semiconducting materials®? with suitable redox potentials or
triplet energies, and long-lived excited states. One of the main drawbacks of these PCs is
their limitation to highly energetic visible light (Figure 2.3).33 Photocatalytic strategies that
use the entire visible light spectrum would enable efficient solar harvesting and are key for
performing sustainable photochemical reactions with sunlight instead of artificial light
sources. Further, photochemical systems that are able to use near IR irradiation allow the
activation of photocatalysts through barriers, such as skin and tissue, which bears high
potential for biological and medical applications.®* Many dyes absorb broadly across the
visible light spectrum and their redox potentials and excited state energies are in theory
suitable for photocatalysis, but these chromophores have low ISC rates, and therefore reach

only short lived singlet excited states that are not suitable for photocatalysis.
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Chromophores with short excited lifetimes have shown enormous potential in other research
areas. A plethora of organic dyes are used as sensitizers in dye-sensitized solar cells
(DSSCs).% In DSSCs, the dyes are adsorbed or bound to the surface of a semiconducting
material, such as TiO.. Because of the resulting spatial proximity, even dyes with short
excited state lifetimes efficiently inject electrons into the conduction band of the
semiconductor. This results in charge-separated species that are sustained for several
microseconds.®® Compared to molecular PCs with long-lived excited states, only a few
reports of dye-sensitized semiconductors as photocatalysts for organic synthesis were
reported to date.®’

An intriguing example is the functionalization of TiO. nanoparticles with 6,7-
dihydroxy-2-methylisogquinolium (DHMIQ), which results in a visible light PC that can
catalyze the a-cyanation of tertiary amines (Figure 2.4, A).%® DHMIQ is a combination of a
chromophore and a catechol moiety that binds to the surface of the semiconductor. The redox
active ligand was bound to spherical TiO2 nanoparticles (NP), which were prepared via a
hydrothermal synthesis of titanium(1V)butoxide with oleic acid via a post-synthetic ligand
exchange. The resulting TiO.-DHMIQ hybrid absorbs across the entire visible light
spectrum and in the near infrared (NIR) region. The catalytic activity was shown for the
aerobic cyanation of several tertiary amines using trimethylsilyl cyanide (TMSCN) in
acetonitrile. A detailed study of all reaction conditions showed that traces of water lower the
yield dramatically, presumably because of the formation of a hydration shell around the NPs
that inhibits productive catalysis. The authors showed that the catalyst can be used with blue
(462 nm), green (520 nm), yellow (592 nm), red (635 nm), and NIR (730 nm) irradiation for
the title reaction.

More recently, the immobilization of a chromophore and a nickel complex on the
surface of TiO> resulted in a single material that can be used for metallaphotocatalytic cross
couplings.®® These dye-sensitized metallaphotocatalysts (DSMPs) assemble in situ by
adding a dye and a nickel complex, which both are equipped with a functional group that
binds to the semiconducting material, and TiO> to a solution of the substrates and a base.
The operational simplicity in combination with the high modularity of the three-component
catalyst enabled a straightforward screening of suitable dyes and ligands for various cross
couplings and different irradiation sources. The DSMP system was applied for C-O, C-S,
C-N and C-C couplings using blue (440 nm), green (525 nm), and red (666 nm) light.

34



Chapter 2

During a series of control experiments, the authors showed that productive catalysis was also
achieved when the semiconductor TiO> was replaced with insulating SiO, and Al.O3, but no
product was formed in the absence of a support. These results in combination with
spectroscopic studies indicated that two mechanisms are responsible for catalytic activity. In
case of TiOg, electrons are injected from the excited dye into the CB of TiO> and transferred
to the nickel complex (“through-particle”). If insulating materials are used, the excited dye
molecules directly transfer energy or electrons to the nickel complex (“on particle”). The
latter process is, however, significantly less efficient compared to the “through-particle”
mechanism, resulting in very long reaction times.

A more general approach to use long wavelengths for photocatalytic synthesis is
triplet fusion upconversion (Figure 2.4, C).*° This process involves a sensitizer ([Sen]) that
absorbs low-energy photons to reach a triplet excited state (3[Sen]*), which transfers its
energy to an annihilator ([An]) resulting in the triplet excited species 3[An]*. Two triplet
excited annihilators (([An]*) can undergo triplet fusion to generate a higher energy singlet
exciton (*[An]*) that decays via fluorescence by emitting a high energy photon. The
annihilator furanyldiketopyrrolopyrrole (FDPP) was combined with the sensitizer
palladium(l1) octabutoxyphthalocyanine (PdPc) to convert NIR photons into orange light,
which in turn can excite the organic PCs eosin Y and Rose Bengal.*! This catalytic cocktail
was used for hydrodehalogenations, oxidations and radical cyclizations using NIR light as
energy source. Tetratertbutylperylene (TTBP) and platinum(Il)
tertraphenyltetranaphthoporphyrin (PtTBTNB) were used to convert NIR into blue light to
activate a ruthenium bipyridyl complex that catalyzes a [2+2] cyclization. TTBP and
PtTBTNB also triggered the polymerization of methyl methacrylate (MMA) via NIR
irradiation in the absence of an additional PC. Since NIR light penetrates through opaque
media, the polymerization could be carried out by irradiating the reaction mixture through
several materials, including pig skin. For similar reasons, this approach improved the
scalability of the MMA polymerization significantly.

More recently, the use of NIR and deep red light was realized using Os(I1) terpyridine
complexes as photocatalysts (Figure 2.4, D).*? These transition metal complexes undergo a
spin-forbidden Sp = T transition upon irradiation with long wavelengths. Strategic ligand
design resulted in a library of osmium complexes with different redox potentials. Several

examples, including polymerizations, cycloadditions, radical methylations, smiles reactions,
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and metallaphotocatalytic transformations using NIR light showcased the broad applicability
of this catalytic strategy. The extinction coefficients of Os(Il) terpyridine complexes are
lower compared to common PCs, which improves the scalability as showcased for an
efficient photocatalytic trifluoromethylation on a mole scale in batch using a vessel with a

large cross-sectional area.

A Functionalized Tio, B bye-sensitized Metart Iy

}3. inX
RYN\R" X \y Product
CN
C Triplet Fusion Upconversion D Spin-Forbidden Excitation
AN
Conventional Photocatalysis Direct Substrate Reactivity S N \
n =
eer o | § % ] s
4 Ru\N X
1 ant’ SN
[An] | T SET [An] _ l!l
1[An] One Excited State I
Conventional Photocatalysis Spin-Forbidden Excitation
> '[Sen]* A A
g’ T [Sen] 3[AnT" 3[An] 3[Sen]y ' 1sc :
LICJ S Sy No Energy Loss
> T Energy Loss > T
o o
o o !
[Sen] W[An] [Sen] w W
Two Annihilators :
'S
Repr i le: [2+2] Cycloadditi
5 mol% Ru(bpy)s(PFs)2 S90S SOT,
DIPEA, LiBF, o o Latde & Small & Path length « oL

Absorbance

48%, 10:1 d.r.

Ph 0 O PM pTPTNP (Sen) Ph Ph Low penetration High penetration £
TTBP (A
N A __TTeP@an H H g
MeCN / PhCF,
NIR, 10 h ; ;

Ajisuaju| uoissiwg

Wavelength

Figure 2.4. Strategies to access high wavelengths for photocatalytic synthesis. Functionalized TiO, with non-
innocent ligands (A). Dye-sensitized metallaphotocatalysts (B). Triplet fusion upconversion (C). Spin-
forbidden excitation of osmium complexes (D).

36



Chapter 2

2.4 The energy and intensity of photons

Light is more than only a traceless, sustainable reagent. The energy and intensity of photons
are overlooked parameters that can be used to tune photocatalytic activities and influence
the selectivities, or even reactivity of a photocatalyst (Figure 2.5).** The water soluble
iridium complex fac-tris[2-(5’-sulfonatophenyl)pyridine]iridate(l1l) pentahydrate (Irsppy)
shows completely different reactivity depending on the intensity of blue light irradiation
(Figure 2.5, A).* Low light intensity (one photon excitation) results in 3lrsppy that has a
triplet energy of 2.65 eV and redox potentials that are suitable for various photoredox
reactions. At high light intensities (two photon excitation), strongly reducing hydrated
electrons (standard potential of -2.9 V vs. NHE) can be generated in aqueous solutions. By
using a 447 nm continuous wave laser, this can be used to achieve different selectivities and
reactivities for several transformations. Upon irradiation with low photon intensities, *lrsppy
induces the E-Z isomerization of 3-fluorocinammic acid via an energy transfer mechanism.
When a lens is placed between the light source and the reaction mixture to concentrate the
light intensity, the hydrogenation of the alkene was observed, which is initiated via a single
electron reduction by hydrated electrons. Similarly, this method allowed to obtain either the
hydrogen atom abstraction (low intensity) or the dimerization product (high intensity) of 4-
(chloromethyl)benzoic acid.

As described in the previous section, the broad absorption of photocatalysts across
the visible light spectrum improves solar harvesting, reduces the energy input using artificial
light sources, and is beneficial for the scalability of light-mediated reactions. Moreover, the
energy of photons can be used to control the activity of photochemical processes, thereby
tuning the selectivity of a photocatalytic reaction. This was used to overcome substrate scope
limitations and reproducibility issues in metallaphotocatalytic C—N cross couplings of cyclic
secondary amines with electron poor aryl halides (Figure 2.5, B).* This limitation is a result
of catalyst deactivation via the formation of nickel black, which was attributed to the
accumulation of low valent nickel species due to the relatively slow oxidative addition in
case of electron rich aryl halides. To avoid this problem, the relative rate of oxidative
addition (OA) has to be equal or higher than the rate of reductive elimination (RE). By using
a heterogeneous PC (CN-OA-m) that absorbs weakly at longer wavelengths, the rate of
reductive elimination was significantly reduced using green light, which was sufficient to

avoid catalyst deactivation in certain cases. Blue light irradiation could be used when the
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rate of oxidative addition was increased using a high substrate concentration. These
measures were, however, not successful in case of primary amines. For such substrates, the
additive MTBD (7-methyl-1,5,7-triazabicyclo(4.4.0)dec-5-ene) was used to stabilize low
valent nickel intermediates, thereby decelerating the rate of nickel black formation.
Similarly, decelerating a photocatalytic reaction at longer wavelengths was key to achieve
high selectivities for the light mediated benzyl ether deprotection with photoexcited 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).*

More recently, it was shown that the oxidation potential of CN-OA-m differs
depending on the irradiation wavelength (Figure 2.5, C).*’ Irradiation with blue light leads
to m-m* transitions that enable the oxidation of ethylbenzene to acetophenone, whereas no
reaction was observed when n-n* transitions where induced using green light was used. This
phenomenon was used for photo-chemo-enzymatic cascades that give either the (S)- or the
(R)-enantiomer of chiral benzylic alcohols. Green light irradiation of a cocktail consisting of
CN-OA-m, an unspecific peroxygenase (UPO) from Agrocybe aegerita, and ethylbenzene
in an aqueous buffer allows the selective formation of H.O> that fuels the enantioselective
biocatalytic hydroxylation of ethylbenzene to (R)-1-phenylethanol (99% ee). Blue light was
used for the photocatalytic oxidation of the ethylbenzene to acetophenone, which in turn was
reduced by an enantioselective alcohol dehydrogenase from Rhodococcus ruber to yield (S)-
1-phenylethanol (93% ee).

Varying the irradiation wavelength also enables selective control between a one or
two-fold substitution of 1,3,5-tribromobenzene with N-methylpyrrole using Rhodamin 6G
(Rh-6G) as PC (Figure 2.5, D).*® In presence of N,N-diisopropylethylamine (DIPEA), the
radical anion Rh-6G is formed upon irradiation with green light (530 nm). This species has
a reduction potential of -1.0 V vs. SCE, which is sufficient to activate aryl bromides with
relatively low reduction potentials, resulting in a selective monosubstitution. When blue light
(455 nm) was used as irradiation source the disubstituted products were obtained. This is
possible, because at short wavelengths, Rh-6G ™~ is again excited, forming Rh-6G™" (reduction
potential ca -2.4 V vs. SCE), which can activate aryl bromides with rather high reduction

potentials.
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A Reactivity Control via Light Intensity
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2.5 Replacing elemental alkali metal reductants with light

The wavelength dependent approach described above that generates Rh-6G~ or Rh-6G ™,
which have different redox potentials, is not limited to this specific xanthene dye. Similar
approaches can be used to generate highly reductive species from other organic PCs (Figure
2.6).* The common mechanistic feature of these strategies is that quenching of PC* with a
sacrificial electron donor (SED) generates a relatively stable intermediate that is able to
absorb another photon (consecutive photoinduced electron transfer, ConPET). This results
in excited states that are characterized by remarkably strong single electron reduction
potentials that can be similar to elemental lithium (-3.28 V vs. SCE) and sodium (-2.95 V
vs. SCE).

The first reported example wused the perylene diimide N,N-bis(2,6-
diisopropylphenyl(perylene-3,4,9,10-bis(dicarboximide) (PDI) as PC (Figure 2.6, A).%°
Perylene diimides are fluorescent dyes that absorb broadly across the visible light spectrum
and are used as pigments, colorants, electronic materials and photoreceptors, with only a few
applications in photocatalysis. Visible light excitation generates PDI*, which is quenched
by a SED yielding the moderately reducing PDI~(-0.43 V vs. SCE). Absorption of a second
photon generates PD1~" that reduces several aryl iodides, bromides and chlorides in moderate
to excellent yield. In presence of radical trapping agents, such as substituted pyrroles, the
corresponding C—C coupling products were obtained.

More recently, a benzo[ghi]perylene monoimide (BPI) was shown to be also able to
undergo ConPET, forming the excited radical anion BPI~" (Figure 2.6, B).>! According to
density functional theory calculations, this species is an extremely strong reductant (-2.43 to
-4.28 V). In fact, the authors were able to show that BPI is able to reduce several arenes,
including benzene (Ered < -3.42 V vs. SCE) to the corresponding 1,4-dienes in presence of
NMesOH and 405 nm irradiation via a Birch type mechanism. Mechanistic investigations
suggested that BP1" releases a solvated electron that is responsible for substrate reduction
rather than a direct SET between the excited radical anion and the substrate. By adapting the
reaction conditions, BPI ConPET catalysis was also demonstrated to enable reductive
deoxygenations, selective olefin reductions, reductive cylopropane ring-openings, and late
stage dehalogenations.

Mesityl acridinium salts (Mes-Acr*) are among the most potent PCs for oxidative
reactions.®* Nicewicz and colleagues realized that the neutral aciridine radical (Mes-Acr),
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which is formed after quenching of *Mes-Acr* with Hiinig’s base, is relatively stable under
oxygen-free conditions.> Studies of the photophysical properties of this persistent radical
revealed that absorption of a second photon (>350 nm) generates two new excited states, a
lower-energy doublet and a twisted intramolecular charge-transfer state that have strong
reduction potentials (-2.91 and -3.36 V vs. SCE, respectively). Based on this discovery, the
authors developed protocols for the light-mediated reductive dehalogenation of aryl
bromides and chlorides, and for the reductive detosylation of tosyl amines catalyzed by Mes-
Acr-BF;4 (Figure 2.6, C). It is worth noting that ConPET pathways can be also realized using
iridium complexes as photocatalysts.>®
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Figure 2.6. Accessing strong photoreductants via consecutive photoinduced electron transfer (ConPET).
Reduction of aryl halides using a perylene diimide PC (A). Photocatalytic Birch-type reductions using BPI (B).
Dehalogenation using a mesityl acridinium salt (C).

Polycyclic aromatic hydrocarbons (PAH), such as pyrene and triphenylene, generate
strongly reducing radical anions upon irradiation with UV light and quenching of the excited
state by a single electron donor. Konig and colleagues hypothesized that these excited states
could be also accessible using visible light via an energy transfer from a PC to a polycyclic
aromatic hydrocarbon (PAH, Figure 2.7).%* Key to the success was the selection of a
PAH/PC couple that has similar triplet energies, shows fast EnT from the PC to the PAH,
and fast SET between PAH* and the sacrificial electron donor to generate the strongly
reducing PAH radical anion. The authors identified that the combination of Ru(bpy)sCl.,

pyrene, and DIPEA as SED fulfills these requirements. Generation of the pyrene radical
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anion enabled the C—H arylation of aryl (hetero)aryl bromides, chlorides or triflates, as well
as light-mediated C—P couplings.
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Figure 2.7. Photoinduced electron transfer (PET) versus Sensitization-initiated electron transfer (Senl-ET)
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2.6 Better, faster, scalable - technological aspects &

developments

The impact of visible light photocatalysis in academia and industry cannot be understated
and the continuous advancements and developments of new concepts, catalysts, and
strategies will likely increase the impact of such reactions for industrial processes in the
future. Nevertheless, photocatalysis faces some problems that require the attention of
practitioners in industrial and university settings.

First, the reported photocatalytic protocols can be difficult to reproduce, which
renders the adaption of developed methods by other laboratories difficult. “Conventional”
reactions require heating or cooling, which is in most cases easy to duplicate in other research
laboratories. The reproducibility of photocatalytic transformations strongly depends on the
experimental setup. Light-mediated reactions are usually carried out using LED lamps that
often have different specifications, including emission spectra and photon outputs, which
can have a dramatic influence on a photochemical transformation. The standardization of
photochemical reactors using dedicated, commercial equipment might be an ideal solution,>
but is unlikely to happen due to low prices of self-made setups. In an excellent comment,
researchers from GSK, Pfizer, Merck and AbbVie, discussed problems related to
photochemical setups and called for more accurate descriptions of light sources and reactor
arrangements when reporting experimental procedures.*

Second, photocatalytic transformations rely on efficient irradiation of the reaction
mixture. Solvents, starting materials, products, photosensitizers, and photocatalysts, at the
point of incident light, can all act as filters reducing the light intensity available for the rest
of the reaction mixture. This attenuation effect of photon transport (Beer-Lambert law),
becomes particularly problematic on larger scales. The Beer-Lambert law states the
correlation between the absorption (A) and the molar extinction coefficient (g) of the
molecule(s), their concentration (c) and the optical path length of the light (1) (Equation 1).

A=c¢cl (1)
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This trade-off has serious implications, especially for scaling a photoreaction in batch.
Continuous flow (micro)reactors are the technology of choice to overcome this bottleneck.>’
58 The narrow channel dimensions of flow reactors provide opportunities to ensure a uniform
irradiation of the entire reaction mixture. Consequently, photochemical reactions can be
substantially accelerated and scaled to higher quantities compared to batch reactors (Figure
2.8). Flow chemistry is also the technology of choice for transformations involving multiple
phases. The high surface-area-to-volume ratios are a consequence of the small reactor size,
leading to efficient mass transfer between two (or even three) phases. In case of gaseous
reagents, flow reactors further offer the opportunity to control the stoichiometry of gasses
with mass-flow controllers, and are easily pressurized, which increases the solubility of

gasses in the reaction mixture.

L]
Batch Photochemistry
* Limited Irradiation
« Difficult to Scale ‘ '

¢ Low Interfacial Area

N Flow Photochemistry
¢ Good Irradiation
* Staightforward Scale-up
* High Interfacial Area
/

Figure 2.8. Photochemistry in batch and flow reactors

All of these advantages were recently combined in a photocatalytic gas/liquid process
that enables the direct functionalization of light hydrocarbons via hydrogen atom transfer
(HAT) (Figure 2.9, A).%° A solution of the HAT catalyst tetrabutylammoniumdecatungstate
(TBADT) and an olefin starting material in a suitable solvent was mixed with gaseous
methane, ethane, propane, or isobutene and fed into a 365 nm flow photoreactor at back
pressures of 10 to 45 bar. Upon irradiation, the excited PC abstracts a hydrogen atom from
the respective alkane. The resulting nucleophilic C-centered radical undergoes a conjugate
addition onto the olefin. A subsequent hydrogen back-donation results in the desired product
and restores TBADT. This transformation is difficult to access in batch reactors as efficient
irradiation and high pressures are crucial for product formation.

Similarly to the use of gaseous feedstock chemicals such as methane, the use of
sunlight as energy source can greatly benefit from continuous flow chemistry. One approach

to use sunlight efficiently combines continuous flow technology with luminescent solar
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concentrators (LSCs, Figure 2.9, B).2° LSCs are made by dispersing a luminophore in a
waveguide, such as polymeric materials or glass. Light penetrates the surface of the
waveguide and is absorbed by the luminophore. Re-emitted photons are guided and
concentrated by total internal reflection towards the edge of the device. The adaption of this
principle to continuous flow synthesis was realized using a chip based reactor made out of
PDMS that was doped with the fluorescent dye Lumogen F red 305. This dye absorbs visible
light from ~400-600 nm and re-emits light at ~600-700 nm. The emitted light perfectly
overlaps with the absorption spectrum of methylene blue, a common triplet photosensitizer.
The authors studied the singlet oxygen cycloaddition to 9,10-diphenylanthracene using
sunlight during a cloudy day and showed that this reactor is significantly more efficient than

non-doped reactors.
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Figure 2.9. Flow-photocatalysis. C(sp®)-H functionalization of light hydrocarbons using photocatalysis in flow
(A). Luminescent solar concentrator for energy efficient flow chemistry using sunlight (B).
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Flow chemistry is, however, not the ultimate solution to all problems in

(photo)chemical synthesis and has still several limitations. One of the biggest bottlenecks of
flow chemistry is the handling of solid materials, such as heterogeneous photocatalysts
which have advantages over homogeneous PCs.*? Packed bed reactors with heterogeneous
catalysts embedded between filter units are unsuitable for opaque photocatalysts, because
photons will be exclusively absorbed at the outer region while the inner particles are
shielded. Efficient irradiation can be ensured by pumping a suspension through a coil reactor
but the solid catalyst will settle, leading to a heterogeneous distribution, irreproducible
results, or clogging.
This problem was recently tackled on laboratory scale by a system that generates serial
micro-batch reactors (SMBRs, Figure 2.10, A).®* SMBRs are a series of small solid-liquid
compartments, which contain all ingredients for the chemical transformation, and are
separated by an inert gas spacer within a coil reactor tubing. This was realized by dosing a
heterogeneous carbon nitride photocatalyst to a stable gas-liquid segmented flow. The
resulting triphasic mixture can be conveniently pumped through an irradiated coil reactor
that is submerged in a thermostatic bath to perform photocatalytic reactions. The natural
Taylor flow mixes the slug to continuously re-suspend the material, ensuring efficient
irradiation and reproducible processing. In this system, the reaction time can be adapted by
changing the gas and/or liquid flow rate or the reactor volume while the catalyst
stoichiometry can be varied by changing the rate of suspension dosing. The system was
evaluated and optimized using the photocatalytic decarboxylative fluorination of
phenoxyacetic acids and phenylacetic acid derivatives using Selectfluor and a carbon nitride
photocatalyst made from cyanuric acid, melamine and barbituric acid (CMB-CN).

More recently, a the combination of an oscillatory pump and a microstructured plug
flow photoreactor was shown to be also capable of processing heterogeneous photocatalysts
(Figure 2.10, B).%? Careful tuning of the pulsation frequency and amplitude was crucial for
controlling the residence time distribution. The nickel/carbon nitride catalyzed C—N cross
coupling described above (Figure 2.5, B) was significantly intensified and was achieved in
reaction times as low as 20 minutes. To demonstrate the scalability, a 4.5 hour experiment
provided a model compound on a 12 g scale (2.67 g/h). Additionally, an intermediate of

tetracaine, a local anesthetic, was synthesized on a gram scale.
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A Serial Micro-Batch Reactors
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Figure 2.10. Heterogeneous Photocatalyst in Flow. Decarboxylative fluorination of phenoxy acid derivates in
flow with the use of serial micro-batch reactors (A). Dual nickel/carbon nitride amination using an oscillatory

plug flow reactor (B).

A metallaphotocatalytic C-N cross coupling was also used as benchmark reaction for

a continuous stirred tank reactor (CSTR) equipped with a continuous wave laser that

achieves high productivities (Figure 2.11).%% Continuous wave lasers have several

advantages compared to standard LEDs, including the ability to measure the output power,

the coherence of light, the ability to shape the beam, and a significantly higher intensity. The

researchers coupled a 405 nm laser with an adjustable beam expander and studied the
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reaction kinetics of a model C—N coupling using a homogeneous iridium complex as PC in
combination with a nickel salt. During these studies, the authors realized that the optimal
reaction performance is correlated to the concentration of the PC, the solution depth and the
power density and can be entirely determined by the Beer-Lambert law. Coupling the laser
setup with a CSTR and applying the optimized conditions allowed them to perform a
continuous experiment over 32 h under steady-state conditions to produce 1.85 kg of the
desired coupling product.

Laser Driven Flow Reactor

Fiber Optic Lasel

Beam Expander

Substrate 4@7 4& Product

Inlet Pump Outlet Pump

N~

Figure 2.11. Continuous stirred tank reactor (CSTR) for large scale, laser-driven photocatalysis
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2.7 Photon-free photocatalysis

The “unique” feature of many homogeneous photocatalysts is their ability to trigger redox
events upon excitation through oxidative or reductive quenching cycles (Figure 2.1).
Heterogeneous semiconductors, such as TiO2 or carbon nitrides, are essentially operating by
similar mechanisms. When a semiconductor absorbs photons with sufficiently high energy,
electrons are excited from the valence band (VB) to the conduction band (CB), generating
simultaneously an oxidizing and a reducing species on a single particle. The generated
electron holes can oxidize electron donors whereas the electrons in the VB are able to reduce
electron acceptors via single-electron transfer (Figure 2.12, A).

Ito and colleagues showed that electron-hole pairs can be also generated
mechanochemically by generating an “excited-state” barium titanate via ball-milling (Figure
2.12, B).54 Upon agitation, the piezoelectric material becomes temporarily highly polarized
and generates an electrochemical potential that is suitable for the activation of redox active
aryl diazonium salts, which was previously reported using, for example, TiO>
photocatalysis.%® The authors could show that ball milling of a mixture of aryldiazonium
salts, BaTiOs and heterocycles, such as furan, thiophene, or protected pyrrole, results in C—
C coupling products. Moreover, the borylation of aryldiazonium salts with
bis(pinacolato)diboron was achieved via the same approach. The methodology was proven
scalable during a gram scale synthesis. Recycling experiments further showed that BaTiO3
can be reused three times before the catalytic activity decreases. This approach is an
interesting alternative to photocatalysis that can be carried out in the absence of solvents and
light, which overcomes some of the problems related to photochemistry. The method is also
reported to be very robust as reactions were even induced by “wrapping all ingredients in

weighing paper and striking it with a hammer” instead of dedicated ball milling equipment.
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2.8 Summary and outlook

In summary, it can be stated without any doubt that photocatalysis has already significantly
expanded the organic chemists’ toolbox and provides sustainable opportunities for synthesis
in academia and industry. The steadily increasing amounts of hitherto undisclosed reactions
that can be realized using visible light, such as replacing elemental alkali metal reductants,
will certainly have a significant impact in industry and academia. The recent efforts to use
the entire visible light spectrum for efficient photocatalysis might be a small step towards a
chemical industry that was proposed more than hundred years ago, where “forests of glass
tubes will extend over the plains and glass buildings will rise everywhere; inside of these
will take place the photochemical processes that hitherto have been the guarded secret of the
plants, but that will have been mastered by human industry which will know how to make
them bear even more abundant fruit than nature”.® It is, however, more realistic that artificial
light sources will be the energy source of choice for most photocatalytic reactions in
academia and industry, due to the better control over reaction conditions. Additionally,
several recent examples indicate that the photon intensity and energy can be used as tunable
reaction parameters that enable selectivity and reactivity control. Although this has been
often overlooked in the past, we believe that the future will see more examples showcasing
“chromoselective  photocatalysis”.  Photochemistry tremendously  benefits from
technological developments including laser technology and flow chemistry, and
interdisciplinary research programs between chemists and chemical engineers will be of
utmost importance for the implementation of photocatalytic transformations in industrial

setting.
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Overcoming Limitations in Dual
Photoredox/Nickel catalyzed C—N Cross-Couplings
due to Catalyst Deactivation
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Abstract

Dual photoreodox/nickel catalyzed C—N cross-couplings suffer from low yields for electron-
rich aryl halides. The formation of catalytically inactive nickel-black is responsible for this
limitation and causes severe reproducibility issues. We demonstrate that catalyst
deactivation can be avoided by using a carbon nitride photocatalyst. The broad absorption
of the heterogeneous photocatalyst enables a wavelength dependent control of the rate of
reductive elimination to prevent nickel-black formation during the coupling of cyclic,
secondary amines and aryl halides. A second approach, that is applicable to a broader set of
electron-rich aryl halides, is to run the reactions at high concentrations to increase the rate
of oxidative addition. Less nucleophilic, primary amines can be coupled with electron-rich
aryl halides by stabilizing low-valent nickel intermediates with a suitable additive. The
developed protocols enable reproducible, selective C—N cross-couplings of electron-rich aryl

bromides and can be also applied for electron-poor aryl chlorides.
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3.1 Introduction

The palladium-catalyzed formation of carbon—nitrogen bonds (Buchwald-Hartwig) ranks
among the most widely applied reactions in synthetic chemistry.! Nickel is an attractive
alternative to palladium due to its higher abundance, but the requirement of air-sensitive
Ni(0) complexes, sophisticated ligands, as well as strong reductants, and bases for C—N bond
formations have hampered its use.?* Air-stable nickel pre-catalysts have been developed,
but still strong alkoxide bases and complex ligands are needed (Figure 3.1, a).>® In
combination with electrochemistry, ligated Ni(ll) salts catalyze the C—N cross-coupling
under mild conditions (Figure 3.1, b).2%** Ligand-free Ni(ll) salts were used together with
UV light (365 nm),*2 or visible light photocatalysis via photoredox (PRC),** or energy
transfer (EnT)*®1° processes (Figure 3.1, c). Although synthetically attractive, electro- and
photochemically mediated, nickel-catalyzed C—N couplings are limited to electron-poor aryl
halides. Aryl halides that do not contain electron withdrawing groups are usually either
unreactive,’® or give low yields,12 161719 and only a few examples with a good isolated
yield are reported (for a detailed analysis, see the Supplementary Information).3

Electro- and photochemically mediated methods rely on the initial reduction of the Ni(ll)
catalyst to a low valent (Ni° or Ni'") species, followed by oxidative addition that is slow for
electron-rich aryl halides.** 2 This bottleneck potentially leads to the accumulation of
nickel(0) species that aggregate, resulting in catalyst deactivation. In the electrochemically
driven, nickel-catalyzed aryl amination, nickel-black deposition was observed on the
cathode and could be avoided by using Ni(bpy)sBr2 (bpy = 2,2’ bipyridine) instead of a 1:1
mixture of NiBr2-glyme and dtbbpy (4,4'-di-tert-butyl-2,2'-bipyridine), thereby expanding
the scope to a few electron-rich heteroaryl halides.!* Stabilizing bipyridine ligands are
unsuitable for light-mediated, nickel-catalyzed C-N cross-couplings,'>1’ but catalyst
deactivation or nickel-black formation was not reported. It is, however, well known that
Ni(ll) salts — in presence of amines as sacrificial electron donors (SED) — can be used

intentionally for the photochemical preparation of Ni(0) nanoparticles (Figure 3.1, d).?23
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a| C-N cross-coupling with air stable Ni catalysts ¢ | C-N cross-coupling with Ni(ll) salts using photochemistry
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Figure 3.1. Nickel catalyzed C-N cross-coupling reactions. a, air stable Ni precatalysts require strong bases
and sophisticated ligands. b, electrochemically enabled, Ni-catalyzed aminations and; c, photochemically
driven, Ni-catalyzed aminations are limited to electron-poor aryl halides. d, photocatalytic reduction of Ni(Il)
salts is used for nanoparticle formation potentially leads to nickel-black formation in catalysis.

Here, we show that catalyst deactivation via nickel-black formation is responsible for the
low yields when electron-rich aryl bromides are used in dual photoredox/nickel catalyzed
C—N cross-couplings. Deposition of the catalytically inactive, low-valent nickel species
further deactivates a heterogeneous photocatalyst, hampering its recyclability. We
demonstrate that nickel-black formation can be avoided by i) decelerating the light-mediated
reductive elimination, ii) enhancing the oxidative addition or, iii) stabilizing low-valent
nickel intermediates. The resulting protocols enable selective and reproducible couplings of
amines with electron-poor, -neutral, and -rich aryl halides, and allow for recycling of the

heterogeneous photocatalyst.
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3.2 Results and discussion

Our investigations started by optimizing the dual nickel/photoredox catalyzed amination of
methyl 4-bromobenzoate with pyrrolidine using the carbon nitride CN-OA-m as
photocatalyst (Table 3.1). This heterogeneous material has a broader optical absorption in
the visible region compared to most other known CN materials and can be easily prepared
on gram scale via co-condensation of urea and oxamide followed by post-calcination in a
molten salt (see Supplementary Information).?+2® Nearly quantitative formation of the
desired alkyl aryl amine (1) was obtained within 8 h when CN-OA-m (3.33 mg mL™),
NiBr2-3H20 (2.5 mol%) and three equivalents of the amine were used without any additional
base in dimethylacetamide (DMAC) as solvent (Table 3.1, Entry 1-2).2” The reaction was
easily scaled up by increasing the reaction time, affording 1 on a gram scale within 14 hours
(see Supplementary Information).?®

Table 3.1. Optimized conditions and control experiments using white LEDs (RGB)®
CN-OA-m (3.33 mg mL™")

CO,Me CO,Me CO,Me
NiBr,-3H,0 (2.5 mol%) o .
; ; DMAc (deg.),
white LEDs, 40 o N R
3.0 equiv 1 2,R=
3

,R= (l-)|H
Entry X Conditions Conversion [%]® 1[%]° 2 [%]° 3 [%6]°
1 Br as shown guant. 98 2 n.d.
2 Br 1.66 mg mL?* CN-OA-m guant. 96 2 1
3 I as shown guant. 99 1 n.d.
4 Cl 168 h 76 72 4 n.d.
5 OTf 72 h 75 67 5 2
6 Br no CN-OA-m 5 n.d. 2 1
7 Br no NiBr;-3H,0 5 n.d. n.d. n.d.
8 Br no light <1 n.d. n.d. n.d.
9 Br no degassing 10 10 n.d. n.d.

8Reaction conditions: methyl 4-bromobenzoate (1.2 mmol), pyrrolidine (3.6 mmol), NiBrz-3H20 (2.5 mol%), CN-OA-m
(20 mg), DMACc (anhydrous, 6 mL), white LEDs (RGB) at 40 °C for 8 h. ®Conversion aryl halide determined by *H-NMR
using 1,3,5-trimethoxybenzene as internal standard. °NMR yields were determined by 'H-NMR using 1,3,5-
trimethoxybenzene as internal standard. n.d. = not detected. dtbbpy = 4,4'-di-tert-butyl-2,2'-bipyridine.
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Aside from aryl bromides, aryl iodides coupled with similar efficiency and selectivity (Entry
3). The optimized protocol further enabled C—N couplings using aryl chlorides and aryl
triflates, but these reactions did not go to completion (Entry 4-5). Control studies in the
absence of CN-OA-m, NiBr2-3H.0 and light did not result in the formation of the desired
product, and the presence of oxygen significantly decreased the reaction rate (Entry 6-9).
With the optimized conditions in hand, the versatility of the semi-heterogeneous catalytic
system was evaluated (Table 3.2). The reaction of methyl 4-bromobenzoate with cyclic
secondary amines generally gave high yields for the corresponding aryl amines (1, 4-7). A
secondary amine with low steric hindrance also resulted in the desired aryl amine (8), but
the majority of acyclic secondary amines did not react under these conditions (see
Supplementary Information). Aliphatic and aromatic primary amines reacted efficiently (9-
11). Aryl halides containing electron-withdrawing groups coupled with high selectivity;
nitriles (12-14), carbonyl groups (1, 15, 23-24), trifluoromethyl- (15) as well as
methylsulfonyl-groups (16), halides (17-18), boronic acid pinacol esters (22), and electron-
poor heteroaromatic bromides (25, 26) were tolerated in the dual catalytic amination. 1,4-
Dibromobenzene can undergo selective mono- (20) or di-amination (21) by varying the
reaction time and stoichiometry of the amine coupling partner. Similar to related C—-O bond
formations,?*2° a carbonyl-group in the 2-position only gave moderate yield (16). Low
reactivity was observed for electron-rich heterocycles (27, 28). Notably, good isolated yields
were obtained for the C-N coupling of pyrrolidine with a range of electron-rich aryl bromides
(29-36).2° However, in the case of 1-bromo-4-fluorobenzene (32),%° bromobenzene (33), 3-
bromotoluene (34), 1-bromo-4-tert-butylbenzene (35), and 4-bromoanisole (36) these values
are not representative, as these substrates suffered from severe reproducibility issues. These
reactions frequently resulted in low yields and the heterogeneous PRC became black,
whereas almost no color change was observed in case of aryl halides that do not suffer from
these reproducibility issues. High amounts of deposited nickel were detected on the
recovered, black carbon nitride material by ICP-OES analysis, indicating nickel-black

formation (see Supplementary Information).
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Table 3.2. Scope of the semi-heterogeneous amination of amines and aryl bromides. [

CN-OA-m (3.33 mg mL")

A H NiBr,-3H,0 (2.5 mol%) R\ —\ R
| FR + N ———————— > '\
o = R' R" DMACc (deg.) R \ 7/

white LEDs, ~40°C

amine scope

: CO,Me /©/002Me /@/cone CO,Me
a ) @ m/i

S ol ) 9@

1,94%, 8 h 4, 86%, 72 h° 5,96%, 16 h 6, 76%, 24 hbed 7,88%, 16 h
CO,Me
/@/ CO,Me COo,Me CO,Me

N nBu /©/ O\ /©/ ©\ /©/

| SN N N
H H H

8,80%,72h 9,90%, 72 h 10, 73%, 72 h® 11, 90%, 72 hbee
aryl bromide scope

CN CO,Me

O-

12,91%, 24 h 13,87 %, 24 h 14, 92%, 72 h? 15, 89%, 24 h 16, 35%, 72h°

17,92%, 8 h 18, 93%, 24h 19,90%, 24 h 20,80%, 24 h 21,61%, 144 h

O,/©/ Q C,'«(>)k C/N/Q/'N @ b

22, 87%,48 h 23, 93%, 48h 24,77%,72h 25,79%, 72 h 26, 76%, 72 h°

27, 14%, 96 h' 28, 26%, 96 h' 29,83%, 96 h 30, 66%, 86 h 31,54%, 86 h
severe reproducibility issues

: F : OMe
32, 65%, 72 h° 33, 77%, 72 h® 34, 69%, 72 h° 35, 83%, 72 h° 36, 73%, 72h°

4Reaction conditions: aryl bromide (1.2 mmol), amine (3.6 mmol), CN-OA-m (20 mg), NiBr2-3H20 (30 umol), DMAc
(anhydrous, 6.0 mL), white LEDs at 40 °C. Isolated yields are reported. For experimental details, see the Supplementary
Information. °5 mol% NiBr2-3H20 were used. ¢10 mol% pyrrolyidine were added. 9The reaction was carried out on a 0.6
mmol scale. €3 equivalents N-tert-butylisopropylamine were added. fYield was determined by *H-NMR using 1,3,5-
trimethoxybenzene as internal standard.

:}OO

NH,

o
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Deactivation of metal catalysts via deposition is a common problem in palladium catalysis
(Pd-black formation) and can be addressed by avoiding high concentrations of Pd(0) species
that agglomerate.®! In light-mediated, nickel catalyzed C-N cross-couplings, a Ni(0)
complex was proposed to be the catalytically active species that is initially formed via a
photoredox-catalyzed hydrogen atom transfer (HAT).?° We assumed that, in the case of
electron-rich aryl halides, slow oxidative addition results in the accumulation of unstabilized
Ni(0) that aggregate. Since the heterogeneous photocatalyst absorbs only weakly above 450
nm,?® we assumed that the formation of nickel-black can be decelerated using higher
wavelengths. As anticipated, when a mixture of pyrrolidine and CN-OA-m in DMACc was
irradiated with green light (520 nm), nickel black formation was significantly slower than
with blue light (450 nm, see Supplementary Information). To our delight, the coupling of
pyrrolidine and 1-bromo-4-fluorobenzene was highly selective and reproducible using 520
nm LEDs (Method B), and the desired compound (32) was obtained in 85-91% in six parallel
experiments (Figure 3.2, a). The same set of experiments using blue LEDs (~450 nm,
Method A) exhibited large variations in yield. While five experiments gave 60-70% of 32,
only 5-6% of the desired amine were formed for two reactions where the reaction mixture
turned black. Careful analysis of the heterogeneous material recovered from the low yielding
reactions identified the nature and quantity of the deposited Ni species (see Supplementary
Information). ICP-OES analysis showed a Ni concentration of 126 mg g for the reaction
irradiated with blue light and only 36 mg g* for the material after an experiment using green
LEDs. Elemental analysis via energy-dispersive X-ray spectroscopy (EDX) is in agreement
with these results. X-ray powder diffraction (XRD) confirmed the deposition of low valent
nickel species, with a significantly higher concentration on the material irradiated with blue
light. High resolution X-ray photoelectron spectroscopy (XPS) for core levels of Ni2ps»
spectrum of the recovered CN-OA-m from experiments using 450 nm LEDs (Method A)
showed two main deconvoluted peaks located at 853.7 (£0.02) eV and 852.5 (£0.02) eV that
can be assigned to the binding energy of Ni(ll) and Ni(0) species.
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a | reproducibility at different wavelengths

Yield
CN-OA-m(3.33 mgmL") F B >90%
NiBry3H,0 (5md%) /@ [ 80-89%
S ) _ DMAc(ceg), 40'C N L] 70-79%
-------------- [ | 50-69%

3.0 equiv MﬂhOdA 450 nm . 32

0,
' MethodB: 520 nm | i :138-‘2‘302

. <10%
\/ A \A
«o» X )3
»
7 4
—
450 nm, 72h 520 nm, 168 h

EE BE . OO0
49 £ 30% 88 2%

b | homogeneous photocatalysis and UV-irradiation

OO

‘ 450 nm

1 mol% [Ir]: 33%
Ref 13 0.02 mol% [Ir]: 7%

1 mol% [Ir] 0.02 mol% [Ir]

365 nm <
Ref 12 26%

o
F\ PO e
O

Figure 3.2. Catalyst deactivation during the reaction of 4-bromofluorobenzene with pyrrolidine. a,
Reproducibility using blue (450 nm) and green (520 nm) LED irradiation. The reaction mixture turned dark
green or black and suffered from severe reproducibility issues at 450 nm, whereas almost no color change and
reproducible results were obtained at 520 nm. HAADF-STEM images show nickel particle agglomerates
(bright spots) on CN-OA-m recovered the experiment using blue light and almost no agglomerates when 520
nm were used. c, Nickel-black formation was also observed using the homogeneous (Ir[dF(CFs)

ppylz(dtbbpy))PFs (= [Ir]) photocatalyst and in the PRC-free reaction using UV light. For experimental details,
see the Supplementary Information.
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Only Ni(1l) was detected on the material recovered from experiments using 520 nm LEDs
(Method B) by XPS. Scanning transmission electron microscopy (STEM) was used to
visualize nickel particles on the surface of the recovered CN-OA-m from both methods.
High-angle annular dark-field (HAADF) images show a high amount of nickel particles that
agglomerated (nickel-black) on the CN-OA-m recovered from experiments using 450 nm
LEDs (Method A), whereas the material from experiments using 520 nm LEDs (Method B)
contained almost no agglomerates (Figure 3.2, a).

Nickel-black formation was also shown to be responsible for low yields using other light-
mediated protocols for the same model reaction (Figure 3.2, b). A reaction with 1 mol% of
the homogeneous PRC (Ir[dF(CFs)ppy]2(dtbbpy))PFs !’ resulted in low selectivity towards
the desired coupling product (32, 33% yield), and small amounts of a black precipitate were
formed during the reaction. Decreasing the amount of (Ir[dF(CF3)ppy]2(dtbbpy))PFs to 0.02
mol% increased the yield of 32 significantly (77%) and no particle formation was observed.
Here, the amount of the PRC plays a crucial role to avoid nickel-black formation and the
optimal catalyst loading needs to be determined for each substrate individually. The PRC-
free, UV light-mediated protocol*? resulted in no more than 26% of 32 and a black precipitate
was formed in high amounts (Figure 3.2, c). STEM imaging and EDX spectroscopy
confirmed that these solids consist of nickel and organic matter that is presumably resulting
from substrate/product degradation by the high-energy light source (see Supplementary
Information for details).

The dual carbon nitride/nickel catalyzed protocol using green light (520 nm, Method B) did
also enable selective, reproducible C—N cross-couplings of bromobenzene (33), and 3-
bromotoluene (34) with pyrrolidine, but did not eliminate catalyst deactivation issues in the
cases of 1-bromo-4-tert-butylbenzene (35), and 4-bromoanisole (36) (Figure 3.3, a).
Although almost quantitative product formation was observed in some cases, the reactions
sometimes gave low yields and black reaction mixtures. In the case of 1-bromo-4-tert-
butylbenzene, for example, six parallel reactions using 450 nm (Method A) gave 52-70% of
the desired product (35), whereas up to 92% as well as only 28 % were obtained under
identical conditions using 520 nm (Method B). Efforts to increase the reproducibility and to
minimize the nickel-black formation by changing the light intensity, distance between the
reaction mixture and light source, varying the amount of both catalysts, changing the solvent
or nickel catalyst, and adding MTBD (7-Methyl-1,5,7-triazabicyclo(4.4.0)dec-5-ene)!’ or
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dtbbpy to stabilize intermediate nickel species were not successful. We hypothesized that
the formation of Ni(0) agglomerates can be addressed by increasing the concentration of the
reaction mixture for two reasons. First, a higher concentration would increase the rate of
oxidative addition, thus minimizing the accumulation of Ni(0) species. Second, catalyst
deactivation might not only be accelerated by higher photon energies, but also a competitive
binding of the amine and the solvent (DMAc) with low-valent nickel intermediates. In
palladium catalysis, for example, PdAryl XL, intermediates were reported to form complexes
with various solvents, including DMAc, that undergo B-hydride elimination followed by the
formation of Pd(0) and Aryl-H.3? Although pyrrolidine was shown to be the primary ligand
in light-mediated, nickel catalyzed aminations,? the high excess of DMAc potentially results
in solvent-catalyst interactions that could contribute to Ni-black formation. Indeed, running
the reaction at 1.2 M instead of 0.2 M resulted in reproducible reactions and the desired
products (32-36) were obtained in high yields, even at 450 nm (Method C). These results
could not be further improved using 520 nm irradiation, suggesting that the nickel-black
formation can be outpaced at high concentrations independent of the photon energy in our
semi-heterogeneous catalytic system (see Supplementary Information).*

A reinvestigation of the coupling of methyl 4-chlorobenzoate with pyrrolidine was carried
out using all protocols (see Supplementary Information). The standard protocol (Method A)
afforded the desired coupling product (1) in 65% within seven days. Longer irradiation did
not result in higher yields and only increased the amount of the dehalogenated side product,

indicating complete catalyst deactivation.
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Figure 3.3. Evaluation of different protocols for coupling aryl bromides and aryl chlorides with
pyrrolidine. a, Reproducibility study for aryl bromides without electron withdrawing groups using different
C-N coupling protocols. NMR vyields are reported b, Evaluation of Method C for the coupling of aryl halides
and pyrrolidine. 2Isolated yield. "NMR-yield ¢, Simplified mechanism of productive catalysis and catalyst
deactivation. The reductive elimination (RE) likely follows either a three-step photoredox (N(I1)-N(I11)-N(1)-
N(0));*" or a two-step energy transfer (Ni(11)-Ni(11)*-Ni(0)) process.'81°

70



Chapter 3

With green light (Method B), 83% of 1 was obtained within 14 days. The optimized method
using 450 nm LEDs and a lower amount of solvent (Method C) significantly enhanced the
C—N coupling and resulted in 92% of 1 within two days (Figure 3.3, b). When the best
conditions (Method C) were applied for electron-neutral, and -rich aryl chlorides, a clear
trend was observed (Figure 3.3, b). Chlorobenzene gave 18% of 33 within 168 hours, and
substrates with electron-donating substituents gave even lower yields. In all cases the
formation of nickel black was observed.

Taking all experiments together, we propose that catalyst deactivation is avoided when the
relative rate of oxidative addition (OA) is equal or higher than the relative rate of reductive
elimination (RE), avoiding accumulation of Ni(0) species (Resting state I, Figure 3.3, c).
This is (under all conditions) the case for activated (electron-poor) aryl bromides. In case of
4-bromobenzene and 3-bromotoluene, the rate of RE (and the initial formation of Ni(0)) was
sufficiently decelerated by using green light (slow OA, slow RE). At higher concentrations,
the rate of OA is increased significantly, resulting in efficient productive catalysis for all
tested, electron-rich aryl bromides (fast OA, fast RE). For non-activated, electron-rich aryl
chlorides OA becomes too slow and Ni(0) accumulation cannot be avoided under the
conditions reported herein.

Next, we sought to study if the deposition of nickel-black also affects the recyclability of
CN-OA-m by altering its photocatalytic activity. During the coupling of pyrolidine with
methyl 4-bromobenzoate using white (RGB) LEDs, the reaction mixture became greenish-
brown (Figure 3.4, a). ICP-OES analysis of the heterogeneous material showed a nickel
content of ~14 mg g The formation of product decreased significantly when the
heterogeneous PRC was recycled (Figure 3.4, b).3* Further, the yellow PRC turned dark
green to black and the amount of deposited Ni rose to ~61 mg g* over five recycling
experiments. At higher wavelengths (520 nm, Method B), the model reaction required 48 h
instead of 8 h for full conversion (Figure 3.4, a). Although the reaction mixture did not
change its color, the amount of deposited Ni was similar to the white LED experiment (~14
mg g1). The photocatalyst did, however, not lose its catalytic activity during five recycling
experiments and was recovered as a yellow solid that contained a lower amount of deposited

nickel (~39 mg g ) compared to the white light experiment (Figure 3.4, b).
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Figure 3.4. Reduction of catalyst deactivation using higher wavelengths. a, Time study for the coupling of
methyl 4-bromobenzoate and pyrrolidine using white (RGB) and green (~520 nm) LED irradiation. The
heterogeneous photocatalyst turned green using white light (RGB) irradiation whereas no color change was
observed when green light (~520 nm) was used. b, The recyclability of CN-OA-m is excellent using green
(~520 nm) LEDs. Deactivation of the PRC by nickel-black depositions was observed using white (RGB) LEDs.
For experimental details, see the Supplementary Information.

Scanning transmission electron microscopy (STEM) of CN-OA-m from both recycling
studies showed a significant amount of nickel agglomerates (nickel-black) for CN-OA-m
from the experiments using white LEDs, whereas almost no agglomerates were detected on
the semiconductor recovered from the recycling study using green LEDs (see Supplementary
Information).

Finally, we sought to determine if deactivation of the nickel catalyst could also be avoided

when less nucleophilic, primary amines are used. These substrates are usually less efficient
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and give lower yields than cyclic, secondary amines, even with electron-deficient aryl
bromides.1?13 18-19. 28 By studying the cross-coupling of n-butylamine with 1-bromo-4-tert-
butylbenzene, we observed only 8% of the desired product (39) during a 16 h experiment
using blue light (Method A, see Supplementary Information). Notably, running the reaction
at higher concentrations decreased the yield, indicating that low-valent Ni(n-butylamine),
species are rather inefficient towards OA and a higher concentration in this case might even
accelerate catalyst deactivation. Increasing the temperature from 40 to 60 °C resulted in up
to 42% of the desired coupling product (39), but concomitant deactivation of the nickel
catalyst was observed. Switching to green light or performing the reaction at 80 °C did not
improve these result.

The above described strategies to accelerate OA or decelerate RE were not successful. It was
previously reported that the addition of DBU and MTBD has a positive effect on the reaction
outcome with primary amines, but the reason for that remains unclear.® '’ We assumed that
coordination of these additives to the active, low valent nickel species i) might activate the
low-valent nickel complex towards OA, and ii) has a stabilizing effect that would increase
the lifetime of resting state I by inhibiting nickel-black formation. We could ultimately prove
this stabilizing affect during control experiments in the absence of aryl halides (see
Supplementary Information). When NiBr2-3H.O was irradiated in the presence of
pyrrolidine with blue light, Ni-black was rapidly formed. However, the formation of nickel
black takes significantly longer in the presence of MTBD. Further, a comparison of the
coupling of 1-bromo-4-tert-butylbenzene with n-butylamine with and without additives
showed a higher catalytic activity when MTBD was added. After a short optimization, we
obtained conditions that enabled the coupling of electron-poor aryl bromides with n-
butylamine in good to excellent selectivity at 40°C (Table 3.3). This method was also
applicable for an electron-poor aryl chloride, but, similar to the coupling with pyrrolidine,

deactivated aryl chlorides remain a limitation.
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Table 3.3. Semi-heterogeneous amination of primary amines and aryl halides. @

CN-OA-m (3.33 mg mL™") =
| \_R . PN NiBr,-3H,0 (5 mol%) /():_R
(NS HaN DMAc (deg.), 40°C, 168 h NN
H

02M 3.0equiv. ! Method D: 0.2 M, 450 nm, ’
MTBD (2 equiv.)

CO,Me f
/\/\N /\/\N/© /\/\N
H H H

9, X=Cl: 88% 37, X=Br: 86% 38, X=Br: 84%
X=Cl: 5%P X=Cl:  3%P
NN /\/\N/©/
H H
39, X=Br: 84% 40, X=Br: 63%
X=Cl: 4%° X=Cl: 0%"

8Reaction conditions: aryl halide (1.2 mmol), n-butlyamine (3.6 mmol), CN-OA-m (20 mg), NiBr,-3H.0 (60
pmol), 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) (2.4 mmol), DMAc (anhydrous, 6.0 mL), blue
LEDs at 40 °C. Isolated yields are reported. *Yield was determined by *H-NMR using 1,3,5-trimethoxybenzene
as internal standard.

3.3 Conclusion

The formation of nickel-black limits the applicability of light-mediated, nickel catalyzed C—
N cross-couplings. In particular, aryl bromides lacking electron-withdrawing groups suffer
from reproducibility problems due to deactivation of the nickel catalyst. Deposition of nickel
particles (nickel-black) not only deactivates the homogeneous nickel catalyst, but also the
heterogeneous carbon nitride photocatalyst. Careful studies using dual carbon nitride/nickel
catalysis showed that nickel-black formation likely results from a slow oxidative addition in
case of electron-rich aryl bromides, leading to accumulation of low-valent nickel species
that agglomerate. We showed that this issue can be overcome by i) decreasing the rate of the
reductive elimination, ii) increasing the rate of oxidative addition, and iii) stabilizing low-
valent nickel intermediates with a suitable additive. Our strategies enable reproducible,
highly selective C—N cross-couplings of electron-rich, -neutral and —poor aryl bromides with
primary and cyclic, secondary amines and can even be used for efficient reactions of

electron-poor aryl chlorides.
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Abstract

Controlling the selectivity of a chemical reaction with external stimuli is common in thermal
processes, but rare in visible-light photocatalysis. Here we show that the redox potential of
a carbon nitride photocatalyst (CN-OA-m) can be tuned by changing the irradiation
wavelength to generate electron holes with different oxidation potentials. This tuning was
the key to realizing photo-chemo-enzymatic cascades that give either the (S)- or the (R)-
enantiomer of phenylethanol. In combination with an unspecific peroxygenase from
Agrocybe aegerita, green light irradiation of CN-OA-m led to the enantioselective
hydroxylation of ethylbenzene to (R)-1-phenylethanol (99% e.e.). In contrast, blue light
irradiation triggered the photocatalytic oxidation of ethylbenzene to acetophenone, which in
turn was enantioselectively reduced with an alcohol dehydrogenase from Rhodococcus ruber
to form (S)-1-phenylethanol (93% e.e.).
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4.1 Introduction

Many parameters influence the selectivity of a chemical reaction. For instance, catalytic
reactions can be controlled by varying the catalyst/coordinated ligands, directing groups®®
or by tuning external parameters (Scheme 4.1, A).Y 7 The selectivity of photochemical
reactions varies with different wavelengths,® but examples that use this for visible-light
photocatalysis are rare.®*3

In one example, selective control between either a one- or two-fold substitution of 1,3,5-
tribromobenzene with N-methylpyrrole using Rhodamin 6G (Rh-6G) as photocatalyst was
demonstrated (Scheme 4.1, B)® This selectivity switch is explained by the chromoselective
generation of two photocatalytic species that differ in their reduction potential. Green light
irradiation results in a common photoredox cycle and the expected mono-substituted
product. In case of blue light, the Rh-6G radical anion, which is formed after quenching of

Rh-6G* with a sacrificial electron donor, can absorb a second photon, resulting in the highly

reducing Rh-6G " species that enables the formation of the di-substituted product.’

4.2 Results and discussion

Here we show that electron holes with different oxidation potentials can be generated using
a heterogeneous carbon nitride (CN) catalyst by changing the incident photon energy. The
combination of this strategy with two enantioselective biocatalysts* allowed us to
selectively produce the (S)- or (R)-enantiomer of a chiral alcohol in photo-chemo-enzymatic

reaction sequences (Scheme 4.1C).
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A General Strategies to Control the Outcome of a Reaction
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Scheme 4.1. A) General approaches to control of the outcome of a chemical reaction; B) Chromoselective
control in photocatalytic C-H-arylations®; C) This study: Chromoselective control of the stereochemical
outcome of photo-chemo-enzymatic reactions.

We recently realized that the choice of the wavelength is crucial for high selectivities in
metallophotocatalytic cross couplings using a heterogeneous carbon nitride material, which
is made from urea and oxamide in molten salt (CN-OA-m).X% 13 15 While this can be
rationalized by a purely kinetic effect, there is also evidence that a wavelength-controlled
generation of excited species with different oxidation potentials could be responsible for this
phenomenon. CN-OA-m has a strong absorption up to ~460 nm and a comparably weaker
absorption band up to ~700 nm, which were ascribed as the m-n* and n-n* electron
transitions, respectively (Figure 4.1, A).1® The selective induction of the n-m* electron
transition using long wavelengths (525 nm) should result in electron holes with a lower
oxidation potential compared to irradiation using blue light (440 nm). The choice of the
wavelength should not affect the reduction potential of the electron that is promoted into the

valence band. Although such a behavior was previously suggested,® there is, to the best of
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our knowledge, no report that applies this concept for controlling the selectivity of chemical
reactions.

We hypothesized that such a strategy would allow us to induce a photocatalytic reaction of
a substrate with green light selectively in the presence of a second compound that is only
photo-oxidized when shorter wavelengths are used. The photocatalytic aerobic oxidation of
benzylic sp® C-H bonds, which is feasible with other members of the carbon nitride family
and blue light irradiation,'’-* served as a model reaction for our initial studies. In a series of
experiments, we were indeed able to show that only blue light results in the desired carbonyl

products and no reaction occurs at longer wavelengths (Figure 4.1, B).
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Figure 4.1. Chromoselective generation of excited CN-OA-m species with different oxidation potentials. A)
Switching between m-n* and n-m* electron transitions using different wavelengths. B) The oxidation of
ethylbenzene 1a to acetophenone 3a is only possible using blue light.

Carbon nitrides are used to catalyse the formation of O, and H via water oxidation® and the
production of hydrogen peroxide from oxygen and alcohols, which requires the reduction of

0..223 Hydrogen peroxide can then be used as stoichiometric oxidant in the enantioselective
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hydroxylation of ethylbenzene derivatives catalysed by the unspecific peroxygenase
(UPO)?*2" from A. aegerita?®2° (AaeUPO) acting as chiral catalyst.30-4

We hypothesized that a chromoselective activation of CN-OA-m with green light enables
the selective formation of H>O: in the presence of ethylbenzene (1) and the AaeUPO, which
in turn catalyses the asymmetric hydroxylation of 1 (Figure 4.2). Performing the reaction in
tricine buffer using 528 nm LEDs indeed resulted in a high selectivity towards (R)-1-
phenylethanol formation [(R)-2a, up to 3.8 mM, 98% e.e.] with low amounts (3%) of
acetophenone (3a). When the same reaction was carried out using shorter wavelengths, 3a
became the main product, thus supporting our hypothesis. Ketone (3a) formation was also
the preferred reaction in the presence of blue light in phosphate buffer. It is worth to note,
that the type of buffer had a significant influence on the outcome on the reaction, whereby

the molecular reason needs to be clarified.

AaeUPO (25 nM) OH o
CN-OA-m (2 mg/mL) R
©/\ MeOH (250 mM) @/\ @)&
.
KPi or tricince buffer
1a 8h,30°C R)2 3
10 mM 455 or 528 nm (Ry2a 2
6 B acetophenone

I (R)-1-phenylethanol

528 nmltricine 455 nm/tricine 528 nm/KPi 455 nm/KPi

Conditions
wavelength/buffer

Figure 4.2. Influence of different wavelengths and buffers on the photoenzymatic hydroxylation of
ethylbenzene; reaction conditions: AaeUPO (25 nM), ethylbenzene (10 mM), CN-OA-m (2 mg mL™), MeOH
(250 mM), KPi (100 mM, pH 7.5) or tricine (100 mM, pH 7.5), 455 nm (1440 pumol photons m? s?) or 528 nm
(1330 pmol photons m2s?), 30 °C, 8 h.

It was previously shown that UPOs are deactivated in the presence of blue light, a
photocatalyst and O due to the generation of reactive oxygen species (ROS) that harm the

enzyme.**4? Consequently, one might expect that green light might be less harmful to the
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UPO and lead to higher conversions in comparison to blue light. To investigate this aspect,
UPO and CN-OA-m were incubated for one hour in the presence of oxygen and green or
blue light, before 1a was added (Figure S4.10). The mixture incubated at longer wavelengths
indeed led to a higher conversion for the asymmetric hydroxylation after addition of 1a.
The milder conditions subsequently allowed an extension of the substrate scope for AaeUPO
(Scheme 4.2). Nine additional substrates were converted with high stereoselectivity (>98%
e.e.) to the corresponding alcohols with concentrations of 1.0-6.0 mM. None of these
ethylbenzene derivatives has been transformed with AaeUPO using an in situ H2O:
generation system before.

Ethylbenzenes bearing a methyl-substituent in the ortho- or meta-position were
hydroxylated with 99% regioselectivity at the ethyl group to give the desired chiral alcohols
(R)-2b-c. This ability to distinguish between a methyl and an ethyl group has not been
reported before. A possible explanation for this selectivity might be a preferred formation of
the secondary intermediate radical over the primary radical. Acetophenone substituted with
ethyl in the para-position (1i) allowed to access a bi-functionalised chiral hydroxyketone 2i,

which is otherwise difficult to make. The same is true for 2j.
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10mm  MeOH (1% viv)
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OH B : :OH
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Scheme 4.2. Substrate scope of AaeUPO using H,O, generated by CN-OA-m under green light irradiation;
Absolute configurations were determined by reference material; [a] (R)-enantiomer determined by
measurement of the specific rotation (20 °C, ¢ 1.00, CHClI3) and comparison to literature; [b] based on external
calibration curves of 2i.
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Recycling experiments further showed that CN-OA-m can be reused by centrifugation and
one washing step with water. CN-OA-m was reused three times after drying at room
temperature. Transferring the photo-chemo-enzymatic hydroxylation from a total volume of
1 mL in 1.5 mL glass vials successfully to a larger scale (7 mL volume, 10 mL tubes) in
another photoreactor (provided by GlaxoSmithKline, S5),%** showed the robustness and
reproducibility of the approach. The hydroxylation of 1a worked equally well giving up to
7.5 mM of (R)-2a.

Recently, photo-chemo-biocatalytic cascades were reported combining a photoredox
oxidation of ethylbenzene with an enzymatic reduction.*>* In a related approach a photo-
chemo-biocatalytic cascade that yields the corresponding (S)-enantiomers was set up by
taking advantage of the chromoselective activation of CN-OA-m (Scheme 4.3). The blue-
light mediated oxidation of 1a to 3a proceeded smoothly in KPi buffer. The resulting ketone
(3a) was stereoselectively reduced using an alcohol dehydrogenase (ADH-A) from
Rhodococcus ruber in presence of NAD" as cofactor.*” The optimized two-step one-pot
procedure led to 2.5 mM (S)-2a with an e.e. of 93%. The lower e.e. obtained in the
photochemo-enzymatic cascade compared to previous reports by ADH-A (e.e. 99%),*® can
be explained by the formation of a small amount of rac-1-phenylethanol during the
photocatalytic reaction under blue light irradiation (Table S4.1). This cascade represents a
stereocomplementary pathway compared to the pathway with AaeUPO using the same
photocatalyst. Interestingly, it was noticed that MeOH was not required for the reaction to
hydroxylate ethylbenzene with AaeUPO. Without MeOH the same concentration of product
was detected. Thus, the reaction is possible without a sacrificial electron donor like MeOH
or formate, which is in contrast to some examples reported in literature.®® %° For practical
reasons, MeOH was still used since it simplified the preparation of stock solutions of the
hydrophobic substrates. To test whether the cascade can also be transferred to other
substrates, para- and ortho-bromo substituted ethylbenzene (1g, 1h) were investigated:
Using the blue-light pathway, (S)-2g was obtained with an e.e. of >99% (1 mM) and (S)-2h
with an e.e. of 94% (1.4 mM).
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Scheme 4.3. Light-driven enantioselective oxyfunctionalizations of 1a by using chromoselective CN-OA-m
and AaeUPO or ADH-A.

To the best of our knowledge this is the first example in which it was possible to utilize the
same photocatalyst to either oxidize an organic substrate or to provide in situ formed H20-
without photocatalytic oxidation of the substrate, all controlled only by the choice of the

wavelength.

4.3 Conclusion

In summary, we showed that electron holes with different oxidation potentials can be
generated using a carbon nitride material by simply changing the photon energy. In the
presence of blue light this enables the oxidation of ethylbenzene to acetophenone in an
aqueous solution. Using green light, the organic substrate does not react and only H20: is
formed. This was the key for designing chromoselective photo-chemo-enzymatic cascade
reactions. Selective hydrogen peroxide generation enabled the hydroxylation of
ethylbenzene to give (R)-1-phenylethanol (R)-2a using an UPO, whereas the photocatalytic
oxidation to acetophenone was coupled with an enantioselective reduction to (S)-1-
phenylethanol (S)-2a by an ADH. Additionally, low energy photons (green light) increased
the stability of UPO compared to blue light, which permitted the expansion of the substrate
scope of this enzyme. Controlling the outcome of a photocatalytic reaction merely through
the choice of wavelength employed presents exciting new options in reaction design and
could be an important new tool for controlling reactivity and stereoselection in organic

synthesis.
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Modular, self-assembling metallaphotocatalyst for
cross couplings using the full visible-light spectrum
Reischauer, S.; Strauss, V.; Pieber, B.;
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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. The high-energy photons that excite the photocatalyst
can result in unwanted side reactions. 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. Immobilization of a nickel catalyst on dye-
sensitized titanium dioxide results in a material that catalyzes carbon-heteroatom and
carbon-carbon bond formations. The modular approach of dye-sensitized
metallaphotocatalysts (DSMPs) accesses the entire visible light spectrum and allows
tackling selectivity issues resulting from low-wavelengths strategically. The concept
overcomes current limitations of metallaphotocatalysis by unlocking the potential of dyes

that were previously unsuitable.

Specific contribution

Together with B. Pieber, | conceived the idea behind this project. I verified its feasibility and
prepared catalysts and reagents. After optimizing the reactions, I studied the recycling of the
catalyst and evaluated scope and limitations of this protocol. V. Strauss performed the
spectrophotometric titrations. | wrote the manuscript and B. Pieber revised and corrected the

manuscript.
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Supporting Information

All experimental procedures and analytical data are available in the supporting information
in the appendix or through the website of the Publisher. DOI: 10.1021/acscatal.0c03950.
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5.1 Introduction

The combination of photo- and nickel catalysis (metallaphotocatalysis) has emerged as a
powerful strategy for carbon—carbon and carbon-heteroatom cross couplings (Figure
5.1A).13 Key to the success are redox or photosensitization events between a nickel- and a
photocatalyst (PC). Applicable PCs are iridium and ruthenium polypyridyl complexes,? or
carbazolyl dicyanobenzenes,* with tailored redox potentialsr or triplet energies, and long-
lived excited states (Figure 5.1B). These PCs are limited to short excitation wavelengths that
can cause unwanted side-reactions.’> 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,®
osmium complexes as PCs,” or multi-photon excitation processes.’

The use of abundant dyes that absorb broadly across the visible-light spectrum is
highly desirable. The redox potentials and triplet energies of many commaodity chemicals,
such as fluorescein, rose bengal, or coumarins are in theory suitable for
metallaphotocatalysis,® but their short excited state lifetime render a diffusion-limited
interaction with a nickel catalyst in a homogeneous solution unlikely (Figure 5.1B). These
dyes are, however, able to sensitize metal oxide semiconductors, such as TiOgz, in dye-
sensitized solar cells (DSSCs),? or dye-sensitized photocatalysts (DSPs) for light-driven Ha
production.'® 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. !

We wondered whether immobilization of a suitable nickel complex on dye-sensitized
TiO- accesses a bifunctional material that serves as metallaphotocatalyst (Figure 5.1 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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Figure 5.1. 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
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5.2 Results and discussion

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,'?>® and is feasible using
semiconductors that absorb blue light,*4 but does not work using simple organic dyes.* 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) (Figure 5.2A).
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.® The DSMPs self-assemble in
situ. An ex situ preparation of the DSMPs was carried out to characterize the bifunctional
materials (Figure 5.2B). 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.

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 (Figure 5.2C). A high catalytic activities
was obtained when the amount of dye (1.25 mol%) and NiClz-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 NiCly-dcbpy as well as dye
molecules, which also contribute to productive catalysis in the course of the bulk
experiment®®. Reducing the amount of dye (0.1 mol%) or NiCl,-dcbpy (1 mol%) still resulted
in almost quantitative yield of the desired ester. When the dye and the nickel complex are
used in such low amounts no product formation was observed. We assume that high loadings
of either NiCl>-dcbpy or the dye are sufficient for the formation of a monolayer on TiO2 and
the resulting close spatial proximity of NaFluo and the nickel complex is responsible for the
catalytic activity. It has to be noted that also the substrates and the base are likely to bind to
the surface of TiO2, which could contribute to the performance of the catalytic system. No
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product formation was observed in the absence TiO2 P25, the dye, dcbpy, nickel salt, or light.
In agreement with previously reported protocols for metallaphotocatalyzed C-O arylation of
carboxylic acids,*?1® the substrate scope is limited to electron-poor aryl halides (see SI).

The DSMP approach also enabled metallaphotocatalyzed C-S*’, C-N*8, and C—C*°
bond formations that proceed via single electron transfer processes (SET) (Fig. 2D). Since
the C-S*” and C-C*° couplings proceed via a single electron oxidation of the substrate and a
single electron reduction of a nickel complex, we assume that the affinity of the substrates
to the semiconductors’ surface has a positive effect on the catalytic activity.

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.!® Reactions at higher
wavelengths, not accessible with the original, homogeneous approach, resulted in a higher

selectivity.
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Figure 5.2. Self-assembling, modular metallaphotocatalysts enable cross-couplings using the entire visible-
light spectrum. Anchoring of nickel complexes on TiO; 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 (C). C-S, C-N, and C-C cross
coupling catalyzed by DSMPs using blue, green, or red light (D). 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 (Figure 5.3A). Addition of either NaFluo or the
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nickel salt restored the catalytic activity, which is in agreement with the experiments using
low amounts of either the dye or the nickel complex (Figure 5.2C). 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 (Figure 5.3B). To test
this hypothesis, we substituted TiO. P25 with the insulating metal oxides (MO) SiOz and
Al203 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 TiO>
P25 (Figure 5.3C). 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 TiO. P25 was observed with a nickel complex that binds to the
semiconductor’s surface (NiClz-dcbpy). NiClz-dtbbpy showed solely dynamic quenching
(Figure 5.3D). Titration experiments with fluorescein bound to SiO; instead of TiO, 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 TiO2 P25.
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Figure 5.3. Mechanistic investigations. Recycling experiments showed that catalytic inactive materials still
contain nickel complexes and dye molecules (A). DSMPs might work via an “on-particle” and/or “through-
particle” mechanism (B). Experiments using insulating metal oxides and diffusion controlled
metallaphotocatalysis (C). Spectrophotometric titrations show static quenching for DSMPs, whereas solely
dynamic quenching was observed in other systems (D). MO = metal oxide. dcbpy = 2,2’-bipyridine-4,4'-
dicarboxylic acid. dtbbpy = 4,4'-di-tert-butyl-2,2'-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 5.4). The resulting coupling product (E-5) is prone to
subsequent photocatalytic isomerization or cycloadditions that could lead to low
selectivities.?®?* 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).
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The selectivity was, 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.

t-BuNHi-Pr (3 equiv), DMSO 70% 22%
440 or 525 nm

[} gl
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ol S o /©/CF3 Ph O /©/ 3
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o™ P "0 * VLO
_~ °©
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!

Figure 5.4. 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. ?Isolated yield in parentheses.

5.3 Conclusion

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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Abstract

Metallaphotocatalytic cross-couplings are typically carried out by combining homogeneous
or heterogeneous photocatalysts with a soluble nickel complex. Attempts to realize
recyclable catalytic systems use immobilized iridium complexes to harvest light. We present
bifunctional, materials for metallaphotocatalytic C-S cross couplings that can be reused
without losing their catalytic activity. Key to the success is the permanent immobilization of
a nickel complex on the surface of a heterogeneous semiconductor through phosphonic acid
anchors. The optimized catalyst harvests a broad range of the visible light spectrum and

requires a nickel loading of only ~0.1 mol%.

Specific contribution

Together with B. Pieber, | conceived the idea behind this project. I verified its feasibility and
prepared catalysts and reagents. After optimizing the reactions, | studied the recycling of the
catalyst and evaluated scope and limitations of this protocol. | wrote the manuscript and B.

Pieber revised and corrected the manuscript.
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Supporting Information

All experimental procedures and analytical data are available in the supporting information
in the appendix or through the website of the Publisher. DOI: 10.1002/cptc.202100062.
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6.1 Introduction

Visible-light is a powerful reagent in organic synthesis.1 In particular, the merger of photo-
and nickel catalysis (metallaphotocatalysis) has emerged as an attractive strategy to achieve
carbon—carbon and carbon-heteroatom bond formations under mild conditions.>’ The cross-
coupling of thiols with (hetero)aryl halides, for example, was carried out by combining a
nickel catalyst with an iridium, or ruthenium polypyridyl complex as photoredox catalyst
(Figure 6.1, A).%1° Similar C-S cross-couplings were also reported using an organic
photocatalyst.

A semi-heterogeneous method using a carbon nitride material as photocatalyst was
developed to partially recycle the catalytic system (Figure 6.1, B).1#*3

More recently, a bifunctional polymeric catalyst was prepared using building units that were
functionalized with an iridium polypyridyl photocatalyst and a nickel complex.}* Metal
leaching during recycling experiments resulted in a gradual decrease of the yield.
Heterogeneous metal-organic frameworks that can be reused in C—S bond formations were
synthesized by coordinating iridium- and nickel complexes to zirconium® or hafnium
clusters.’® However, these bifunctional catalysts are difficult to prepare and rely on
immobilized noble-metal complexes as photocatalysts.

We recently developed a self-assembling catalyst system, in which a nickel complex and a
dye adsorb to the surface of TiO. (dye-sensitized metallaphotocatalysts, DSMPs) that
catalyses several cross-couplings.!’ Key to the success was that the nickel complex and the
dye are equipped with carboxylic acid groups that bind to the semiconductor’s surface.
However, recycling studies suffered from a gradual decrease of the yield due to leaching of
the nickel catalyst and the dye because of the weak interaction between carboxylic acid
groups and TiO.1

Various functional groups are known to bind to the surface of semiconducting materials and
are intensively studied for dye-sensitized solar cells (DSSCs).*® Carboxylic acids are
commonly used, because this functional group enables facile electron injection from the
excited dye into the conduction band of the semiconductor.?%-?* Phosphonic acid groups have
a significantly higher adsorption strength than carboxylic acids,*® ?? but their low electron

injection rates make them often unsuitable for DSSCs.?
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6.2 Results and discussion

Here we demonstrate that the strong interaction of phosphonic acid moieties with the surface

of semiconducting materials accesses recyclable metallaphotocatalysts for C-S cross-

couplings (Figure 6.1, C).Y’

| = X
R (
~ S
.Y R
+ . R+t P
R'—SH EON

=

A Homogeneous dual catalysis [ref. 3]

not recyclable not recyclable

B Semi-heterogeneous dual catalysis [ref.5 & 9]

recyclable not recyclable

C This work: Heterogeneous dual catalysis

fully recyclable

Figure 6.1. Catalytic systems for metallaphotocatalytic C—S cross-couplings

Our investigations started by studying different semiconductors as photocatalysts in the

metallaphotocatalytic cross-coupling of methyl 4-iododbenzoate and 2-mercaptoethanol in

presence of catalytic amounts of NiBr2-3H20, a bipyridine ligand that is equipped with

phosphonic acid groups (dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid), and a base
(Table 6.1). Using blue light (440 nm), two carbon nitride materials (CN-OA-m?* and mpg-
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CN?), TiO, P25, dye-sensitized TiO2 P25 (pre-functionalized with a ruthenium dye that
contains a phosphonic acid anchoring group (Ru(bpy)2(dpbpy)-Ti02)?), and CdS resulted
in the formation of the desired coupling product (Entry 1-5). Bismuth oxide was unsuitable
as photocatalyst (Entry 6-7).

We also studied this reaction at longer wavelengths (Entry 8-14), because the high energy
of blue light potentially causes deactivation of nickel catalysts through the formation of
nickel black,?” and can lead to undesired side reactions.'” 2 Quantitative product formation
was observed at 525 nm using CN-OA-m, (Entry 8). In addition, Ru(bpy)2(dpbpy)-TiO2 also
catalysed the desired reaction and resulted in 69 % of the desired coupling product (Entry
11). All other tested semiconductors showed low catalytic activities using green light.

Table 6.1. Semiconductor screening for C—S cross-couplings using a nickel complex that contains phosphonic

acid groups.@

+

CO,Me semiconductor (10 mg/mL)
/©/ NiBr,-3H,0 (10 mol%) CcOo,Me
| dpbpy (10 mol%) ©/
MeO,C
2 \/\S

BIPA (5 equiv.), MeCN, 9/17 h

WS come 440/525 nm 1
” 440 nm i ” 525 nm
Entry Semiconductor 1 [%]®! | Entry Semiconductor 1 [%][]
1 CN-OA-m 9 | 8 CN-OA-m 99
2 mpg-CN 99 : 9 mpg-CN 4
3 Tio, 38 10 TiO, 5
4 Ru(bpy)a(dpbpy)-TiO, 99 1" Ru(bpy),(dpbpy)-TiO, 69
5 Cds 45 3 12 Cds 20
6 Bi,O3 n.d. 13 Bi,O3 n.d.
7 Bi,O3 nanopowder n.d. : 14 Bi,O3 nanopowder n.d.

[a] Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-mercaptopropionate
(380.5 pmol), Ru(bpy)2(dpbpy) (2.4 pmol), NiBry:3H,0 (19.0 umol), dpbpy (19.0 pmol),
semiconductor (30 mg) and BIPA (951.5 pmol) in MeCN (3 mL), [b] Determined by "H-NMR
using 1,3,5-trimethoxybenzene  as internal standard. dpbpy = [2,2"-bipyridine]-4,4'-
diyldiphosphonic acid, BIPA = N-tert-butylisopropylamine, bpy = 2,2"-bipyridine, n.d. = not
detected.

Next, we sought to optimize the two most promising catalytic systems. In case of CN-OA-
m, a careful investigation of all reaction parameters showed that 1.67 mg/mL of the
semiconductor in combination with 5 mol% of NiBr2-3H.O and dpbpy are sufficient to
quantitatively form the desired product within 17 h using 525 nm LEDs (Table 6.2, Entry
1). Under the same conditions, methyl 4- bromobenzoate resulted in low amounts of 1 (Table
6.2, Entry 2). When Ru(bpy)2(dpbpy)-TiO2 was used as photocatalyst, a longer reaction time
in combination with a higher loading of the nickel complex was necessary, but the high
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selectivity towards the desired product was maintained (Entry 3). Control studies showed
that no reaction occurred in the absence of CN-OA-m, dpbpy, the base, or light (Entry 4-7).
Only small amounts of the coupling product were formed without the Ni" salt, or in the
presence of oxygen (Entry 8-9). Using a 440 nm irradiation source, full conversion was
obtained after 3 h (Entry 10).

Table 6.2. Optimized conditions and control studies.®

+

CO,Me CN-OA-m (1,67 mg/mL)
/O/ NiBry-3H,0 (5 mol%) COMe
| dpbpy (5 mol%)
MeO,C. g

BIPA (5 equiv.), MeCN, 17 h

HS
~""co,Me 525 nm 1

Entry Conditions 1 [%]®!
1 As shown 99 (94)
2 methyl 4-bromobenzoate 11
3 Ru(bpy),(dpbpy))-TiO, instead of CN-OA-m[] 99
4 No CN-OA-m n.d.
5 No dpbpy n.d.
6 No BIPA n.d.
7 No light n.d.
8 No NiBr,. 3H,0 10
9 no degassing 4
10 440 nm, 3 h 99

[a] Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-
mercaptopropionate (380.5 pmol), NiBrp-3H,0 (9.5 ymol), dpbpy (9.5 umol), CN-OA-m (5
mg) and BIPA (951.5 ymol) in MeCN (3 mL). [b] Determined by "H-NMR using 1,3,5-
trimethoxybenzene as internal standard. [c] Isolated yield in parantheses. [d] Carried out
with 10 mg/mL TiO, P25, Ru(bpy).(dpbpy) (2.4 pmol), NiBry-3H,0 (19 umol), dpbpy (19 p
mol), BIPA (951.5 pumol) in MeCN 3 mL)  within 24 h.
dpbpy = [2,2"-bipyridine]-4,4'-diyldiphosphonic acid, BIPA = N-tert-Butylisopropylamine,
bpy = 2,2"-bipyridine, n.d. = not detected.

The optimized conditions were evaluated for a small set of thiols and aryl iodides using blue
and green light irradiation (Table 6.3). When 2-mercaptoethanol was used, a selective C-S
bond formation (2), with no detectable amount of the corresponding C—O coupling product
was obtained. The catalytic cocktail was also applicable for selective couplings of secondary,
tertiary and aromatic thiols with methyl 4-iodobenzoate (3-6). Moreover, the protocol is not
limited to electron-rich aryl iodides, and excellent yields were obtained for the when

iodobenzene (7) and 4-iodoanisole (8) were used.
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Table 6.3. Scope.™

CN-OA-m (1,67 mg/mL)
NiBry-3H,0 (5 mol%)

N dpbpy (5 mol% =
| _ BIPA (5 equiv.), MeCN s
2.0 equiv
CO,Me CO,Me CO,Me
HO /©/ O\ /©/ t-Bu /©/
~"g u s 4
440 nm, 3 h, 99% 63"/ 440 nm, 18 h, 91% (64"/ )b 440 nm, 18 h, 91% (59%)b
525 nm, 20 h, 98% 525 nm, 48 h, 99% 525 nm, 80 h, 96%

QT O s o
s Meo)vs Meok/\s
7

5 R=H 440 nm, 18 h, 99% (82%)°
525 nm, 80 h, 97%

6 R®=0OMe 440 nm, 18 h, 99% (78%)°
525 nm, 48 h, 98%

440 nm, 3 h, 90% (73%)° 440 nm, 18 h, 99% (70%)®
525 nm, 18 h, 99% 525 nm, 48 h, 99 %

[a] Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-mercaptopropionate (380.5 pmol),
NiBr,-3H,0 (9.5 pmol), dpbpy (9.5 ymol), CN-OA-m (5 mg) and BIPA (951.5 pmol) in MeCN (3 mL).
Yields were determined by "H-NMR using 1,3,5-trimethoxybenzene as internal standard. [b] Isolated yield
in parantheses. dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid, BIPA = N-tert-Butylisopropylamine.

Similar to the previously reported DSMPs, in which the nickel complex and a dye were
equipped with carboxylic acid groups,’ the catalytic system reported herein self-assembles
in situ. To characterize the functional heterogeneous catalysts, an ex situ preparation was
carried out (Figure 6.2). Therefore, the respective semiconductor material was dispersed in
MeCN, followed by addition of dpbpy, the nickel salt and the dye (optional) (Figure 6.2, A).
The mixture was stirred overnight and the resulting material was isolated by centrifugation,
washing and lyophilisation (see Sl for details). Inductive coupled plasma - optical emission
spectroscopy (ICP-OES) was used to study the amount of nickel, phosphorus and ruthenium.
In case of the functionalized carbon nitride material (Cat 1), a nickel loading of 21.1 mg g
(corresponding to 1 mol% NiBry3H,0) and a phosphorus content of 71.2 mg g*
(corresponding to 3 mol% dpbpy) was determined. For the variant using dye-sensitized TiO>
(Cat 2), a nickel loading of 4.18 mg g (corresponding to 1 mol% NiBr23H20), a Ru loading
of 4.59 mg g* (corresponding to 0.7 mol% Ru(bpy)2(dpbpy)) and a phosphorus content of
32.2 mg g?! (corresponds to 8.2 mol% dpbpy as ligand in the nickel salt and
Ru(bpy)2(dpbpy)) was measured. The significant difference in the nickel loadings were
further confirmed by energy-dispersive X-ray spectroscopy (EDX) analysis (Table S6.11
and S6.13), and is likely responsible for the different catalytic activity of the functionalized
materials in the model reaction. The UV-Vis spectrum of the functionalized carbon nitride

confirms its absorption up to ~700 nm (Figure 6.2, B), which is similar to the non-
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functionalized CN-OA-m (Figure S6.6).24.TiO functionalized with the ruthenium dye and
the nickel complex broadly absorbs across the visible light spectrum (Figure 6.2, C).
Scanning electron microscopy (SEM) analysis of both materials showed that the porous
surface of CN-OA-m and TiO2 P25 was not altered during the immobilization (Figure S6.7
and S6.10).

A Exsitu preparation of bifunctional, heterogeneous metallaphotocatalysts

(0] (0]
I

o
7~ N\ T o Yo — 0—P¢S Br
cN-oAm ) HO oN + NEn aHO 4+ HO i \O 'N';Nf\

" i . - —_— CN-OA-m
or TiO, 1B SH al Br
HO ) Ly MeCN, t, 17 h or TiO, o ('}
~— _" "

HO—p
o] (optional) g
B CN-OA-m-NiBr;,-dpbpy (Cat 1) Cc Ru(bpy),(dpbpy)-TiO,—NiBr,-dpbpy (Cat 2)
e} o
B B 4 2 B B
~ N’ IR ' P WP o 7~ N\’ N '
I I!
) u o
—p ANT N P —P
N ° " LT NS
[e] 4 l /l;"*o O
[¢]
Nickel content: 21.1 mg g’ ) Nickel content: 4.18 mg g™
Phosphorus content: 71.2 mg g Phosphorus content: 32.2 mg g™

Ruthenium content: 4.59 mg g’

F(R)
F(R)
@

» : @
0,64 N 0,64 =

T T T T ) T T T T T )
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wavelength [nm] wavelength [nm]

Figure 6.2. Preparation (A) and characterization (B, C) of fully heterogeneous metallaphotocatalysts.

Next, we studied the recyclability of the bifunctional materials using blue (440 nm) and
green (525 nm) light (Figure 6.3, A). In all cases, the first experiment was carried out through
in situ catalyst formation using the conditions reported in Table 6.2. After the respective
reaction time, the heterogeneous catalyst was separated, washed and reused without adding
additional nickel salt or ligand. To our delight, both catalytic systems could be recycled
multiple times without losing their activity using both wavelengths. This provides evidence
that the ligand binds permanently to the surface of the semiconductor, and that the nickel
atoms strongly coordinate to the ligand.

A more detailed investigation was carried out using the functionalized carbon nitride
material (Figure 6.3, B). The heterogeneous catalyst was reused ten times and analyzed after

each experiment by ICP-OES. After the first experiment, a nickel loading of 2.65 mg g*
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and a phosphorus content of 52.2 mg g was determined, which indicates that 2.2 % of the
ligand and 0.1 % of the nickel salt that were initially added to the reaction mixture were still
immobilized (for details, see Table S6.21). The amount of nickel and phosphorus did not
further decrease during the subsequent cycles, and the catalytic activity was maintained. This
shows that both species are permanently immobilized on the surface of the semiconductor
and that the catalytic system only requires ~0.1 mol% of the nickel salt and ~1.9 mol% of
the ligand. Indeed, a control experiment using this nickel and ligand loading through the in
situ method gave quantitative product formation within 17 h (Table S6.23).

Unfortunately, the heterogeneous materials was not applicable for the metallaphotocatalytic
C-O cross coupling of carboxylic acids with aryl halides,?® or the C—C coupling of a-
silylamines with aryl halides (Table S6.24 and S6.25).° Control experiments using iridium
polypyridyl complexes instead of the heterogeneous semiconductor also gave no product
formation in these reactions, which indicates a detrimental effect of the phosphonic acid
groups of the nickel complex in these transformations. Product formation (25%) was
observed for the C—C cross coupling reaction of potassium benzyltrifluoroborates with aryl
halides using mpg-CN®! in combination with NiBr,-3H.0 and dpbpy (Table S6.27), but
attempts to optimize the reaction or to recycle the catalyst failed, presumably due to the

formation of nickel black.?’
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CO,Me
/©/ CO,Me
| Cat1orCat2
+ M802C\/\S

BIPA (5 equiv ), MeCN

S~ co,Me 440 or 525 nm ,
100
30_
¥ 801
= i
&
> 40+
20+
0
1 2 3 4 5 6 7
Cat1, 440nm,3h [l Cat 2, 440 nm, 15h
Cycle [0 cat1, 525 nm, 17 h [l Cat 2, 525 nm, 24 h
B

COzMe
/©/ COzMB
I Cat1
+ Meozc\/\s

BIPA (5 equiv.), MeCN, 17 h
HS\/\CO2ME 525 nm

Yield [%]
Nifdpbpy [mol%]

1 2 3 4 5 6 7 8 a 10
Cycle —a— Ni —=— dpbpy

Figure 6.3. Recycling studies of Cat 1 and Cat 2 with blue and green light irradiation (A) and recycling studies
including ICP-OES analysis using Cat 1 with green light irradiation (B).

6.3 Conclusion

In conclusion, we have shown that a self-assembling heterogeneous material for
metallaphotocatalytic C—S cross-couplings can be obtained by mixing a carbon nitride
material or dye-sensitized TiO2 with a nickel complex that is functionalized with phosphonic
acid groups. The final catalyst shows high activity even though the nickel content is only 0.1
mol% and absorbs broadly across the visible light spectrum. The catalyst can be recycled at
least ten times maintaining its catalytic activity. Improved ligand designs to expand the
applicability of this concept to other cross-couplings are currently evaluated in our

laboratory.
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Carbon dot/TiO2 nanocomposites as photocatalysts
for metallaphotocatalytic carbon-heteroatom
cross-couplings

Zhao Z., Reischauer, S.; Pieber, B., Delbianco M.

Green Chem., 2021, 23, 4524-4530.
https://doi.org/10.1039/D1GC01284C

Abstract

Carbon dots have been immobilized on titanium dioxide to generate photocatalysts for
pollutant degradation and water splitting. Here we demonstrate that these nanocomposites
are valuable photocatalysts for metallaphotocatalytic carbon—heteroatom cross-couplings.
These sustainable materials show a large applicability, high photostability, excellent

reusability and broadly absorb across the visible-light spectrum.
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corrected the manuscript.
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Supporting Information

All experimental procedures and analytical data are available in the supporting information
in the appendix or through the website of the Publisher. DOI: 10.1039/D1GC01284C.
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7.1 Introduction

Carbon dots (CDs) are quasi-spherical fluorescent carbon-based materials with a size of
typically less than 10 nm.1®> CDs are easily prepared through top-down or bottom-up
approaches from a variety of carbon sources that permit to adjust their chemical
compositions and tune their photoluminescence (PL) properties.®” Their chemical inertness
and biocompatibility has prompted applications in sensing, bioimaging, and nanomedicine.”
11 Moreover, the surface functional groups enabled applications as sustainable nano-
organocatalysts for synthetic transformations. The superficial carboxylic acid, hydroxy, or
amino functionalities were exploited in acid-base, hydrogen bond, or amine-catalysed
reactions.1#1°

CDs are also promising metal-free photocatalysts for pollutant degradation, H> evolution and
CO- conversion, owing to their photostability, light-harvesting ability and electron-transfer
efficiency.'®1° The high solubility of CDs in water makes them a suitable alternative to
hydrophobic organic materials, such as carbon nitride and graphite.?’ This feature permitted
to use CDs in combination with nickel catalysis for H2 evolution in aqueous solution.?2?
However, due to their short PL lifetimes,?®24 examples of CDs as photocatalysts for selective
organic synthesis are scarce*™® when compared to common photocatalysts, such as
ruthenium (Ru) and iridium (Ir) polypyridyl complexes that have long-lived triplet excited
states.?>%’ To overcome the problems associated with the short-lived excited states, CDs can
be immobilized on heterogeneous semiconductors such as titanium dioxide to generate a
composite material that absorbs visible-light and generates a long-lived charge-separated
species.?®20 Still, the applications of such composites remained limited to water splitting,
CO; reduction, and pollutant degradation (Figure 7.1A).3133

The combination of a photo- and a nickel catalyst (termed metallaphotocatalysis) triggers
many important carbon—heteroatom and carbon—carbon cross-couplings using light as
sustainable energy source.®* Suitable photocatalysts for these reactions range from
ruthenium and iridium polypyridyl complexes and organic dyes to heterogeneous
semiconductors.®* Moreover, nickel complexes and photocatalysts were combined in
bifunctional heterogeneous materials, such as metal-organic frameworks,%-% or organic

polymers.®’
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A CD/TiO, nanocomposites for water splitting and pollutant degradation
H,
H,0

Pollutant

H,0 +CO,

B This work: CD/TiO, nanocomposites as photocatalysts for cross-couplings
Ar-X + Nu-H

(o] Ar-Nu
CD

* Low economic cost and toxicity * Excellent stability
* Facile nanocomposite preparation * Broad absorption of visible-light

Figure 7.1. Schematic representation of CD/TiO, nanocomposites as photocatalysts for water splitting,
pollutant degradation (A) and metallaphotocatalytic carbon—heteroatom cross-couplings (B).

Titanium dioxide can be sensitized with organic dyes to serve as a visible light photocatalyst
for selective organic transformations.®2° Recently, it was shown that the immobilization of
a Ni(ll) catalyst and an organic dye on the surface of metal oxides provides a heterogeneous
catalytic system for metallaphotocatalytic carbon—carbon and carbon—heteroatom cross-
couplings that overcomes the problems associated with short-lived singlet excited states of
organic dyes.*® Following this seminal work, we show that CDs are a valuable alternative to
organic dyes in such catalytic systems due to i) their low economic cost and toxicity, ii) their
facile immobilization on semiconductors, iii) their broad absorption across the visible-light

spectrum, and iv) their superior photo- and chemical stability (Figure 7.1B).2% %
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7.2 Results and discussion

Preparation of CD1/TiO2 nanocomposite

Carbohydrates are an attractive carbon source for CD synthesis owing to their low cost, high
solubility in water, easy carbonisation at relatively low temperatures, and presence of
heteroatoms.** We therefore began our investigations by preparing CD1 from glucosamine
hydrochloride (GIcN-HCI), following a microwave-based carbonisation method (Figure
7.2A).%2 Doping with B-alanine (B-Ala) ensured a high amount of surface carboxylic acid
groups (Figure S7.6 and S7.7).*> The zeta potential in the range of -11.1 to +18.7 mV
suggested the presence of several functional groups (carboxylic acids, alcohols, and amino
groups) on the surface of CD1 (Figure S7.8).4243

Transmission electron microscopy (TEM) confirmed a spherical shape of the CD
nanoparticles with a diameter of about 4 nm (Figure 7.2B and Figure S7.2). The X-ray
diffraction (XRD) profile showed a single broad peak (26 = 23°), indicating the amorphous
structure of CD1 (Figure S7.9). A colloidal solution of CD1 in H2O emitted blue light under
UV light irradiation (Aex = 366 nm) (Figure S7.3). Spectroscopic analysis showed an
absorption peak at 276 nm (Figure S7.5) and a PL emission maximum at ~460 nm (Aex = 360
nm, Figure S7.4). A PL lifetime of 4.45 ns was measured by fitting the PL decay curve of
CD1 (Figure S7.10).

CD1 was immobilized on the surface of TiO2 P25 by stirring a mixture of the two
components in water (mass ratio 1:1; Figure 7.2A). The resulting brown powder (CD1/TiO5)
was analysed by scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) (Figure S7.15). The morphology and size of the nanocomposites
remained similar to unfunctionalized TiO2. The increased carbon content confirmed the
immobilization of CD1. UV-Vis spectroscopy of the resulting material confirmed its
extended absorption in the visible-light region (Figure 7.2C).
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Figure 7.2. Schematic representation of the preparation of CD1 and CD1/TiO, nanocomposite (A). TEM
image of CD1 (B). UV-Vis absorption (solid state) and photographs of TiO, and CD1/TiO. nanocomposite
(C). GleN-HCI = Glucosamine hydrochloride. 3-Ala = B-Alanine.

Applicability of CD1/TiO2 as photocatalyst

The applicability of CD1/TiO- as photocatalyst for metallaphotocatalytic cross-couplings
was tested for the C—O arylation of N-(tert-butoxycarbonyl)-L-proline (Boc-Pro-OH) with
methyl 4-iodobenzoate using visible-light (Figure 7.3A).%% 44 A Ni(ll) complex that contains
carboxylic acid groups was employed to bind to the nanocomposite. The selective formation
of 83% of the desired ester product (1) was observed when the reaction was irradiated with
blue (440 nm) light for 24 h (Entry 1). Control experiments confirmed the necessity of TiO,
CD1, and the carboxylic acid functionalized ligand 2,2’-bipyridine-4,4’-dicarboxylic acid
(dcbpy) (Entries 2-5).

A previous report that used molecular dyes with short excited state lifetimes instead
of CD1 showed that insulating materials, such as SiO2, can be used instead of TiO>
for the same reaction.? In this case, it was proposed that the close proximity between
dye molecules and the nickel complex is responsible for productive catalysis. Using
a CD1/SiO2 nanocomposite, we only observed a modest yield of 7% of the desired
product (Entry 6), suggesting that an electronic communication between the excited
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CD and the immobilized nickel complex “through” a semiconducting material is
crucial.

Using CD1/TiOz an almost quantitative formation of 1 required 40 h (Entry 7). The broad
absorption of the nanocomposite also enabled cross-coupling at longer wavelengths (525
nm), albeit with longer reaction times (Entry 8). It is worth noting that CD1/TiO: is also
highly active using very low loadings (Table 6), and that the nanocomposite is bench-stable
and does not lose its catalytic activity upon storage at room temperature for 26 weeks (Table
5).

To our delight, CD1/TiO> served as an active photocatalyst for a range of
metallaphotocatalytic carbon—heteroatom cross-couplings.®* Moderate to excellent yields
were obtained for the coupling of aryl halides with an alcohol, a thiol, a sodium sulfonate,

and a sulfonamide using slightly adapted conditions (Figure 7.3B).
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(200% power). debpy = 2,2%bipyridine-4.4'-dicarboxylic acid. NiCl8H;0 = nickel(ll) chlonde

BIPA = 18, dibbpy = 4.4-di-tart-butyl-2 2"dipyridyl. SI0; =
silicon gioxide. n.d. = nol detecled. deg. = degassed.

Figure 7.3. Optimized conditions and control experiments for the cross-coupling of Boc-Pro-OH with methyl
4-iodobenzoate using CD1/TiO, nanocomposite (A). Application of CD1/TiO; as photocatalyst for C-O, C-
S, and C-N cross-couplings (B).
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Photostability and recyclability studies

Next, we sought to compare the photostability of the CD1/TiO2 nanocomposite with TiO>
that was functionalized with the organic dye fluorescein (Fluo/TiO.) (Figure 7.4). The
functionalized semiconductors were pre-irradiated with blue light for a defined amount of
time and subsequently used as photocatalysts in the metallaphotocatalytic C—O arylation of
Boc-Pro-OH. The photocatalytic performance of CD1/TiO> remained unchanged even after
72 h exposure to light. In contrast, Fluo/TiO2 suffered from significantly lower yields after
6 h irradiation. The yield obtained with the Fluo/TiO2 photocatalyst did not decrease linearly
with the irradiation time, but seemed to reach a plateau after 6-12 h pre-irradiation. We
assume that the prolonged irradiation could promote the formation of fluorescein

degradation products that still serve as a sensitizer.*>4°

Step 1: Photocatalyst pre-irradiation Step 2: Metallaphotocatalytic C-O arylation . I FluorTio,
o} Il cD1/TiO,
CO;Me
N | i
N soc (EETUR
440 nm IS
CB s
TiO, Photocatalyst ‘ _-B
. dchpy (0.1 equiv) > 504
0-72hin ve NICh6H0 (0.1 equiv) | &
DMSO . =
BIPA (3.0 equiv) z
DMSO (deg.), 24 h
440 nm 254
HO. o o] COsMe
D J /@ i /©/ 0
= or —+
‘) O o | © 0 05 6 12 24 72
‘Boc 1 Pre-irradiation Time (h)

Figure 7.4. Photobleaching experiments to compare the photostability of CD1/TiO, and Fluo/TiO.. The two
photocatalysts were pre-irradiated with blue light and then used in the metallaphotocatalytic C-O arylation.
Yields were determined via *H-NMR using 1,3,5-trimethoxybenzene as internal standard. Fluo = fluorescein.

The nanocomposite was characterized before and after the catalytic reaction (Table 3).
Inductively coupled plasma - optical emission spectrometry (ICP-OES) revealed the
presence of nickel in the CD1/TiO2 nanocomposite after the C—O cross-coupling (Figure
7.3A, Entry 7). This indicated that the nickel complex remained immobilized on CD1/TiOg,
prompting us to explore the recyclability of the bifunctional heterogeneous catalyst (Figure
7.5). Recyclability experiments were performed using the reaction conditions reported in
Figure 7.3A (Entry 1). After each cycle, the heterogeneous material was separated, washed
and reused in the next C—O cross-coupling. Excellent catalytic performances were observed

even after four recycling cycles. Importantly, the addition of nickel salt or nickel complex
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after each cross-coupling cycle, which was previously required in a related approach,40 was
not only unnecessary, but significantly decreased the catalytic activity. This may be ascribed
to Ni accumulation and formation of nickel-black upon irradiation by high-energy light
(Figure S7.28).47

Overall, these results underscore the potential of CD1/TiO>, nanocomposites as a

robust, cheap, and green photocatalyst for applications in organic chemistry.

0] 100 -

CO,Me B + None
OH + /©/ [ -+ NiCl,'6H,0
N, I [ 1+ NiCl,"6H,0rdcbpy
Boc (1.5 equiv) 754
g I
S i
CD1/TiO, (with nickel complex) ;‘f 504
BIPA (3.0 equiv) x
DMSO (deg.), 24 h =
440 nm
254
o /©/C02Me
e . ﬂ
N

"Boc 1 Cycle

Figure 7.5. Reusability of CD1/TiO, nanocomposite decorated with a nickel complex in the
metallaphotocatalytic C-O arylation.

Screening of different CD photosensitizers

Having demonstrated the potential of CD1 as photosensitizer for dual photoredox/Ni
catalysis, we assessed the effect of different carbon sources and doping agents on the
photocatalytic reaction (Fig. 6A). A first set of CDs was synthesized maintaining GIcN-HCI
as the carbon source and screening different doping agents. 1,3-Diaminobenzene, I- cysteine
(I-Cys), poly(ethylene glycol) (average Mn 400) (PEG), and glycine (Gly) were tested. Each
compound was selected to introduce respectively aromatic groups,*® sulphur atoms,
polymers to enhance surface passivation,*® or aminoacid analogues of p-Ala. A second set
of CDs was based on B-Ala as doping agent and different carbon sources. Three
monosaccharides (glucose (Glc), N-acetyl-glucosamine (GIcNAc), galactose (Gal)), a
disaccharide (D-lactose (Lac)) and a polysaccharide (pullulan) were tested to explore the
influence of chain length and sugar structure on the photocatalytic performance. All CD

precursors resulted in spherical nanoparticles with diameters smaller than 10 nm (Figure
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S7.11). Most CDs showed similar photophysical properties, with the exception of CD2 that
emitted bright green light under UV light irradiation (Aex = 366 nm) (Figure S7.11-13) and
had an absorption maximum at 363 nm (Figure S7.16). All CDs were immobilized on TiO>
P25 to prepare nine CD/TiO2 nanocomposites able to absorb light in the visible region
(Figure 7.6B and Figure S7.18). While most UV-Vis spectra share a similar profile,
CD2/TiO2 nanocomposites exhibit a strong absorption band with a maximum at 466 nm.
The photocatalytic performances of all nanocomposites were compared (Figure 7.6C).
Despite the broad and intense absorption in the visible range, CD2/TiO; resulted in low
yields, whereas all other nanocomposites showed good to excellent results. For a fair
comparison it should be noted that, even though all nanocomposites were prepared starting
with an initial 1:1 mass ratio of CD:TiOg, differences in immobilization might play a role in
the photocatalytic results.

These results show that the system is highly flexible and that CD photosensitizers can be
prepared from several starting materials, without affecting the catalytic performances. For
example, excellent results were obtained for CD9 and CD10 prepared using lactose and
pullulan as carbon source, respectively. These materials are highly abundant and cheap
(lactose is a waste product of the dairy industry that is produced at >6 million ton scale every
year) suggesting the possibility of turning naturally sourced polysaccharides from waste
materials into valuable catalysts. Fine tuning of the elemental composition and its effect on

the photocatalytic reaction will be explored in follow up studies.
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A Screening of doping agent
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Figure 7.6. Chemical structures of carbon sources and doping agents used for CD synthesis (A). UV-Vis
absorption spectra (solid state) of CD/TiO, nanocomposites (B). Evaluation of different CD/TiO;
nanocomposites as photocatalyst for the metallaphotocatalytic C-O arylation of Boc-Pro-OH with methyl 4-
iodobenzoate (C).
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7.3 Conclusion

Carbohydrate-based CDs were immobilized on TiO2 to prepare nanocomposites, offering a
cheap and robust alternative to organic dyes. This approach allowed us to overcome the
issues associated with the short excited state lifetime of CDs. We demonstrated that CDs are
valuable photocatalysts for metallaphotocatalytic carbon—heteroatom cross-couplings. High
conversions were observed under irradiation by either blue or green light. Photobleaching
experiments confirmed that the catalytic performances of the CD/TiO2 nanocomposites are
not affected by long-time light irradiation prior to their use in catalytic reactions. Recycling
experiments showed the excellent reusability of this catalytic system in C—O cross-coupling
reactions. CDs could be prepared from different carbohydrate sources and doping agents,
without significant difference in the catalytic performance. This is particularly important in

the perspective of using polysaccharide waste materials to generate valuable photocatalysts.
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Discussion & Outlook

8.1 Discussion of the individual works

Light has a high potential to serve as a sustainable energy source for chemical reactions.
Visible-light photocatalysis has become a powerful strategy for organic synthesis. In
particular, the merger of photo- and transition metal catalysis (metallaphotocatalysis) has
emerged as an attractive concept to achieve carbon-carbon and carbon—heteroatom bond
formations under mild conditions. In contrast to conventional cross coupling reactions,
abundant metals like nickel can be utilized for bond formations using that strategy. Key to
success are photoredox or photosensitization events between a nickel complex and a
photocatalyst. These reactions are mainly studied using homogeneous iridium- or ruthenium
polypyridyl complexes as photocatalysts, which are not recyclable, expensive and are limited
to short excitation wavelengths. Only a few tailored organic dyes are available as
alternatives, but have limited applicability.

During my doctoral studies, | developed sustainable approaches for photochemistry using
recyclable, heterogeneous semiconductors. Specifically, | studied their application as
photocatalysts for metallaphotocatalysis and investigated a wavelength dependent activation
of semiconductors to control the selectivity in organic reactions. Further, 1 surveyed
approaches in photocatalysis that enable the use of long wavelengths, show the importance
of the intensity of photons, substitute strong reductants, and benefit from technological
advances (iScience 2021, 24, 102209 - Chapter 2).
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8.1.1 Semi-heterogeneous dual nickel/photocatalytic C—N cross-couplings
using graphitic carbon nitrides (Chapter 3)

Light is more than just a traceless, sustainable reagent. The energy and intensity of photons

are overlooked parameters that can be used to tune the activity of photocatalysts. This was

used to overcome substrate scope limitations and reproducibility issues in the

metallaphotocatalytic C—N cross coupling of amines and electron rich aryl halides (Figure

8.2) (Nature Catal. 2020, 3, 611-620 - Chapter 3).2

| \—R + H \J\J . R\N _@R * cheap, recycable photocatalyst
WS (1]
B NF R "R DMACc (deg.) R \_7 * absorbance up to 700 nm

white LEDs, ~40°C
37 examples
up to 94% yield

Figure 8.1. Semi-heterogeneous amination with carbon nitride and nickel catalysis

We identified that this limitation is a result of catalyst deactivation via the formation of
nickel black. Together with my colleagues, | realized that this results from the accumulation
of low valent nickel species due to slow oxidative addition of electron rich aryl halides
(Figure 8.3). We assumed that productive catalysis requires that the relative rate of oxidative
addition (OA) needs to be equal or higher than the rate of reductive elimination (RE). Using
the graphitic carbon nitride CN-OA-m that absorbs longer wavelengths than most common
photocatalysts, the rate of reductive elimination could be reduced using photons with low
energy (green light). This was sufficient to avoid catalyst deactivation in certain cases. More
energetic photons (blue light) could be used by increasing the rate of oxidative addition using
high substrate concentrations, and by stabilizing the low valent nickel intermediate with a

suitable additive.

NiBr,- 3H,0
k(RE) < k(OA) —— productive catalysis
Hil(l:R'R" k(RE) = k(OA) —— productive catalysis
k(RE) > k(OA) —— catalyst deactivation
A . Deactivation J A
e o, S
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R" +HX Ni(0) nanoparticles
\—R
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X H
WNRR"

L, Ni(ll)x :

Figure 8.2. Wavelength-dependent control of the reaction rate. Overcoming limitations in
metallaphotocatalysis using carbon nitride photocatalysis.
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8.1.2 Chromoselective photocatalysis merged with biocatalysis (Chapter
4)

The wavelength dependent reactivity of CN-OA-m in the example described in Chapter 3
was initially rationalized by a purely kinetic effect (lower absorbance at long wavelengths
results in low reaction rates). My alternative hypothesis was that different wavelengths
induce different transitions in the semiconducting material, which eventually results in
different redox potentials. | could indeed show that it is possible to generate electron holes
with different oxidation potentials in the same material depending on the wavelength. Blue
light induces 7- * transitions that generate a strongly oxidizing species, whereas green light
irradiation results exclusively in n- * transitions that genrerate a weaker oxidant. This was
key to design photo-chemo-enzymatic cascade reactions that enable the selective synthesis
of the (S)- or the (R)-enantiomer of phenylethanol from ethylbenzene (Figure 8.4) (Angew.
Chem. Int. Ed. 2021, 60, 6965-6969 - Chapter 4).3 Green light irradiation of CN-OA-m was
used to from hydrogen peroxide, which was used by an unspecific peroxygenase from
Agrocybe aegerita, for the enantioselective hydroxylation of ethylbenzene to (R)-1-
phenylethan-1-ol (99% ee). Blue light irradiation triggered the photocatalytic oxidation of
ethylbenzene to acetophenone, which was enantioselectively reduced with an alcohol

dehydrogenase from Rhodococcus ruber to form (S)-1-phenylethan-1-ol (93% ee).

N ,
OH ( 4 H

~ CN UPO CN
©/\ - tricine buffer KPi buffer, NADH -

MeOH MeOH, iPrOH
70% ee = 99% (R) 30% ee = 93% (S)

Figure 8.3. Accessing different photocatalytic activities by controlling the energy of photons. Chromoselective
photo-chemo-enzymatic cascade reactions with a carbon nitride photocatalyst.

8.1.3 Dye-sensitized metallaphotocatalysts (Chapter 5-7)

In contrast to common photocatalysts that can be only excited using short wavelengths,
abundant organic dyes absorb broadly across the entire visible-light spectrum. Methods that
enable the use of such dyes as photocatalysts could be key for efficient solar harvesting in
organic synthesis. This would improve the scalability and could tackle selectivity issues.
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Unfortunately, most organic dyes only reach singlet excited-states with short lifetimes that
hamper the activation of a substrate, reagent or co-catalyst in solution due to the limiting rate
of diffusion. Inspired by dye-sensitized solar cells, I developed an approach to use excited
singlet states of dyes for light-mediated cross-coupling reactions (ACS Catal., 2020, 10,
13269-13274 - Chapter 5).% Key to success was the immobilization of a nickel complex and
a dye on the semiconductor surface (Figure 8.5). Upon excitation, the dye can transfer
electrons to the heterogeneous semiconductor, resulting in a charge-separated species that
fuels the attached nickel complex to induce the desired couplings. This modular approach
accesses the entire visible light spectrum and allows to strategically tackle selectivity issues

resulting from short wavelengths.

/‘ substrates

N—Niuux

\
X
\\r product

antenna
visble-light harvesting

« 440 nm o catalytic center
cross-couplings

* 525 nm . c-0

® 666 nm metal oxide semiconductor Cs

* support for immobilization . N

® charge seperation & transport c-c

Figure 8.4. Modular, self-assembling metallaphotocatalyst for cross couplings using the full visible-light
spectrum.

However, recycling studies showed a gradual decrease of the yield due to leaching of the
nickel catalyst and the dye. This was rationalized by the weak interaction between the
carboxylic acid anchoring groups and titanium dioxide. This was overcome by permanently
immobilizing nickel complexes on the surface of a heterogeneous semiconductor through
phosphonic acid anchors (Figure 8.6) (ChemPhotoChem, 2021, 5, 716-720 - Chapter 6).°
The optimized, recyclable catalyst requires a nickel loading of only ~0.1 mol% for selective

C-S cross couplings.

R RO
A K
0“ o oo
I ‘.
carboxylic acid phorphonic acid
binding binding

Figure 8.5. Binding modes of carboxylic and phosphonic acid on semiconductor surface

140



Chapter 8

A drawback of organic dyes is photobleaching. To address this issue, | developed an
alternative approach by immobilizing carbon dots on titanium dioxide in a collaborative
effort with experts in carbohydrate-based materials (Figure 8.7). (Green Chem., 2021, 23,
4524-4530 Chapter 7).

N

Figure 8.6. Carbon dot/titanium dioxide nanocomposites as photocatalysts for metallaphotocatalytic carbon-
heteroatom cross-couplings.
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8.2 Outlook

The combination of photo- and nickel catalysis emerged as an alternative to palladium
catalysis for cross-couplings. However, the photocatalysts typically used in dual
nickel/photoredox catalysis are homogeneous noble metal based complexes rendering the
sustainability of these protocols low. In the first part of my thesis | showed, that these
photocatalyst can be replaced by a recyclable heterogeneous carbon nitride semiconductor.
The main drawback of this system was dependence on a homogenous nickel catalyst that is
not recyclable. | developed a modular, self-assembling catalyst system for cross-coupling
reactions, which was inspired by dye-sensitized solar cells. By studying different
functionalities and organic dyes, | showed that these bifunctional photocatalysts for light-
mediated nickel catalyzed cross-couplings are recyclable and absorb across the entire
visible-light spectrum. The results of these studies led to the next generation of light
mediated nickel catalysis currently investigated in our group.” By decorating a nickel
bipyridine complex with carbazole groups, a nickel complex that does not require an
exogenous photocatalyst was developed. A recyclable variant of that homogenous
photocatalyst was obtained by developing a polymeric ligand that induces light-mediated
carbon-heteroatom cross-couplings. This concept is promising towards sustainable light-
mediated cross-coupling reactions, but still suffers from various drawbacks, such as low
catalytic activity for aryl bromides and no catalytic activity in carbon—carbon bond

formations.

| envision that modifications of the carbazole substituent will allow tuning of the
electrochemical properties and thereby broaden the scope and the applicability of this
approach. | showed in several projects that the wavelength is an often overlooked parameter
in light mediated synthesis that bears a lot of potentials. Systematic structure-activity studies
will lead to better light-harvesting properties of these catalysts to improve the scalability,
selectivity and reproducibility of these new class of nickel catalysts.
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8.3 Graphical summary of this thesis & outlook
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Figure 8.7. Graphical summary of this thesis and outlook.
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3.5 Supporting information

3.5.1 General remarks

Substrates, reagents, and solvents were purchased from commercial suppliers and used
without further purification. Methyl 4-(trifluoromethylsulfonyloxy)benzoate,® methyl 4-
(tosyloxy)benzoate?, methyl 4-((methylsulfonyl)oxy)benzoate® and N-tert-
butylisopropylamine (BIPA)* were prepared according to literature procedures. *H-, *C- and
F-NMR spectra were obtained using a Varian 400 spectrometer (400 MHz, Agilent), an
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, g = 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. High-resolution mass spectral data were obtained using a HR-
EI-MS (Waters Autospec Premier) and a Waters XEVO G2-XS 4K spectrometer with the
XEVO G2-XS QTOF capability kit. Emission spectra of LED lamps were recorded using 10
in. (24.5 cm) integrating sphere (Labsphere, Inc. Model LMS 1050) equipped with a diode
array detector (International Light, Model RPS900). The UV/Vis spectrum of
Ir(ppy)2(dtbbpy)PFes was recorded using a UVmini-1240 spectrometer (Shimadzu).
Inductively coupled plasma - optical emission spectrometry (ICP-OES) was carried out
using a Horiba Ultra 2 instrument equipped with photomultiplier tube detection. FTIR
spectra were recorded on a Thermo Scientific Nicolet iD5 spectrometer. Diffuse reflectance
UV/Vis spectra of powders were recorded on a Shimadzu UV-2600 spectrometer equipped
with an integrating sphere. For XRD measurements, a Bruker D8 Advanced X-ray
diffractometer with Cu Ko radiation was used. Scanning electron microscopy (SEM) images
were obtained on a LEO 1550-Gemini microscope. Energy-dispersive X-ray (EDX)

investigations were conducted on a Link ISIS-300 system (Oxford Microanalysis Group)
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equipped with a Si(Li) detector and an energy resolution of 133 eV. X-ray photoelectron
spectroscopic (XPS) measurements were carried out with a CISSY set-up, equipped with a
SPECS XR 50 X-ray gun with Mg Ka excitation radiation (1254.6 eV) and combined with
a lens analyzer module (CLAM) under ultra-high vacuum (UHV, 1.5x10-8 Pa). The
calibration was performed using the Au 4f7/2 (84.0 eV) binding energy scale as reference.
Quantitative analysis and decovolution were achieved using “peakfit” and “Igor” software
with Lorenzian-Gaussian functions and Shirley background deletion in photoemission
spectra. The STEM images were acquired using a double-corrected Jeol ARMZ200F,
equipped with a cold field emission gun. For the investigation, the acceleration voltage was
set to 200 kV, the emission was put to 5 pA and a condenser aperture with a diameter of 20
um was used. With these settings, the microscope reaches a lattice resolution below 1 A.
The STEM specimens were prepared by dissolving a powder sample of the material in
ethanol, sonicating the solution for 15 minutes and finally dropping a few drops onto a
copper TEM grid coated with holey carbon film. Once the solution had dried off, the

specimens were investigated.
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3.5.2 Literature analysis: aryl halides without electron withdrawing
groups

a) Electrochemically driven, Ni-catalyzed amination®

Ni(bpy)3Br, (10 mol%)
e U "BuyN-Br (0.2 M) P U UaN
+ H,N N
Br DBU (2 equiv.) DMAc H

1.5 equiv. 4mA,4h,rt 61%
(+)RVC/(-)Ni, undivided cell

b) UV-light mediated, Ni-catalyzed amination®

X /\ NiBr,-3H,0 (5 mol%) 7\ /\
| R+ HN O $ N O
X Z —/

DMAc, 15 h, rt R\= /
3.5 equiv. 365 nm
F N 0] N 0] N 0]
_/ _/ __/
_ o X=1,66% _ 0
X = BI', 38% X = Br, 53% X = Br, 33%
MeQO MeQO
_/
_/ _/
X=1,26% MeO
X=Br, 7% X =Br, 59% X =Br, 53%

c) Dual nickel/photo catalyzed amination using (Ir[dF(CFs)ppy]z(dtbbpy))PFe’

NiCl,-glyme (5 - 10 mol%)
(Ir[dF(CF3) ppylo(dtbbpy))PFg (0.002-0.02 mol%)

X - i =
| I HZN/\/nBu DABCO or MTBD (1-1.8. equiv) RLE |
= NS /\/I‘IBU
Br , DMAc or DMSO, 55°C N
1.5 equiv. blue LED
OM
@\ MeO ©
nBu nBu Bu
N> N> ( j\ A~
H H H MeO H/\/I’IBU
DABCO, 24 h, 50% DABCO, 17 h, 33% DABCO, 17 h, 0% DABCO, 24 h, 46%
MTBD, 24 h, 84% MTBD, 17 h, 51% MTBD, 17 h, 49% MTBD, 24 h, 61%
MTBD+DABCO, 65 h, 73% MTBD+DABCO, 42 h, 93%
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d) Dual nickel/photo catalyzed amination using [Ru(ppy)s]CI2®

H NiBr,-3H,0 (5 mol%) &
/@FH [ j [Ru(bpy)sICl, (0.2 mol%)  RTL_ N/\
Br Z (@)

DMAG, blue LED K/O

3.5 equiv.

X=I: traces X=Br: 12%

e) Dual nickel/photoredox catalyzed amination using organic dyes®*

A) NiBr,-glyme (5 mol%)
N,N-5,10-di(2-naphthalene)-5,10-dihydrophenazine or
3,7-(4-biphenyl)-1-naphthalene-10-phenoxazine (0.4 mol%)

N H DABCO (1.8. equiv)
N ¢
Br R™ R DMAc , 25-60°C, 24 h R =
1.5 equiv. white LED
/_/ NO
68% 85% 96%

NiBr,-3H,0 (5 mol%)
2,7-di([1,1'-biphenyl]-4-yl)-10-(naphthalen-1-yl)-10H-phenoxazine @\
R
N

B)
H
N
e ()
Br 9 DMAc, blue LED
3.5 equiv. K/O

X=I: 27% X=Br: 31%
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f) Dual nickel/photoredox catalyzed amination using CdS?*°

NiCl,-6H,0 (5 mol%)

H
-—R + N CdS (20 mol% R’
. L N g ( ) @N,
DMAc, rt or 55°C, 24 h, R/— R

2 equiv. blue LED
Br/© Br/©/ B:© Br/©)<
no reaction no reaction no reaction no reaction

g) Dual nickel/photoredox catalyzed amination using mpg-CN*!
NiBry-glyme (5 mol%)
—\ mpg-CN (12 mg)
/@ + HN O DABCO (2.2 equiv.) QN/ \o
Br , DMAc, rt, 81 h, p—
1.8 equiv. 455 nm 26%
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3.5.3 Preparation of CN-OA-m

S N
NA\N K& N)\N
1) shaking in water overnight )\ J\ )\ J\
2) 4.2 K/min to 773 K, N7 NN NN N
then 773 K, 2h HN \N)\\N)\ﬁ)\\N SN NH
3) Add LiCI/KCI B By
o [e) 4.6 K/min to 823 K, NN NZ>N
then 823 K, 2h, N, rate: 5 l/mi
)k * NH = Sl NA\N‘ N NA\NJ\N
N7 ONH, N N NN K® e J N
; " AL AN S ¢
1 equiv. 0.03 equiv. ! _ / N N
I J '
N“N" N N7 N Y
I A A L -

Scheme S3.1. Synthesis of CN-OA-m.

The synthesis for CN-OA-m was carried out using a slightly adapted version of the literature
procedure (Scheme 3.1)'%: For each batch of the photocatalyst, urea (10 g, 166.5 mmol) and
oxamide (0.5 g, 5.7 mmol) were mixed in 10 ml of DI water to generate a homogeneous
mixture. After drying at 373 K, the resulting solids were grinded, transferred into a crucible
with a cover and heated up in an air-oven with a heating rate of 4.3 K/min to 773 K. After
keeping the mixture for 2h at 773 K, the sample was allowed to cool to room temperature.
Subsequently, KCI (3.3 g, 44.3 mmol) and LiCl (2.7 g, 63.7 mmol) were added and the solids
were grinded to obtain a homogeneous mixture which was heated in an inert atmosphere (N2
flow: 5 mL/min) to 823 K with a heating rate of 4.6 K/min. After keeping the mixture for 2
h at 823 K, the sample was allowed to cool to room temperature and the resulting solids were
collected on a filter paper and washed with H2O (3 x 100 mL). The resulting yellow material
was dried at 373 K (average yield per batch: ~425 mg). All analytical data (FTIR, UV/Vis,
XRD, SEM, etc.; see Section 3.4.8) are in full agreement with those published in the
literature.?

The UV/Vis spectrum of CN-OA-m shows a strong absorption up to ~460 nm and a
comparably weaker absorption band up to ~700 nm (Figure S3.1, A) which are attributed to
the m-* electron transition of the sp? hybridization of C and N in the heptazine framework
and n-m* electron transition involving the lone pairs of the edge nitrogen atoms in the
heptazine units, respectively.’? The capability of harvesting low energy light is therefore
superior compared to Ir and Ru photocatalysts (see Figure S3.1, B for the UV/Vis spectrum

of Ir[dF(CF3)ppy]2(dtbbpy)PFs as a representative example) which have only a low
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absorption band between 400 and 500 nm in the visible region, which corresponds to the

metal-to-ligand charge transfer transition.
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Figure S3.1. UV/VIS-absorption spectra of CN-OA-m (A) and Ir[dF(CF3)ppy]2(dtbbpy)PFe (B).
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Figure S3.2. Comparison of the photoredox properties of CN-OA-m (A) and Ir[dF(CF3)ppy]2(dtbbpy)PFs
(=Ir[H1]) during an reductive quenching cycle (B). The photoredox properties of CN-OA-m were originally
measured against Ag/AgCI*? and were converted for better comparison. The half-reaction reduction potential
for the oxidation of representative Ni[ll] to Ni[lll] complexes was, to the best of our knowledge not reported.
For bpy(Ni(11)(Mes)OMe), however, EY?.q was determined to be +0.71 V vs Ag/AgCI (0.67 V vs. SCE),*
which is thermodynamically feasible for both photocatalysts. It has to be noted that the reaction might also be

triggered by energy transfer instead of than single transfer.
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3.5.4 Setup for photochemical reactions

A flexible, red/green/blue LED strip'* (RGB, 5m, 24 W/strip; Tween Light, BAHAG AG,
Germany) was wrapped around a 115 mm borosilicate crystallization dish (Figure S3.3, A).
Blue, green, red or white (illumination of all three LED colors - red/green/blue) light was
used at full power for all experiments (For emission spectra of a single diode, see
Figure S3.4). The evaporating dish was filled with ethylene glycol and the temperature was
set to 40°C to maintain a constant temperature. The sealed, cylindrical reaction vessels (16
x 100 mm) were placed at the same distance from the LED strip during all experiments
(Figure S3.3, A). All reactions were performed with a stirring speed of 600 (1 mL) or 1400
rpm (3 or 6 mL). For large scale aminations a flexible, red/green/blue LED strip (RGB, 5m,
24 Wistrip; Tween Light, BAHAG AG, Germany) was wrapped around a 115mm
borosilicate beaker (Figure S3.3, B). The scale-up reaction was performed in a sealed,
cylindrical reaction vessel (25 x 140 mm) with a stirring speed of 700 rpm and without
additional heating (Figure S3.3, B).

Figure S3.3. Experimental setup for general photochemical reactions (A) and for the scale-up reaction (B).
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Figure S3.4. Emission spectra of the LED strips used for photochemical reactions. All experiments were
carried out at maximum power. A: white light (RGB). B: blue light only. C: green light only. D: red light only.

A Kessil® PR 160-370nm lamp,*® a stir plate and a fan for cooling was used for UV-light
experiments (Figure S3.5, A). All experiments were carried out with maximum lamp power.
The sealed reaction vessels (16 x 100 mm) were placed at the same distance (4 cm) from the

light source during all experiments. All reactions were performed with vigorous stirring.
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Figure S3.5. A: Picture of the Set-up for UV-light experiments B: Emission spectra of the Kessil® PR 160-
370nm lamp used for photochemical reactions. All experiments were carried out at maximum power.
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3.5.5 Reaction optimization

3.5.5.1 General experimental procedure for screening experiments

An oven dried vial (16 x 100 mm) equipped with a stir bar was charged with methyl 4-
bromobenzoate (0.3 mmol, 64.5 mg, 1 equiv.), the base (0.9 mmol, 3.0 equiv.), the Ni"
catalyst (30 pumol, 10 mol%) and the carbon nitride material (10 mg). Subsequently,
pyrrolidine (0.45 mmol, 37.0 pL, 1.5 equiv.) and the solvent (anhydrous, 3 mL) 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 until a fine dispersion of the solids was achieved and
the mixture was then degassed by bubbling N> for 10 min. The mixture was irradiated in the
photoreactor at 40 °C with rapid stirring (1400 rpm). After the respective reaction time, one
equivalent of 1,3,5-trimethoxybenzene (0.3 mmol, 50.5 mg) was added. An aliquot of the
reaction mixture (~300 pL) was filtered, diluted with DMSO-ds and subjected to *H-NMR
analysis. (Alternatively, 1.5 mL CDCls and 3 mL H,O were added and the vial was sealed
and vigorously shaken. After phase separation, the CDCl3 layer was carefully removed using
a syringe, filtered, and analyzed by 'H-NMR.) For representative NMR spectra, see
Figure S3.6.
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Figure S3.6. Examples of 'H-NMR spectra for determining NMR yields.
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3.5.5.2 Screening of carbon nitride material

Table S3.1. Screening of carbon nitride materials.?

g-CN (3.33 mg/mL)
NiCl,-glyme (10 mol%)

COZMe H DABCO (30 equiv.) COzMe COzMe
+ Q CN CO,Me + +
Br DMAc (deg.), 16 h H cl
0.1 M 1 2

white LED, ~40°C

1.5 equiv. 41
Entry CN catalyst ~ Conversion [%]° 1 [%]° 2 [%]° 41 [%]°
1 CN-OA-m 73 65 2 5
2 CMBo.05-CN 25 21 2 trace
3 mpg-CN 23 19 trace trace
4 PHIK 18 14 trace trace
5 CNSeo0o 9 6 trace trace

@Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (0.45 mmol), NiCl,-glyme (10 mol%),
DABCO (0.9 mmol), carbon nitride (10 mg), DMAc (anhydrous, 3 mL), white LEDs at 40 °C for 16h. ®Conversion
of methyl 4-bromobenzoate 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.

Several carbon nitride materials were tested: Mesoporous graphitic carbon nitride (mpg-
CN),'® a modified carbon nitride derived from a cyanuric acid/melamide/barbituric acid
complex (CMBys-CN),!” a sulfur-doped material (CNSe00),!® a strongly oxidizing
potassium poly(heptazine imide) (K-PHI),' and a carbon nitride derivative prepared via co-
condensation of urea and oxamide followed by post-calcination in a molten salt (CN-OA-

m),'? all using white LED (RGB) irradiation at a constant temperature of 40 °C.
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3.5.5.3 Solvent screening

Table S3.2. Solvent screening.?

CN-OA-m (3.33 mg/mL)
NiCl,-glyme (10 mol%)

COzMe N DABCO (3.0 equiv.) COzMe COMe
+ Q CN CO,Me + +
Br solvent (deg.), 16 h H cl
1 2 a1

white LED, ~40°C

0.1 M 1.5 equiv.

Entry Solvent Conversion [%]° 1 [%]° 2 [%]° 41 [%o]°
1 DMAc 74 66 2 4
2 DMSO 28 24 trace trace
3 DMF n.d.o? 18 trace trace
4 MeCN 19 14 trace trace
5 diglyme 15 11 trace trace
6 toluene 6 6 trace trace
7 DCM 11 trace trace trace

@Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (0.45 mmol), NiCl-glyme (10 mol%), DABCO
(0.9 mmol), CN-OA-m (10 mg), solvent (anhydrous, 3 mL), white LEDs at 40 °C for 16h. ®Conversion of methyl 4-
bromobenzoate 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. ¢ not detected due to overlapping peaks.
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3.5.5.4 Screening of Ni' sources

CO,Me H
L0
Br
0.1 M

Table S3.3. Screening Ni' sources.?

CN-OA-m (3.33 mg/mL)

Ni'"' salt (10 mol%)
DABCO (3.0 equiv.)

DMAc (deg.), 16 h
white LED, ~40°C

CO,Me CO,Me
CN‘Q’C%MG + /©/ + /©/
H Cl
1 2 41

1.5 equiv.
Entry Nill catalyst Conversion 1 2 41 Price
[%6]° [%0]° [%6]° [%6]° [€ mol ']

1 Nil 90 86 2 n.d. 2063
2 NiBrz-glyme 87 80 3 n.d. 10431
3 NiCl> 85 76 4 5 110
4 NiBr 74 72 trace n.d. 411
3) NiBr2-3H20 71 68 3 n.d. 116
6 NiClz-glyme 74 66 trace 9 4161
7 Ni(ClO4)2-6H20 62 59 trace n.d. 171
8 Ni(NOgz)2:-6H20 52 52 trace n.d. 49
9 Ni(OTf): 55 51 3 n.d. 12917
10 NiCl2-6H.0 45 35 4 2 71
11 Ni(BF4)2:6H20 24 23 2 n.d. 223
12 Ni(TMHD): 10 5 2 n.d. 35294
13 Ni(OAc),-4H,0 9 5 4 n.d. 28
14 Ni(S04)2-6H,0 9 4 2 n.d. 41
15 Ni(acac) 3 n.d. trace n.d. 620

Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (0.45 mmol), Ni'" catalyst(10 mol%), DABCO
(0.9 mmol), CN-OA-m (10 mg), DMAc (anhydrous, 3 mL), white LEDs at 40 °C for 16h. "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. “Prices according to Sigma Aldrich (Merck)*.

NiBr2-3H20 gave the best combination of price, selectivity (chloride formation in case of

NiCly), activity and handling (Nil2 and NiBr2 are highly hygroscopic).

159



Supporting Information - Chapter 3

3.5.5.5 Base screening

Table S3.4. Base screening.?

CN-OA-m (3.33 mg/mL)
NiBr,-3H,0 (10 mol%)

CO;Me H base (3.0 equiv.) COMe COMe
+ Q CN COzMe + +
Br DMAc (deg.), 16 h H HO
0.1 M 1 2 3

white LED, ~40°C

1.5 equiv.
Entry Base Conversion [%]°  1[%]° 2 [%]° 3 [%o]°
1 TMP¢ quant. 91 3 2
2 BIPA® 90 89 trace n.d.f
3 DABCO# 71 68 3 trace
4 K,HPO, 68 63 4 trace
5 dimethylaniline 59 62 n.d. n.d.
6 CaCO, 65 61 trace trace
7 2,6-lutidine 62 60 3 n.d.
8 without base 65 58 4 trace
9 tetramethylguanidine 53 43 n.d. n.d.
10 DIPEA" 49 42 6 n.d.
11 Et.N 42 35 5 trace
12 DMAP! 43 31 6 trace
13 K.PO, 33 21 trace trace
14 DBU! 27 19 trace trace
15 Na,CO, 17 14 trace trace
16 NaHCO, 14 8 4 trace
17 NaO7Bu 29 5 trace trace
Entry Base Conversion [%]°  1[%]° 2[%]° 3 [%0]°
19 NaOH quant. n.d. n.d. n.d.
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20 K,CO, 8 n.d. trace n.d.
21 NaH,PO, 10 n.d. n.d. n.d.
18 KOH quant. 4 n.d. n.d.
22 LiOH 43 n.d. n.d. n.d.
23 Cs,CO, 11 n.d. 5 trace
24 CsF 7 n.d. trace n.d.
25 CsOAc 2 n.d. n.d. n.d.
26 HMDSk quant. n.d. n.d. n.d.

4Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (0.45 mmol), NiBr,-3H,O (10
mol%), base (0.9 mmol), CN-OA-m (10 mg), DMAc (anhydrous, 3 mL), white LEDs at 40 °C for 16h.
bConversion 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.
d2,2,6,6-tetramethylpiperidin ®N-tert-butylisopropylamine. not detected. 91,4-diazabicyclo[2.2.2]octane.
"N,N-diisopropylethylamine. i4-(dimethylamino)pyridine. i1,8-diazabicyclo[5.4.0Jundec-7-ene.
kGexamethyldisilazane

N-tert-butylisopropylamine (BIPA) and 2,2,6,6-tetramethylpiperidine (TMP) gave best
results. No C-N coupling between the aryl halide and these secondary, sterically hindered
amines was observed. The absence of a base resulted in 58% yield indicating that the amine
substrate can play several roles simultaneously (substrate, ligand, base). All other tested

bases did not significantly increase the yield compared to the base-free method.
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3.5.5.6 Screening of conditions

Table S3.5. Screening of amine equivalents for the base-free method.
CN-OA-m (3.33 mg/mL)

COMe H NiBr,:3H,0 (10 mol%) CO,Me COMe
+ Q CN COMe + *
Br DMACc (deg.), 8 h H HO
01 M 1 2 3

white LED, ~40°C

X equiv.

Entry Pyrrolidine [equiv.] Conversion . 2 3
[%6]° [%6]° [%]c  [%]°
! 1 33 24 4 1
2 15 53 43 6 1
3 20 67 59 7 1
4 2.5 91 83 5 )
5 3.0 quant. 94 5 2
6 3.5 quant. 92 6 3

8Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (x equiv.), NiBr2-3H20 (10 mol%), CN-OA-
m (10 mg), DMACc (anhydrous, 3 mL), white LEDs at 40 °C for 8 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.
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Table S3.6. Screening of base (BIPA) equivalents for reactions with 1.5 equiv. pyrrolidine.?

CN-OA-m (3.33 mg/mL)
NiBry-3H,0 (5 mol%)

COzMe H BIPA (X equiv.) COzMe C02Me
+ Q CN CO,Me + +
Br DMACc (deg.), 16 h H HO
0.1 M 1 2 3

white LED, ~40°C

15 equiv.
Entry BIPA [equiv.] Conversion ' 2 3
[%6]° [%6]° [%6]° [%6]°
1 - 65 58 5 n.d.
2 0.5 68 58 5 3
3 1 87 81 4 2
4 1.5 91 82 5 n.d.
5 2.0 92 84 5 n.d.

8Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (0.45 mmol), NiBr;-3H20 (5 mol%), CN-
OA-m (10 mg), BIPA (0-2 equiv.), DMAc (anhydrous, 3 mL), white LEDs at 40 °C for 16 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. “not detected.

Table S3.7. Effect of the amount of NiBr,-3H,O and CN-OA-m on the yield of 1.2
CN-OA-m (x mg/mL)

CO,Me H NiBr;:3H,0 (x mol%)
Jo iy oo
Br DMAc (deg.), 16 h
0.1M 1

. white LED, ~40°C
3.0 equiv.

CN-OA-m Conversion

Entry NiBr2:3H20 [mol%o] [g/mL] %" 1 [%]°
1 10 3.33 quant. 95
2 5 3.33 quant. 98
3 5 1.66 quant. 97
4 2.5 1.66 quant. 98
5 1 1.66 47 47
6 2.5 0.88 56 56

@Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (0.9 mmol), NiBr;-3H,0 (y mol%),
base (0.9 mmol), CN-OA-m (x mg), DMAc (anhydrous, 3 mL), white LEDs at 40 °C for 16h. ®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.
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3.5.5.7 Screening of aryl (pseudo)halides

Table S3.8. Screening of aryl (pseudo)halides.?
CN-OA-m (3.33 mg/mL)

COMe H NiBry-3H,0 (2.5 mol%) COzMe CO;Me
X DMACc (deg.),

white LED, ~4O C

0.1M 3.0 equiv.
Entry X Time [h] Conversion [%]° 1 [%]° 2 [%]° 3 [%0]°

1 I 8 quant. 99 1 n.d.
2 Br 8 quant. 98 2 1

3 Cl 168 76 72 4 n.d.
4 OTf 72 75 67 5 2

5 OTs 16 2 n.d. n.d. n.d.
6 OMs 16 5 n.d. n.d. 4

8Reaction conditions: aryl (pseudo)halide (0.3 mmol), pyrrolidine (0.9 mmol), NiBr2-3H.0 (2.5 mol%), CN-OA-m
(10 mg), DMACc (anhydrous, 3 mL), white LEDs at 40 °C for x 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. “not detected.
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3.5.5.8 Control studies

Table S3.9. Control studies.?

CN-OA-m (3.33 mg/mL)

CO,Me H NiBr,-3H,0 (2.5 mol%) CO,Me COyMe
o DeOreeme+ LI LT
Br DMAc (deg.), 8 h H HO
02M 1 2 3

white LED, ~40°C

3.0 equiv.
Entry Deviation from standard Conversion 1 2 3

conditions [%0]° [%0]° [%]° [%0]°

1 None quant. 98 2 n.d.

2 dtbbpy?® (2.5 mol%) as ligand 48 45 2 n.d.
3 No CN-OA-m 5 n.d. 2 1

4 No NiBrz:3Hz20 5 n.d. n.d. n.d.

5 No light <1 n.d. n.d. n.d.

6 No degassing 10 10 n.d. n.d.

8Reaction conditions: methyl 4-bromobenzoate (1.2 mmol), pyrrolidine (3.6 mmol), NiBrz-3H.0 (2.5 mol%), CN-
OA-m (20 mg), DMAc (anhydrous, 6 mL), white LEDs at 40 °C for 8 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. “not detected. ®4,4"-Di-tert-butyl-2,2’-bipyridyl.
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3.5.5.9 Time/Wavelength study

Table S3.10. Time study using white light.

CN-OA-m (1.66 mg/mL)

COyMe H NiBry-3H,0 (2.5 mol%) COzMe COyMe
o OnOoome s T 1
Br DMAc (deg.), x h H HO
0.1 M 1 2 3

white LED, ~40°C

3.0 equiv.
Entry Time [h] Conversion [%]° 1 [%]° 2[%]° 3[%]°
1 1 25 24 n.d. n.d.

2 2 39 38 n.d. n.d.

3 3 48 48 trace n.d.

4 4 77 76 1 n.d.

5 5 87 83 2 n.d.

6 6 91 91 2 n.d.

7 7 97 94 3 n.d.

8 8 quant. 96 2 1

8Reaction conditions: methyl 4-bromobenzoate (0.6 mmol), pyrrolidine (1.8 mmol), NiBrz-3H.0 (2.5 mol%), CN-
OA-m (10 mg), DMAc (anhydrous, 6 mL), white LEDs at 40 °C for x 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. “not detected.
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Table S3.11. Time study using blue light.

CN-OA-m (1.66 mg/mL)

COyMe H NiBr,-3H,0 (2.5 mol%) CO;Me CO,Me
JOSNTS OOreom - (T (T
Br DMAc (deg.), x h H HO
0.1M 1 2 3

blue LED, ~40°C

3.0 equiv.
Entry Time [h] Conversion [%]° 1 [%]° 2[%]° 3[%]°
1 2 51 51 n.d. n.d.

2 4 77 80 trace n.d.

3 55 quant. >99 trace n.d.

@Reaction conditions: methyl 4-bromobenzoate (0.6 mmol), pyrrolidine (1.8 mmol), NiBr2-3H,0 (2.5 mol%), CN-
OA-m (10 mg), DMAc (anhydrous, 6 mL), blue LEDs at 40 °C for x h. PConversion 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. “not detected.

Table S3.12. Time study using green light.

CN-OA-m (1.66 mg/mL)

COzMe H NiBry-3H,0 (2.5 mol%) CO,Me COyMe
o A D Ooome + (T (Y
Br DMAc (deg.), x h H HO
0.1 M 1 2 3

green LED, ~40°C

3.0 equiv.
Entry Time [h] Conversion [%]®  1[%]° 2[%]° 3 [%]°
1 4 10 10 n.d. n.d.

2 8 21 20 n.d. n.d.

3 24 69 68 n.d. n.d.

4 48 quant. >99 n.d. n.d.

8Reaction conditions: methyl 4-bromobenzoate (0.6 mmol), pyrrolidine (1.8 mmol), NiBrz-3H,0 (2.5 mol%), CN-
OA-m (10 mg), DMAc (anhydrous, 6 mL), green LEDs at 40 °C for x 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. “not detected.
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Figure S3.7. Time study using blue, green and white light for model reaction.

For ICP-OES experiments, the reaction mixture was centrifuged at 3000 rpm for 20 min and
the liquid phase was carefully separated and analyzed by *H-NMR. The carbon nitride was
washed with DMAc (anhydrous, 6 mL, followed by centrifugation at 3000 rpm for 20 min
and separation of the liquid phase), water (6 mL, followed by centrifugation at 3000 rpm for

20 min and separation of the liquid phase) and lyophilized (overnight) before analysis.
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Table S3.13. ICP-OES measurements of the nickel content on the new and recovered CN-OA-m after 8 h
white light and 48 h green light standard reaction.

Sample Ni [mg/g CN] % adsorbed Ni
CN-OA-m new 0.117 /
CN-OA-m white light
) 14.2 16.1
standard reaction 1
CN-OA-m green light
13.8 15.7

standard reaction

Figure S3.8. Fresh CN-OA-m (A), CN-OA-m after 8 h white light irradiation for standard reaction (B) and
CN-OA-m after 48 h green light irradiation for standard reaction (C).

Note: Although 1.66 mg mL™ of CN-OA-m is suitable for the C-N cross-coupling, a higher
loading (3.33 mg mL™1) was used for further experiments in order to obtain enough material
for material characterization (ICP-OES, EDX, SEM, TEM, etc).
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3.5.6 Recycling studies

An oven dried vial (13 x 80 mm) equipped with a stir bar was charged with CN-OA-m
(20 mg), 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.) and NiBrz-3H20 (8.2
mg, 30 pumol, 2.5 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol, 3.0
equiv.) and DMAc (anhydrous, 6 mL) 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
until fine dispersion of the solids was achieved and the mixture was then degassed by
bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (white light or green
light) at 40 °C with rapid stirring (1400 rpm). After the respective reaction time, one
equivalent of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the mixture
was stirred for 5 min. The reaction mixture was centrifuged at 3000 rpm for 20 min and the
liquid phase was carefully separated and analyzed by 'H-NMR. The carbon nitride was
washed with DMAc (anhydrous, 6 mL, followed by centrifugation at 3000 rpm for 20 min

and separation of the liquid phase), lyophilized (overnight) and reused in the next reaction.
Table S3.14. Reusability of CN-OA-m using white light.?

CN-OA-m (3.33 mg/mL)
COgMe H NiBry-3H,0 (2.5 mol%)
Ne, Or-Crom
DMACc (deg.), 16 h

white LED, ~4O C

3.0 equiv.
1

Cycle 96"
1 99
2 98
3 43
4 27
5 33

4Reaction conditions: methyl 4-bromobenzoate (1.2 mmol), pyrrolidine
(3.6 mmol), NiBr;-:3H,0 (2.5 mol%), CN-OA-m (20 mg - reused),
DMACc (anhydrous, 6 mL), white LEDs at 40 °C for 16h. °"NMR yields
determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal
standard.
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Table S3.15. Reusability of CN-OA-m without additional NiBr.-3H,0 using white light.2

CN-OA-m (3.33 mg/mL)
COzMe NiBr,-3H,0 (2.5 mol%)
e, SRves
DMAc (deg.), 16 h

white LED, ~4O (o}

3.0 equiv.
1

Cycle (9%
1 99
2° 1

4Reaction conditions: methyl 4-bromobenzoate (1.2 mmol), pyrrolidine
(3.6 mmol), NiBrz-3H,O (2.5 mol%), CN-OA-m (20 mg - reused),
DMAc (anhydrous, 6 mL), white LEDs at 40 °C for 16h. °NMR vyields
determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal
standard. °No NiBr,-3H,0 added.

Table S3.16. Reusability of CN-OA-m using green light.?

CN-OA-m (3.33 mg/mL)
COzMe H NiBry-3H,0 (2.5 mol%)
e, Or-C-om
DMAc (deg.), 48 h

green LED, ~40 C

3.0 equiv.
1

Cycle %"
1 99
2 99
3 98
4 98
S 94

4Reaction conditions: methyl 4-bromobenzoate (1.2 mmol), pyrrolidine
(3.6 mmol), NiBrz-3H20 (2.5 mol%), CN-OA-m (20 mg - reused),
DMACc (anhydrous, 6 mL), green LEDs at 40 °C for 48h. °"NMR yields
determined by H-NMR using 1,3,5-trimethoxybenzene as internal
standard.
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Table S3.17. ICP-OES measurements of the nickel content on recovered CN-OA-m after white light and
green light recyclability tests.

Sample Ni [mg/g CN] % adsorbed Ni
CN-OA-m white light
. 60.5 13.7
recyclability tests
CN-OA-m green light
38.8 8.8

recyclability tests

LA i ‘:‘ W

Figure S3.9. Fresh CN-OA-m (A), CN-OA-m after recyclability tests with white light irradiation (B) and
CN-OA-m after recyclability tests with green light irradiation (C).
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Figure S3.10. HAADF-STEM brightfield images show almost no nickel particle agglomerates (bright spots)
on CN-OA-m after recyclability tests with green light irradiation (left) and a significant amount of
agglomerates after recyclability tests with white light irradiation (right).
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3.5.7. Scale-up of amination

An oven dried vial (25 x 140 mm) (Figure S3.11, A) equipped with a stir bar was charged
with NiBr2-3H20 (54.5 mg, 0.2 mmol, 2.5 mol%), methyl 4-bromobenzoate (1.720 g, 8.0
mmol, 1 equiv.) and CN-OA-m (133.3 mg). Subsequently, pyrrolidine (1.706 g, 1.97 ml,
24.0 mmol, 3 equiv.) and DMAc (anhydrous, 6 mL) were added and the vial was sealed with
a septum and parafilm. The reaction mixture was sonicated for 10 min and the mixture was
then degassed by bubbling N2 for 30 min and stirring the reaction mixture. The mixture was
irradiated in a beaker wrapped with a LED-band (Figure S3.3, B) at ~40°C with rapid stirring
(700 rpm). The completion of the reaction (14 h) was confirmed by taking an aliquot and
measuring *H-NMR of the crude mixture in DMSO-d®. The catalyst was removed by
centrifugation (3000 rpm, 20 min) and the liquid phase was diluted with H>0O (200 mL) and
extracted with ethyl acetate (3 x 200 mL). The combined organic phases were washed with
H>0 (200 mL), a sat. NaHCOs3 solution (200 ml), and brine (200 mL), dried over Na2SO4
and concentrated. The crude product was purified by flash column chromatography (SiO2,
Hexane/EtOAc; gradient 0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl acetate in
hexane)) on a Grace™ Reveleris™ system using a 24 g cartridge to afford (1-(4-
methylbenzoate)pyrrolidine) (1) in 93 % (1.5338 g, 7.47 mmol) as a white solid (Figure
S3.12).

'H NMR (400 MHz, CDCls) § 7.88 (d, J = 8.7 Hz, 2H), 6.46 (d, J = 8.7 Hz, 2H), 3.83 (s,
3H), 3.40 — 3.09 (m, 4H), 2.05 — 1.86 (m, 4H). 3C NMR (101 MHz, Chloroform-d) &=
167.57, 150.79, 131.31, 116.16, 110.62, 51.37, 47.47, 25.41. HRMS (ESI-TOF) m/z calcd.
for C12H16NO2 [(M+H)*]: 206.1176; found: 206.116.

These data are in full agreement with those previously published in the literature.?
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Figure S3.11. Vessel dimensions of vial for scale-up reaction (A) and vial for “standard scale” reactions (B).

Figure S3.12. Isolated product (1-(4-methylbenzoate)pyrrolidine) (1) from 8 mmol scale.
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3.5.8 Studies on the reaction of 4-bromofluorobenzene with pyrrolidine.

Method A: Dual CN-OA-m/Ni catalysis with irradiation at 450 nm

CN-OA-m (3.33 mg/mL)

F H NiBr,-3H,0 (5 mol%) F F
o OO -
Br Q DMAc (deg.), 72 h H HO
0.2M 32 42 43

. blue LED, ~40°C
3.0 equiv.

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m
(20 mg), 4-bromofluorobenzene (210.0 mg, 131.8 pl, 1.2 mmol, 1.0 equiv.) and NiBr2-3H20
(16.4 mg, 60 pmol, 5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol,
3.0 equiv.) and DMACc (anhydrous, 6 mL) 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 until fine dispersion of the solids was achieved and the mixture was then degassed by
bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (blue light function
of RGB LED strip) at 40 °C with rapid stirring (1400 rpm). After 72 h, one equivalent of
1,3,5-trimethoxybenzene (1.2 mmol) was added and the mixture was stirred for 5 min. An
aliquot of the reaction mixture (~300 pL) was filtered, diluted with DMSO-ds and subjected
to 'H-NMR analysis.

Method B: Dual CN-OA-m/Ni catalysis with irradiation at 520 nm

CN-OA-m (3.33 mg/mL

)
F H NiBr,:3H,0 (5 mol%) F F
IS OO T AT
Br DMAG (deg.),168 h H HO
02M 32 42 43

. green LED, ~40°C
3.0 equiv.

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m
(20 mg), 4-bromofluorobenzene (210.0 mg, 131.8 ul, 1.2 mmol, 1.0 equiv.) and (16.4 mg,
60 pmol, 5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol, 3.0 equiv.)
and DMACc (anhydrous, 6 mL) 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
until fine dispersion of the solids was achieved and the mixture was then degassed by
bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (green light function
of RGB LED strip) at 40 °C with rapid stirring (1400 rpm). After 168 h, one equivalent of
1,3,5-trimethoxybenzene (1.2 mmol) was added and the mixture was stirred for 5 min. An
aliquot of the reaction mixture (~300 pL) was filtered, diluted with DMSO-ds and subjected
to 'H-NMR analysis.
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Method “Ir”: Dual Ir/Ni catalysis with irradiation at 420 nm

Ir-cat. (0.02 mol% or 1 mol%

)
F H NiBr,-3H,0 (5 mol%) F F
o OO O T
Br D DMAc (deg.), 24 h H HO
02M 32 42 43

) blue LED, ~40°C
3.0 equiv.

Irl: An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with 4-
bromofluorobenzene (210.0 mg, 131.8 pl, 1.2 mmol, 1.0 equiv.) and NiBr2-3H20 (16.4 mg,
60 pmol, 5.0 mol%) and a solution of Ir[dF(CFs)ppy]2(dtbbpy)PFe (0.27 mg, 0.02 mol%).
in DMACc (48 pl). Subsequently, pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol, 3.0 equiv.) and
DMACc (anhydrous, 6 mL) were added and the vial was sealed with a septum and Parafilm.
Ir2: An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with 4-
bromofluorobenzene (52.5 mg, 33.0 pl, 0.3 mmol, 1.0 equiv.), NiBr2-:3H20 (4.1 mg, 15
pmol, 5.0 mol%) and a solution of Ir [dF(CFs3)ppy]l2(dtbbpy)PFs (3.37 mg, 1 mol%). in
DMACc (600 pl). Subsequently, pyrrolidine (64.0 mg, 73.9 pl, 0.9 mmol, 3.0 equiv.) and
DMACc (anhydrous, 2.4 mL) 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 and the
mixture was then degassed by bubbling N2 for 10 min. The mixture was irradiated in the
photoreactor (blue light function of LED-band) at 40 °C with rapid stirring (1400 rpm). After
24 h, one equivalent of 1,3,5-trimethoxybenzene (Ir1: 202.0 mg, 1.2 mmol/ Ir2: 50.5 mg, 0.3
mmol) was added and the mixture was stirred for 5 min. An aliquot of the reaction mixture
(~300 pL) was filtered, diluted with DMSO-ds and subjected to *H-NMR analysis.

Note: In case if procedure C2, the formation of small amounts of black particles was
observed after the reaction.
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Method “UV?”: Ni catalysis with irradiation at 370 nm

F H NiBry-3H,0 (5 mol%) F F
% DO SO
Br Q DMACc (deg.), 168 h H HO
02M 32 42 43

370 nm Kessil, ~40°C

3.0 equiv.
An oven dried vial (19 x 80 mm) equipped with a stir bar was charged 4-bromofluorobenzene
(210.0 mg, 131.8 pl, 1.2 mmol, 1.0 equiv.) and NiBr2:3H20 (16.4 mg, 60 pumol, 5.0 mol%).
Subsequently, pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.) and DMAc
(anhydrous, 6 mL) 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 and the mixture
was then degassed by bubbling N2 for 10 min. The mixture was irradiated with UV light
using the Kessil® PR 160-370 nm lamp with rapid stirring (~800 rpm) and cooling by a fan.
After 3 h (UV1), 15 h (UV2), 72 h (UV3) and 168 h (UV4) one equivalent of 1,3,5-
trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the mixture was stirred for 5 min.
An aliquot of the reaction mixture (~300 uL) was filtered, diluted with DMSO-ds and
subjected to *H-NMR analysis.

Note: The color of the reaction solution changed from yellowish to black and a significant

amount of black particles was formed.

The reaction mixtures of procedure A, B, and UV were centrifuged at 3000 rpm for 20 min.
The carbon nitride from the blue (procedure A) and green light experiment (procedure B)
and the black particles formed during the UV-light experiment (procedure UV) were washed
with DMACc (anhydrous 6 mL, followed by centrifugation at 3000 rpm for 20 min and
separation of the liquid phase) and acetone (6 mL, followed by centrifugation at 3000 rpm
for 20 min and separation of the liquid phase), lyophilized (overnight) and subjected to FTIR,
UV-Vis, XRD, , ICP-OES, EDX, XPS as well as SEM and TEM analysis. For comparison,

an unused sample of CN-OA-m from the same batch was also analyzed.
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Table S3.18. Coupling of 4-bromofluorobenzene and pyrrolidine using different light sources and catalysts.

Method A/B/Ir/lUV

F H NiBr,-3H,0 (5 mol%) F F
/©/ + N CN‘< >*F + /©/ + /©/
Br Q DMAc (deg.), x h H HO
0.2M 32 42 43

light source, ~40°C

3.0 equiv.
Entry Procedure Conversion [%]? 32 [%]° 42 [%]°> 43 [%]°
1 A 93 70 6 9
2 A 92 69 7 8
3 A 91 68 6 9
4 A 92 63 7 6
5 A 87 60 7 9
6 A 18 6 2 n.d.
7 A 22 5 n.d. 3
8 B quant. 91 5 2
9 B quant. 89 1 10
10 B quant. 89 9 1
11 B 99 86 9 2
12 B quant. 88 1 10
13 B 97 86 2 9
14 B quant. 84 9 n.d.
15 Irl quant. 7 7 4
16 Ir2 79 33 20 13
17 (UAVAR 18 7 3 n.d.
18 uv2 39 17 9 4
19 uv3 94 26 32 16
20 uv4 quant. 10 23 9

3Conversion of 4-bromofluorobenzene 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. °not
detected.
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3.5.8.1 Powder X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS)

The powder X-ray diffraction spectra (PXRD) of the black material generated during the
UV-light experiment (Table S3.19, Entry 17) showed diffraction peaks at 44°, 51° and 76°
that could be assigned to the (11 1), (2 0 0), (2 2 0) planes of nickel(0) (Figure S3.9). Spectra
of the recovered CN-OA-m (Table S3.13, Entry 7 & 8) materials show a characteristic peak
at 27.4°, which corresponds to the in-planar structural packing and inter-planar stacking
peaks of the aromatic systems of CN-OA-m. Nickel(0) (diffraction peaks at 44°, 51° and
76°) was detected in the material recovered from experiment using blue LEDs (Method A),
and, although in significantly lower quantity, in the material recovered from the experiment
using green LEDs (Method B).
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Figure S3.13. XRD measurements of the material generated by UV-light (black line), CN-OA-m after method
A with blue light irradiation (blue line) and CN-OA-m after method B with green light irradiation (green line).
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XPS scans of the solid material generated during UV light experiments and CN-OA-m
recovered from the experiments using blue (Method A) and green LED (Method B)
irradiation confirmed the presence of nickel in both samples (Figure S3.14). High-resolution
XPS analysis spectra for core levels of Ni2p confirm the presence of Ni?* and Ni° at 854.6
(£ 0.02) eV and 852.3 (+ 0.02) eV, for CN-OA-m recovered from method A (blue light) and
the material generated during UV light irradiation (Figure S3.14, A). Only Ni?* (854.6 (+
0.02) eV) species were detected in the CN-OA-m sample recovered from the experiment
using method B (green light). The high-resolution XPS spectra of the C 1s core level spectra
shows typical C-C and N-C=N bonding signals for all CN-OA-m samples (Figure S3.114,
B). The N 1s spectra contain two main peaks that are typical for carbon nitrides and can be
assigned to i) sp2 bonded nitrogen in tri-s-triazine groups (C-N=C), and ii) sp3 amino
groups(C-NH) for all CN-OA-m samples. The calculated elemental composition indicates a
two times higher concentration of nickel on CN-OA-m recovered from method A (blue light)
compared to CN-OA-m recovered from method B (green light) (Table S3.19).
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Figure S3.14. A) High-resolution XPS analysis spectra for core levels of Ni 2ps: CN-OA-m recovered from
experiments using method A (blue light) and method B (green light), and the heterogeneous material generated
during UV-light experiments(Ni-UV). B) High-resolution XPS analysis spectra for core levels of C 1s: CN-
OA-m recovered from experiments using method A (blue light) and method B (green light), and unused CN-
OA-m. C) High-resolution XPS analysis spectra for core levels of N 1s: CN-OA-m recovered from experiments
using method A (blue light) and method B (green light), and unused CN-OA-m. has been deconvoluted using
Lorenzian-Gaussian peak fitting functions with Shirley background deletion.
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Table S3.19. XPS Elemental composition of CN-OA-m and CN-OA-m recovered from experiments using
method A and B.

Sample % wiw N % wiw C % wiw K % wi/w Ni
CN-OA-m 57.257 41.191 1.552
CN-OA-m blue light? 61.094 37.718 0.365 0.822
CN-OA-m green light® 59.021 39.983 0.709 0.377

aSample recovered from experiment described in Table S3.18, Entry 7. ®Sample recovered from
experiment described in Table S3.18, Entry 8.
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3.5.8.2 Scanning transmission electron microscopy (STEM)

3.5.8.2.1 CN-OA-m recovered from method A (blue LEDs) and method B (green LEDs)

Scanning transmission electron microscopy (STEM) was used to visualize nickel particles
on the surface of the recovered CN-OA-m. High-angle annular dark-field (HAADF) images
show round- to oval-shaped particles with sizes ranging 10-20 nm. The polycrystalline
particle consist of smaller ones (1-5 nm), which agglomerated on the surface (Figure S3.15
and S3.16). The images show the porous structure of CN-OA-m containing particles that
show a diffraction pattern indicating Ni-species deposition. The exact lattice of a selected
nickel particle is shown in higher resolution. The STEM images of CN-OA-m recovered
from experiments using method B (green LED) (Figure S3.16) show a significantly lower
amount of (agglomerated) nickel particles compared to using method A (blue LED, Figure
3.19). This confirms the results obtained using XRD (Figure S3.13), XPS (Figure S3.14),
EDX (Table S3.20) and ICP-OES (Table S3.21) analysis.
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Figure S3.15. HAADF-STEM brightfield (left)/darkfield (right) images showing nickel particles (bright spots
in brightfield and dark spots in darkfield) on CN-OA-m recovered from the experiment using method A (blue
LED).
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Figure S3.16. HAADF-STEM brightfield (left)/darkfield (right) showing a nickel particle (bright spot in
brightfield and dark spot in darkfield) on CN-OA-m recovered from the experiment using method B (green
LED).
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3.5.8.2.2 Heterogeneous material generated during experiments using the UV method
(photocatalyst-free and UV-light)

The STEM image shows the solid material formed using method C (UV-light). Although the
particle mainly consists of nickel, lighter elements can be additionally identified. EDX
analysis (Table S3.20) shows the presence of carbon, indicating that agglomerated nickel
species incorporate organic materials. This is in agreement with the low mass-balance
observed during these reactions (e.g. Table S3.18, Entry 20), suggesting substrate/product
degradation presumably by the high energy light source.

L s I > e

Figure S3.17. HAADF-STEM brightfield (left)/darkfield (right) images of nickel particles (bright spots in
brightfield and dark spots in darkfield) after UV-light method (photocatalyst-free).
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3.5.8.3 Scanning electron microscopy (SEM)

SEM images of the new and recovered CN-OA-m samples showed a porous texture that was
not altered during the catalytic transformation (Figure S3.18).
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Figure S3.18. SEM images of CN-OA-m new (A), CN-OA-m recovered from the cross-coupling using blue
light (Table S3.18, Entry 7) (B), and CN-OA-m recovered from the cross-coupling using green light (Table
S3.18, Entry 8) (C).
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3.5.8.4 Energy-dispersive X-ray spectroscopy (EDX) and inductively

coupled plasma atomic emission spectroscopy (ICP-OEYS)

Elemental analysis via EDX (Table S3.20) and ICP-OES (Table S3.21) analysis of the
recovered CN-OA-m samples shows a 3 times higher Ni concentration for the blue light
experiment. The material from the blue light experiment contains ~12-14 w/w % Ni
suggesting that ~70% of the homogeneous nickel catalyst were deposited on the CN-OA-m
during the model reaction. The material from the green light experiment contains ~3-4 w/w
% Ni suggesting that ~70% of the homogeneous nickel catalyst were deposited on the CN-
OA-m during the model reaction.

Table S3.20. EDX elemental composition acquired from new and recovered CN-OA-m.

Sample % w/w N % wiw C % w/w O % w/iw K % w/w Ni
CN-OA-m 42.56 37.59 3.65 1.06 0.05
CN-OA-m from Method
. 36.25 30.27 7.16 8.60 13.90
A (blue light)?
CN-OA-m from Method
) 47.19 29.46 7.79 8.86 3.38
B (green light)?
Solid from UV-
22.8 21.00 18.92 - 26.71

experiment®

asample recovered from experiment described in Table S3.18, Entry 7. ®'Sample recovered from experiment
described in Table S3.18, Entry 8. “Sample recovered from experiment described in Table S3.18, Entry 17.

Table S3.21. ICP-OES measurements of the nickel content on the new and recovered CN-OA-m.

Sample Ni [mg/g CN] % absorbed Ni
CN-OA-m new 0.69 0.39
CN-OA-m from Method
) 126 71.2
A (blue light)?
CN-OA-m from Method
35.5 20.1

B (green light)®

aSample recovered from experiment described in Table S3.18, Entry 7.
bSample recovered from experiment described in Table S3.18, Entry
8.
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3.5.8.5 Fourier-transform infrared spectroscopy (FTIR) and Ultraviolet-

visible spectroscopy (UV-VIS)

FTIR spectra of the new and recovered CN-OA-m samples were identical (Figure S3.19).
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Figure S3.19. FTIR spectra of CN-OA-m new (red), CN-OA-m recovered from the cross-coupling using blue
light (blue), and CN-OA-m recovered from the cross-coupling using green light (green).
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The UV-Vis spectra of the CN-OA-m recovered from the cross-coupling using green light
and CN-OA-m recovered from the cross-coupling using blue showed an increased

absorption in the visible region (>460 nm) compared to a unused CN-OA-m sample.
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Figure S3.20. UV/Vis absorption spectra of CN-OA-m new (grey), CN-OA-m recovered from the cross-
coupling using blue light (blue), and CN-OA-m recovered from the cross-coupling using green light (green).
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3.5.9 Studies on the reaction of bromobenzene, 3-bromotoluene, 1-bromo-

4-tert-butylbenzene, and 4-bromoanisole with pyrrolidine.

Method A: Dual CN-OA-m/Ni catalysis with irradiation at 450 nm

CN-OA-m (3.33 mg/ml)

L -— R
Br = Q DMACc (deg.), 72 h H = HO =

blue LED, ~40°C
02M 3.0 equiv.

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m
(20 mg), aryl bromide (1.2 mmol, 1.0 equiv.) and NiBr;-3H,O (16.4 mg, 60 pmol,
5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.) and DMACc
(anhydrous, 6 mL) 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 until fine
dispersion of the solids was achieved and the mixture was then degassed by bubbling N2 for
10 min. The mixture was irradiated in the photoreactor (blue light function of RGB LED
strip) at 40 °C with rapid stirring (1400 rpm). After 72 h, one equivalent of 1,3,5-
trimethoxybenzene (1.2 mmol) was added and the mixture was stirred for 5 min. An aliquot
of the reaction mixture (~300 pL) was filtered, diluted with DMSO-ds and subjected to *H-
NMR analysis.

Method B: Dual CN-OA-m/Ni catalysis with irradiation at 520 nm

CN-OA-m (3.33 mg/ml)

X Y NiBry-3H,0 (5 mol%) — R X X
| R+ Nt R | SR
B N DMAc (deg.), 168 h LN Ho P

. green LED, ~40°C
0.2M 3.0 equiv.

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m
(20 mg), aryl bromide (1.2 mmol, 1.0 equiv.) and NiBr;-3H,O (16.4 mg, 60 pmol,
5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.) and DMACc
(anhydrous, 6 mL) 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 until fine
dispersion of the solids was achieved and the mixture was then degassed by bubbling N2 for
10 min. The mixture was irradiated in the photoreactor (green light function of RGB LED
strip) at 40 °C with rapid stirring (1400 rpm). After 168 h, one equivalent of 1,3,5-
trimethoxybenzene (1.2 mmol) was added and the mixture was stirred for 5 min. An aliquot
of the reaction mixture (~300 pL) was filtered, diluted with DMSO-ds and subjected to *H-
NMR analysis.
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Method C: Dual CN-OA-m/Ni catalysis with irradiation at 450 nm and higher

concentration (1.2 M)

CN-OA-m (20 mg/ml)

X ¥ NiBr,-3H,0 (5 mol%) —R X X
| SR+ N )+t R | R
Br Z DMACc (deg.), x h H = HO ¥

blue LED, ~40°C
1.2M 3.0 equiv.

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m
(20 mg), aryl bromide (1.2 mmol, 1.0 equiv.) and NiBr;-3H,O (16.4 mg, 60 pmol,
5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.) and DMACc
(anhydrous, 1 mL) 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 until fine
dispersion of the solids was achieved and the mixture was then degassed by bubbling N2 for
10 min. The mixture was irradiated in the photoreactor (blue light function of RGB LED
strip) at 40 °C with moderate stirring (600 rpm). After respective reaction time, one
equivalent of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the mixture
was stirred for 5 min. An aliquot of the reaction mixture (~300 pL) was filtered, diluted with
DMSO-ds and subjected to *H-NMR analysis.
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Table S3.22. Coupling of bromobenzene and pyrrolidine using methods A-C.

CN-OA-m (3.33 or 20 mg/ml)

H
O RS 0 -, 0
Br Q H HO
33 44 45

DMAc (deg.), ~40°C

3.0equiv. ;TTITTITIIeIois oo :
€4 UMethod A: 0.2 M, 72 h, 450 nm |

i Method B: 0.2 M, 168 h, 520 nm
' Method C: 1.2 M, 24 h, 450 nm :

Entry Procedure Conversion [%]? 33 [%0]° 44 [%]°> 45 [%]°
1 A quant. 74 8 11
2 A quant. 68 11 10
3 A quant. 67 11 12
4 A quant. 66 10 11
5 A 67 44 7 6
6 A 56 32 5 4
7 B quant. 9 4 3
8 B quant. 93 4 3
9 B quant. 91 5 5

10 B quant. 90 4 4
11 B quant. 88 4 5
12 B quant. 87 4 5
13 C quant. 86 8 4
14 C quant. 85 7 3
15 C 99 85 8 3
16 C quant. 85 9 3
17 C quant. 84 8 3
18 C quant. 84 9 3
19 cd quant. 85 5 2
20 cd quant. 82 5 1

aConversion of bromobenzene 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. °not detected.
dCarried out using 520 nm LEDs and 168 h reaction time.
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Table S3.23. Coupling of 3-bromotoluene and pyrrolidine using methods A-C.

CN-OA-m (3.33 or 20 mg/ml)
H NiBry-3H,0 (5 mol%) /@ /@
. N 0 d
; N + +
Br Q DMACc (deg.), ~40°C H HO
34 46 47

3.0 equiv. | Method A: 0.2 M, 72 h, 450 nm !
| Method B: 0.2 M, 168 h, 520 nm!
! Method C: 1.2 M, 48 h, 450 nm

Entry Procedure Conversion [%]? 34 [%]° 46 [%]° 47 [%]°

1 A quant. 74 17 6
2 A quant. 72 17 6
3 A quant. 72 18 4
4 A quant. 61 18 12
5 A 64 31 12 9
6 A 52 20 13 8
7 B quant. 93 5 4
8 B quant. 86 10 4
9 B quant. 85 10 5
10 B quant. 84 10 5
11 B quant. 84 10 7
12 B quant. 83 10 6
13 C quant. 85 14 2
14 C quant. 84 14 3
15 C quant. 83 14 3
16 C quant. 83 14 3
17 C quant. 82 15 3
18 C quant. 81 16 3
19 cd quant. 80 6 0

aConversion of 3-bromotoluene 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. °not detected.
dCarried out using 520 nm LEDs and 168 h reaction time.
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Table S3.24. Coupling of 1-bromo-4-tert-butylbenzene and pyrrolidine using methods A-C.

CN-OA-m (3.33 or 20 mg/ml)

Bu H Bu B B
N NiBr,3H,0 (5 mol%) " u
+ Q + +
Br DMAc (deg.), ~40°C C/N H HO
35 48 49

3.0equiv. T TTTTmmmmm oo memm ey s
: Method A: 0.2 M, 72 h, 450 nm !

i Method B: 0.2 M, 168 h, 520 nm;
' Method C: 1.2 M, 80 h, 450 nm ‘:

Entry Procedure Conversion [%]? 35 [%]° 48 [%]° 49 [%]°

1 A 98 70 13 9
2 A 99 69 17 7
3 A quant. 67 14 8
4 A 88 57 16 9
5 A 82 53 15 9
6 A 90 52 13 7
7 B quant. 92 5 3
8 B 96 90 4 2
9 B 94 87 3 3
10 B 91 85 3 2
11 B 57 50 4 2
12 B 30 28 1 2
13 C quant. 82 9 2
14 C quant. 80 9 1
15 C quant. 80 9 2
16 C quant. 80 9 2
17 C quant. 80 9 3
18 C quant. 80 10 3
19 cd 91 82 4 0

aConversion of 1-bromo-4-tert-butylbenzene 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.
°not detected. 9Carried out using 520 nm LEDs and 72 h reaction time.
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Table S3.25. Coupling of 4-bromoansiole and pyrrolidine using methods A-C.

CN-OA-m (3.33 or 20 mg/ml)

o H o
/©/ ~ N NiBr,-3H,0 (5 mol%) /©/ ~ /@/O\ /@/O\
.
Br Q DMAc (deg.), ~40°C C/N " * Ho
35 50 51

3.0€qul.  Method A: 0.2 M, 72 h, 450 nm |

 Method B: 0.2 M, 168 h, 520 nm|
! Method C: 1.2 M, 96 h, 450 nm :

Entry Procedure Conversion [%]? 35 [%0]° 50 [%]° 51 [%]°
1 A 86 80 6 n.d.c
2 A 91 78 12 2
3 A 90 72 10 5
4 A 66 53 8 2
5 A 43 32 4 2
6 A 13 4 n.d. 2
7 B 82 77 7 0
8 B 83 77 6 0
9 B 76 68 6 0

10 B 68 60 4 4
11 B 68 60 4 3
12 B 58 52 4 2
13 C quant. 81 8 5
14 C quant. 80 11 5
15 C quant. 80 11 5
16 C quant. 80 8 4
17 C quant. 79 11 4
18 C quant. 77 9 6
19 cd quant. 84 8 1
20 cd quant. 83 8 0

3Conversion of 4-bromoanisole 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. °not detected.
dCarried out using 520 nm LEDs and 168 h reaction time.
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3.5.10 Studies on the reaction of pyrrolidine with aryl chlorides

Method A: Dual CN-OA-m/Ni catalysis with irradiation at 450 nm

CN-OA-m (3.33 mg/mL)

COMe H NiBr,-3H,0 (5 mol%) COzMe COzMe
cl DMAc (deg.) H HO
02M 1 2 3

blue LED, ~40°C
3.0 equiv.

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m
(20 mg), methyl 4-chloromethylbenzoate (204.7 mg, 1.2 mmol, 1.0 equiv.) and NiBrz-3H>0
(16.4 mg, 60 pmol, 5.0 mol%). Subsequently, pyrrolidine (64.0 mg, 295.6 pl, 3.6 mmol, 3.0
equiv.) and DMAc (anhydrous, 6 mL) 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
until fine dispersion of the solids was achieved and the mixture was then degassed by
bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (blue light of LED-
band) at 40 °C with rapid stirring (1400 rpm). After respective reaction time, one equivalent
of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the mixture was stirred for
5 min. An aliquot of the reaction mixture (~300 pL) was filtered, diluted with DMSO-ds and
subjected to *H-NMR analysis.

Method B: Dual CN-OA-m/Ni catalysis with irradiation at 520 nm

CN-OA-m (3.33 mg/mL)

COMe H NiBr,-3H,0 (5 mol%) COzMe COzMe
cl DMAc (deg.) H HO
02M 1 2 3

. green LED, ~40°C
3.0 equiv.

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m
(20 mg), methyl 4-chloromethylbenzoate (204.7 mg, 1.2 mmol, 1.0 equiv.) and NiBrz-3H.0
(16.4 mg, 60 pmol, 5.0 mol%). Subsequently, pyrrolidine (64.0 mg, 295.6 pl, 3.6 mmol, 3.0
equiv.) and DMAc (anhydrous, 6 mL) 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
until fine dispersion of the solids was achieved and the mixture was then degassed by
bubbling N> for 10 min. The mixture was irradiated in the photoreactor (blue light of LED-
band) at 40 °C with rapid stirring (1400 rpm). After respective reaction time, one equivalent
of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the mixture was stirred for
5 min. An aliquot of the reaction mixture (~300 pL) was filtered, diluted with DMSO-de and
subjected to *H-NMR analysis.

198



Supporting Information - Chapter 3

Method C: Dual CN-OA-m/Ni catalysis with irradiation at 450 nm and higher

concentration (1.2 M)

CN-OA-m (20 mg/mL)

CO,Me H NiBr,-3H,0 (5 mol%) CO,Me CO,Me
cl DMACc (deg.) H HO
12M 1 2 3

. blue LED, ~40°C
3.0 equiv.

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m
(20 mg), methyl 4-chloromethylbenzoate (204.7 mg, 1.2 mmol, 1.0 equiv.) and NiBrz-3H>0
(16.4 mg, 60 pmol, 5.0 mol%). Subsequently, pyrrolidine (64.0 mg, 295.6 pl, 3.6 mmol, 3.0
equiv.) and DMACc (anhydrous, 1 mL) 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
until fine dispersion of the solids was achieved and the mixture was then degassed by
bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (blue light or green
function of LED-band) at 40 °C with moderate stirring (600 rpm). After respective reaction
time, one equivalent of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the
mixture was stirred for 5 min. An aliquot of the reaction mixture (~300 uL) was filtered,
diluted with DMSO-ds and subjected to *H-NMR analysis.

199



Supporting Information - Chapter 3

Table S3.26. Coupling of methyl 4-chlorobenzoate and pyrrolidine using methods A-C.

CN-OA-m (3.33 or 20 mg/mL)

COzMe H NiBry-3H,0 (5 mol%) CO,Me CO,Me
Joaatls OOreome - T
al DMACc (deg.) H HO
XM 1 2 3

. light source, ~40°C
3.0 equiv.

Entry Method Time [days] Conversion [%]2 1[%]° 2[%]° 3[%]°

1 A 3 47 37 2 n.d.c
2 A 7 78 65 7 3

3 A 14 91 65 16 7
4 B 3 59 41 1 12
5 B 7 76 72 4 n.d.
6 B 14 89 83 n.d. 9
7 C 1 79 75 3 1

8 C 2 97 92 3 2

9 C 3 97 89 4 2
10 C 4 99 89 3 2

aConversion of methyl 4-chlorobenzoate 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. °not detected
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Table S3.27. NMR-Yields for the coupling of electroneutral and electron-rich aryl chlorides with pyrrolidine
at 40 °C and blue LED irradiation using method C.

CN-OA-m (20 mg/mL)

N H NiBr,-3H,0 (5 mol%) =R
JSLINS (4
cl = DMACc (deg.),168 h

blue LED, ~40°C

1.2M 3.0 equiv.
O\
av L I
N N
; N N
chloride G 23 G G G %
34 35
Yield? 18% 10% 5% 2%

3NMR yields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard.

3.5.11 Studies on the coupling of n-butylamine with aryl halides

Table S3.28. Coupling of 1-bromo-4-tert-butylbenzene and n-butylamine using different concentrations at 40
°C and blue light.

Bu CN-OA-m (3.33 mg/ml) tBu tBu tBu
SO e S S e e
Br AN H HO
M
X 39 48 49

DMACc (deg.), ~40°C, 16h
3.0 equiv. blue LED

Entry Concentration [mol/L] Conversion [%6]2 39 [%0]° 48 [%]° 49 [%]°

1 0.2 8 8 n.d.c n.d.
2 0.4 6 6 n.d. n.d.
3 0.6 4 4 n.d. n.d.
4 0.8 3 3 n.d. n.d.
5 1.2 2 2 n.d. n.d.

aConversion of 1-bromo-4-tert-butylbenzene 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.
°not detected.
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Table S3.29. Coupling of 1-bromo-4-tert-butylbenzene and n-butylamine using different concentrations at
60 °C and blue light.

tBu CN-OA-m 3.33 mg/ml) tBu tBu tBu
/©/ N NiBry-3H,0 (5 mol%) /©/ /©/ /©/
2
Br /\/\N " ’ HO
M
X 39 48 49

DMACc (deg.), ~60°C, 16h
3.0 equiv. blue LED

Entry Concentration [mol/L] Conversion [%]* 39 [%]° 48 [%]°> 49 [%]°

1 0.2 22 20 2 n.d.
2 0.4 15 13 2 n.d.
3 0.6 11 10 1 n.d.
4 0.8 9 8 1 n.d.
5 1.2 7 6 1 n.d.

3Conversion of 1-bromo-4-tert-butylbenzene 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.
°not detected.

Table S3.30. Coupling of 1-bromo-4-tert-butylbenzene and n-butylamine using different concentrations at
80 °C.

CN-OA-m (3.33 mgl/l

{Bu ) tBu tBu {Bu
e SN s e
Br /\/\H + H + HO
xM 39 48 49

DMACc (deg.), ~80°C, 16 h
3.0 equiv. blue LED

Entry Concentration [mol/L] Conversion [2%0]2 39 [%]° 48 [%]° 49 [%]®

1 0.2 26 26 n.d. n.d.
2 0.4 14 12 2 n.d.
3 0.6 10 10 n.d. n.d.
4 0.8 15 15 n.d. n.d.
5 1.2 6 4 2 n.d.

aConversion of 1-bromo-4-tert-butylbenzene 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.
‘not detected.
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Table S3.31. Coupling of 1-bromo-4-tert-butylbenzene and n-butylamine at 60 °C and green light
irradiation.

{Bu CN-OA-m (3.33 mg/l) tBu tBu tBu
NiBr,-3H,0 (5 mol%
Jop- N e all o ull ot
0.2M :
39 48 49

DMAc (deg.), ~60°C, x h

3.0 equiv. green LED

Entry Time [h] Conversion [%]2  37[%]° 45[%]° 46 [%]°
1 72 20 20 n.d.c n.d.
2 96 20 20 n.d. n.d.

3Conversion of 1-bromo-4-tert-butylbenzene 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.

not detected.
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Table S3.32. Additive screening for the coupling of 1-bromo-4-tert-butylbenzene and n-butylamine at 40 °C.

CN-OA-m (3.33 mg/ml)

tBu NiBr,-3H,0 (5 mol%) tBu tBu tBu
/©/ . T NH, additive (2 equiv.) /©/ . /©/ . /©/
02M H
39 48 49

DMAc (deg.), ~40°C, 48 h
3.0 equiv. blue LED

Entry base Conversion [%]2  39[%]° 48[%]° 49 [%]°
1 MTBD® 51 48 2 n.d.
2 DABCO® 20 20 n.d. n.d.
3 none 14 14 n.d. n.d.
4 quinuclidine’ 14 14 n.d. n.d.
6 Pyrrolidine? 14 13 1 n.d.
7 DBU" 11 10 1 n.d.
5 BIPA! 10 9 1 n.d.

3Conversion of 1-bromo-4-tert-butylbenzene determined by 'H-NMR using 1,3,5-trimethoxybenzene as
internal standard. P"NMR yields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard.
¢7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene.  “not  detected.  °1,4-diazabicyclo[2.2.2]octane.  '1-
Azabicyclo[2.2.2]octane. 910 mol%. "1,8-Diazabicyclo(5.4.0)undec-7-ene. 'N-tert-butylisopropylamine.

Table S3.33. Additive screening for the coupling of 1-bromo-4-tert-butylbenzene and n-butylamine at 60 °C.

CN-OA-m (3.33 mg/ml)

tBu NiBry-3H,0 (5 mol%) Bu tBu tBu
/©/ o 2 NH, additive (2 equiv.) /©/ /©/ /©/
+ +
Br AN H HO
02M H
: 39 48 49

DMACc (deg.), ~60°C, 48 h
3.0 equiv. blue LED

Entry base Conversion [%]2 39 [%]° 48 [%]°> 49 [%]°
1 MTBD® 62 55 6 n.d.
2 DABCOQO® 64 49 9 5
3 none 46 39 7 n.d.

aConversion of 1-bromo-4-tert-butylbenzene 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.
¢7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene. Inot detected. ©1,4-diazabicyclo[2.2.2]octane.
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Table S3.34. Time study using no additive, DABCO, and MTBD for the coupling of 1-bromo-4-tert-

butylbenzene and n-butylamine at 40 °C and blue LED irradiation. 2
CN-OA-m (3.33 mg/ml)

tBu NiBry-3H,0 (5 mol%) tBu
/©/ . /\/\NH additive (2 equiv.) /©/
2
Br AN
0.2M H

DMAc (deg.), ~40°C, x h

3.0 equiv. blue LED 39
additive 48 h 96 h 168 h
—
e
none Yield: 14% Yield: 16% Yield: 18%
IBTM Fu(i
|
DABCO" Yield: 20% Yield: 35% l Yield: 37%
s |
S04 ‘;u”
MTBD® Yield: 48% Yield: 72% Yield: 85%

3NMR yields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. °1,4-
diazabicyclo[2.2.2]octane. ¢7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene.
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Table S3.35. Time study using no additive, DABCO and MTBD for the coupling of 1-bromo-4-tert-

butylbenzene and n-butylamine at 60 °C and blue LED irradiation. 2
CN-OA-m (3.33 mg/ml)

tBu NiBry-3H,0 (5 mol%) tBu
/©/ . /\/\NH additive (2 equiv.) /©/
2
Br TN
02M H

DMAc (deg.), ~60°C, x h
3.0 equiv. blue LED

39
additive 48 h 96 h 168 h
o
none Yield: 39% Yield: 30% ' Yield: 42%
£ %;:}
DABCO" Yield: 49% Yield: 42% I Yield: 35%
‘:*\l
MTBD® Yield: 55% Yield: 50% Yield: 38%

ANMR vyields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. °1,4-
diazabicyclo[2.2.2]octane. ¢7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene.
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Table S3.36. NMR-Yields for the coupling of electro-neutral and electron-rich aryl chlorides with n-
butylamine using MTBD at 40 °C and blue LED irradiation.

CN-OA-m (3.33 mg/ml)

N NiBry-3H,0 (5 mol%) _
/@R o N, MTBD (2 equiv.) /@R
Cl & /\/\H

DMAc (deg.), ~40°C, 168 h

0.2M 3.0 equiv. blue LED
o 0 g5 o
chloride ~™>""N AN N N
37 38 39 40
Yield?: 5% Yield: 3% Yield: 4% Yield: 0%

ANMR yields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. ® MTBD= 7-Methyl-
1,5,7-triazabicyclo[4.4.0]dec-5-ene.
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3.5.12 Nickel-black formation: Time studies in absence of aryl halides

General procedure. An oven dried vial (19 x 80 mm) equipped with a stir bar was charged
with CN-OA-m (20 mg), and NiBr2-3H20 (0.06 mmol). Subsequently, the amine (3.6 mmol)
(and - in case of additive experiments - 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene
(MTBD, 2.4 mmol), or 1,4-diazabicyclo[2.2.2]octane (DABCO, 2.4 mmol)) and DMAc
(anhydrous, Method A, B, and D: 6 mL, Method C: 1 mL) were added and the vial was
sealed with a septum and Parafilm. The reaction mixture was sonicated for 5-10 min until
fine dispersion of the solids was achieved and the mixture was then degassed by bubbling
N2 for 10 min. The mixture was irradiated in the photoreactor (blue (450 nm) or green
(520 nm) light at 40 or 60°C. Pictures of the reaction mixtures were taken regularly to study

the rate of Ni-black formation.

Method A 0% 0,
DMAc, blue LED, 40°C °oo ooooo aggregation
NiBr,'3H,0 / \ ~ 90220 SR
€ 09 050 .
Nickel-black
( é ) Ni(0) nanoparticles
CN-OA-m‘T‘

+eo

"0

Figure S3.21. Time-dependent discoloration of the solution for method A due to nickel particle formation over
time using NiBr.-3H,0 as nickel source, CN-OA-m as photoredox catalyst (PRC) and pyrrolidine as single
electron donor (SED) in DMACc (0.2M) under blue light irradiation at 40 °C.
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Method B %0,

DMAc, green LED, 40°C °:°°°°°o ©  aggregation

NiBr,*3H,0 / \ > 9050 @&
€ Q °° Q .
Nickel-black

) Ni(0) nanoparticles

o
[2)
z
o
?
3
—AE )

+e

Figure S3.22. Time-dependent discoloration of the solution for method B due to nickel particle formation over
time using NiBr.-3H,0 as nickel source, CN-OA-m as photoredox catalyst (PRC) and pyrrolidine as single
electron donor (SED) in DMAc (0.2M) under green light irradiation at 40 °C.
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Method C 0% 0,
DMAc, blue LED, 40°C °°o°°°o 0% aggregation

NiBr2‘3H20 / \ 9 0%
e o 0
°o° Nickel-black

) Ni(0) nanoparticles

—n\%j}-»

4o

Figure S3.23. Time-dependent discoloration of the solution for method C due to nickel particle formation over
time using NiBr2-3H.0 as nickel source, CN-OA-m as photoredox catalyst (PRC) and pyrrolidine as single

electron donor (SED) in DMACc (1.2 M) under blue light irradiation at 40 °C.
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Method A 090,
%5000 9  sggregation %

DMAc, blue LED, 40°C 0% 2
> (] Q oooooo

NiBr,*3H,0 / \
e Q 0
o0 Nickel-black

) Ni(0) nanoparticles

Figure S3.24. Time-dependent discoloration of the solution for method A due to nickel particle formation over
time using NiBrz-3H,0 as nickel source, CN-OA-m as photoredox catalyst (PRC) and n-butylamine as single

electron donor (SED) in DMACc (0.2M) under blue light irradiation at 40 °C.
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. N 0°, 00 aggregation R
NiBry:3H,0 / e_ \ > Q9o °°°o°° @S&

Nickel-black

Figure S3.25. Time-dependent discoloration of the solution for method A due to nickel particle formation over
time using NiBr,-3H0 as nickel source, CN-OA-m as photoredox catalyst (PRC) and n-butylamine as single
electron donor (SED) in DMACc (0.2M) under blue light irradiation at 60 °C.
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DABCO 4900
_ DMAc, blue LED, 40°C R °°oo°o°o°o aggregation
NiBr,*3H,0 = 90 P20 m
/ \ o 329°% |
Nickel-black
( :} ) Ni(0) nanoparticles
CN-OA-m’T‘

Figure S3.26. Time-dependent discoloration of the solution for method A due to nickel particle formation over
time using NiBr,-3H20 as nickel source, CN-OA-m as photoredox catalyst (PRC) and n-butylamine and
DABCO as single electron donor (SED) in DMAc (0.2M) under blue light irradiation at 40 °C.
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DABCO 000,
DMAc, blue LED, 60°C °% 00 0

o o aggregation R @3&

Nickel-black

NiBr,*3H,0

Figure S3.27. Time-dependent discoloration of the solution for method A due to nickel particle formation over
time using NiBr2-3H20 as nickel source, CN-OA-m as photoredox catalyst (PRC) and n-butylamine and
DABCO as single electron donor (SED) in DMAc (0.2M) under blue light irradiation at 60 °C.
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Method D
MTBD 40°090
DMAc, blue LED, 40°C 000, 0  aggregation N @g&

o
NiBr,*3H,0 /\ > °°o o 996°

Nickel-black

Figure S3.28. Time-dependent discoloration of the solution for method A due to nickel particle formation over
time using NiBr,-3H,O as nickel source, CN-OA-m as photoredox catalyst (PRC) and n-butylamine and
MTBD as single electron donor (SED) in DMAc (0.2M) under blue light irradiation at 40 °C.
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Method D
MTBD 50° 90
DMAC, blue LED, 60°C o°°°°°°° aggregation %

NiBry*3H,0 / \ > 09 1e) 0000
Nickel-black

Figure S3.29. Time-dependent discoloration of the solution for method A due to nickel particle formation over
time using NiBr2-3H20 as nickel source, CN-OA-m as photoredox catalyst (PRC) and n-butylamine and
MTBD as single electron donor (SED) in DMAc (0.2M) under blue light irradiation at 60 °C.
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3.5.13 Scope and limitations

General experimental procedure (Table 3.2). An oven dried vial (13 x 95 mm) equipped
with a stir bar was charged with NiBr2:3H20 (8.2 mg, 30 pmol, 2.5 mol%), aryl bromide
(2.2 mmol, 1 equiv.) and CN-OA-m (20 mg). Subsequently, the amine (3.6 mmol, 3 equiv.)
and DMAc (anhydrous, 6 mL) were added and the vial was sealed with a septum and
parafilm. The reaction mixture was sonicated for 5-10 min and the mixture was then
degassed by bubbling N> for 10 min. The mixture was irradiated in the batch reactor
(described above) at 40°C with rapid stirring (1400 rpm). After the respective reaction time,
one equivalent of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol, internal standard) was
added. An aliquot (~300 pL) of the reaction mixture was diluted with DMSO-ds and
subjected to *H-NMR analysis. The liquid phase was diluted with H.O (40 mL) and extracted
with ethyl acetate (3 x 30 mL). The combined organic phases were washed with H20 (40
mL), NaHCO3 solution (40 ml) and brine (40 mL), dried over Na,SO4 and concentrated. The
crude product was purified by flash column chromatography (SiO2, Hexane/EtOAc,
dichloromethane/EtOAc or dichloromethane/MeOH) on a Grace™ Reveleris™ system
using a 12 g cartridge to afford the desired product. The final product was characterized by
'H-NMR, BC-NMR, *F-NMR and HRMS (ESI-TOF).

Unsuccessful amines for the coupling with methyl 4-bromobenzoate (with NMR-yields)

\/\N/\/ J< /\N/\ @\NJ\ ©\N/©
HoN H H

H H
24 h: 0% 24 h: 0% 24 h: 0% 24 h: 0% 24 h: 0%

Unsuccessful aryl bromides for the coupling with pyrrolidine (with NMR-yields)

O S
", ¥ X
Br Br Br

72 h: 4% 72h:14% 96 h: 26%
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Method B: Coupling of pyrrolidine with electron-neutral aryl bromides and aryl
bromides with weakly electron donoating substituents (Figure 3.2 & 3.3). An oven dried
vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m (20 mg), aryl
bromide (1.2 mmol, 1.0 equiv.) and NiBrz:3H.O (16.4 mg, 60 pmol, 5.0 mol%).
Subsequently, pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.) and DMAc
(anhydrous, 6 mL) 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 until fine
dispersion of the solids was achieved and the mixture was then degassed by bubbling N2 for
10 min. The mixture was irradiated in the photoreactor (green light function of RGB LED
strip) at 40 °C with rapid stirring (1400 rpm). After 168 h, one equivalent of 1,3,5-
trimethoxybenzene (1.2 mmol) was added and the mixture was stirred for 5 min. An aliquot
of the reaction mixture (~300 L) was filtered, diluted with DMSO-ds and subjected to *H-
NMR analysis. The combined organic phases were washed with H2O (40 mL), NaHCO3
solution (40 ml) and brine (40 mL), dried over Na2SO4 and concentrated. The crude product
was purified by flash column chromatography (SiO2,  Hexane/EtOAc,
dichloromethane/EtOAc or dichloromethane/MeOH) on a Grace™ Reveleris™ system
using a 12 g cartridge to afford the desired product. The final product was characterized by
H-NMR, C-NMR, ®F-NMR and HRMS (ESI-TOF).
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Method C: Coupling of pyrrolidine with electron-rich aryl bromides and electron-
deficient aryl chlorides (Figure 3.3). An oven dried vial (19 x 80 mm) equipped with a stir
bar was charged with the CN-OA-m (20 mg), aryl bromide (1.2 mmol, 1.0 equiv.) and
NiBr2-3H20 (16.4 mg, 60 umol, 5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 pl,
3.6 mmol, 3.0 equiv.) and DMACc (anhydrous, 1 mL) 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 until fine dispersion of the solids was achieved and the mixture was then
degassed by bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (blue
light function of RGB LED strip) at 40 °C with moderate stirring (600 rpm). After respective
reaction time, one equivalent of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added
and the mixture was stirred for 5 min. An aliquot of the reaction mixture (~300 pL) was
filtered, diluted with DMSO-ds and subjected to *H-NMR analysis. The combined organic
phases were washed with H>O (40 mL), NaHCOs solution (40 ml) and brine (40 mL), dried
over Na;SOs and concentrated. The crude product was purified by flash column
chromatography (SiOy, Hexane/EtOAc, dichloromethane/EtOAC or
dichloromethane/MeOH) on a Grace™ Reveleris™ system using a 12 g cartridge to afford
the desired product. The final product was characterized by *H-NMR, *C-NMR, *F-NMR
and HRMS (ESI-TOF).

Unsuccessful aryl halides for the coupling with pyrrolidine

a, 4, oL

168 h: 18% 168 h: 10% 168 h: 5% 168 h: 2%
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Method D: Coupling of n-butylamine with aryl bromides and aryl chlorides (Table 3.3).
An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m
(20 mg), aryl bromide (1.2 mmol, 1.0 equiv.) and NiBr;-3H,O (16.4 mg, 60 pmol,
5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.) and DMACc
(anhydrous, 1 mL) 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 until fine
dispersion of the solids was achieved and the mixture was then degassed by bubbling N2 for
10 min. The mixture was irradiated in the photoreactor (blue light function of RGB LED
strip) at 40 °C with moderate stirring (600 rpm). After respective reaction time, one
equivalent of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the mixture
was stirred for 5 min. An aliquot of the reaction mixture (~300 pL) was filtered, diluted with
DMSO-ds and subjected to *H-NMR analysis. The combined organic phases were washed
with H20 (40 mL), NaHCOs solution (40 ml) and brine (40 mL), dried over Na>SO4 and
concentrated. The crude product was purified by flash column chromatography (SiOo,
Hexane/EtOAc, dichloromethane/EtOAc or dichloromethane/MeOH) on a Grace™
Reveleris™ system using a 12 g cartridge to afford the desired product. The final product
was characterized by *H-NMR, *C-NMR, **F-NMR and HRMS (ESI-TOF).

Unsuccessful aryl halides for the coupling with n-butylamine (with NMR-yields).

NH, NH, o s
"o, O, O oo ¥
Br Br o Br Br

A\
168 h: 5% 168 h: 2% 168 h: 10% 168 h: 14% 168 h: 7% 168 h: 12%
QL @ *@ L
Cl Cl Cl Cl
168 h: 5% 168 h: 3% 168 h: 4% 168 h: 0%
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OC%MG
a

1-(4-methylbenzoate)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol, 3.0
equiv.) and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.) or 4-
chloromethylbenzoate (204.7 mg, 1.2 mmol, 1.0 equiv.) using 1 ml instead of 6 ml DMAc.
Reaction time: 8 h (Br) and 48 h (Cl). Purification with flash chromatography (1. gradient
0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl acetate in hexane) afforded the title
compound (231.1 mg, 1.13 mmol, 94%) for aryl bromide and (224.6 mg, 1.09 mmol, 91%)
for aryl chloride as a white solid.

'H NMR (400 MHz, Chloroform-d) & 7.88 (d, J = 8.7 Hz, 2H), 6.46 (d, J = 8.7 Hz, 2H), 3.83
(s, 3H), 3.40 — 3.09 (m, 4H), 2.05 — 1.86 (m, 4H). 3C NMR (101 MHz, Chloroform-d) 6=
167.58, 150.79, 131.32, 116.17, 110.62, 51.37, 47.47, 25.41. HRMS (ESI-TOF) m/z calcd.
for C12H16NO; [(M+H)*]: 206.1176; found: 206.1158.

These data are in full agreement with those previously published in the literature.?

/©/002Me
@ ;

Methyl 4-(piperidin-1-yl)benzoate. From piperidine (306.5 mg, 356.4 pl, 3.6 mmol, 3.0
equiv.) and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 72 h.
Double amount of NiBrz-3H20 (16.4 mg, 60 umol, 5.0 mol%) was used. Purification with
flash chromatography (1. gradient 0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl acetate
in hexane) afforded the title compound (225.8 mg, 1.03 mmol, 86%) as a white solid.

'H NMR (600 MHz, Chloroform-d) § 7.87 (d, J = 9.1 Hz, 2H), 6.82 (d, J = 9.0 Hz, 2H), 3.83
(s, 3H), 3.28 (m, 4H), 1.67 — 1.56 (m, 6H). 3C NMR (151 MHz, Chloroform-d) § 167.18,
154.46, 131.19, 118.61, 113.52, 51.49, 48.73, 25.35, 24.32. HRMS (ESI-TOF) m/z calcd.
for C13H1sNO2 [(M+H)*]: 220.1332 ; found: 220.1340.

These data are in full agreement with those previously published in the literature.?
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Methyl 4-morpholinobenzoate. From morpholine (313.6 mg, 313.6 pl, 3.6 mmol, 3.0
equiv.) and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 16 h.
Purification with flash chromatography (gradient 0-2% ethyl acetate in DCM; 2. Isocratic
2% ethyl acetate in DCM) afforded the title compound (255.5 mg, 1.15 mmol, 96%) as a
white solid.
'H NMR (400 MHz, Chloroform-d) & 7.93 (d, J = 9.0 Hz, 2H), 6.86 (d, J = 9.0 Hz, 2H), 3.92
—3.72 (m, 7H), 3.26 (d, J = 5.1 Hz, 4H). **C NMR (101 MHz, Chloroform-d) & 167.04,
154.15, 131.21, 120.34 113.50, 66.59, 51.71, 47.72. HRMS (ESI-TOF) m/z calcd. for
C12H16NO3s [(M+H)*]: 222.1125; found: 222.1139.

These data are in full agreement with those previously published in the literature.?

/©/C02Me
tert-Butyl 4-(4-(methoxycarbonyl)phenyl)piperazine-1-carboxylate. From tert-butyl
piperazine-1-carboxylate (335.3 mg, 1.8 mmol, 3.0 equiv.) and 4-bromomethylbenzoate
(129.0 mg, 0.6 mmol, 1.0 equiv.) using 5 mol% NiBrz-3H20 (8.2 mg, 60 pmol) and
pyrrolidine (4.3 mg, 4.9 ul, 0.06 mmol, 10 mol%) as additive. Reaction time: 24 h.
Purification with flash chromatography (1. gradient 0-3% ethyl acetate in DCM; 2. Isocratic
3% ethyl acetate in DCM) afforded the title compound (146.2 mg, 0.45 mmol, 76%) as a
white solid. The pyrrolidine-coupled side-product was formed in 10% yield, as determined
by analysis of the crude mixture by *H NMR spectroscopy.

'H NMR (400 MHz, Chloroform-d) § 7.92 (d, J = 8.9 Hz, 2H), 6.85 (d, J = 8.9 Hz, 2H), 3.86
(s, 3H), 3.57 (m, 4H), 3.29 (m, 4H), 1.48 (s, 9H). C NMR (101 MHz, Chloroform-d) &
167.48, 155.09, 154.41, 131.69, 120.63, 114.42, 80.56, 52.15, 47.98, 43.46, 28.92, 28.78.
HRMS (ESI-TOF) m/z calcd. for C17H25N204 [(M+H)*]: 321.1809; found: 321.1818

These data are in full agreement with those previously published in the literature.?*
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Methyl 4-(3,4-dihydroisoquionolin-2(1H)-yl)benzoate. From 1,2,3,4-
tetrahydroisoquinoline  (479.5mg, 456.7 ul, 3.6 mmol, 3.0 equiv.) and 4-
bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 16 h. Purification
with flash chromatography (1. gradient 0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl
acetate in hexane) afforded the title compound (281.6 mg, 1.06 mmol, 88%) as a white solid.
H NMR (600 MHz, Chloroform-d) & 7.97 (d, J = 9.0 Hz, 2H), 7.23 — 7.13 (m, 4H), 6.86 (d,
J =9.0 Hz, 2H), 4.49 (s, 2H), 3.88 (s, 3H), 3.62 (t, J = 5.9 Hz, 2H), 2.97 (t, J = 5.8 Hz, 2H).
13C NMR (151 MHz, Chloroform-d) & 167.29, 153.00, 135.02, 133.80, 131.36, 128.22,
126.73, 126.51, 126.37, 118.29, 112.10, 51.56, 49.01, 44.78, 29.04. HRMS (ESI-TOF) m/z
calcd. for C17H1sNO; [(M+H)*]: 268.1332; found: 268.1344
These data are in full agreement with those previously published in the literature.?

/©/002Me
N
|
8

Methyl 4-(benzyl(methyl)amino)benzoate. From N-methylbenzylamine (438.6 mg, 467.1
pl, 3.6 mmol, 3.0 equiv.) and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.).
Reaction time: 72 h. Purification with flash chromatography (1.gradient 0-4% ethyl acetate
in hexane; 2. Isocratic 4% ethyl acetate in hexane) afforded the title compound (245.4 mg,
0.96 mmol, 80%) as a white solid.

'H NMR (400 MHz, Chloroform-d) § 7.92 (d, J = 9.1 Hz, 2H), 7.34 (t, J = 7.2 Hz, 2H), 7.28
(d, J=7.2Hz,1H), 7.20 (d, J = 7.1 Hz, 2H), 6.71 (d, J = 9.1 Hz, 2H), 4.62 (s, 2H), 3.86 (s,
3H), 3.12 (s, 3H). 3C NMR (101 MHz, Chloroform-d) & 167.39, 152.75, 137.79, 131.43,
128.78, 127.20, 126.46, 117.37, 110.88, 55.92, 51.52, 38.69. HRMS (ESI-TOF) m/z calcd.
for C16H1sNO2 [(M+H)*]: 256.1332; found: 256.1344

These data are in full agreement with those previously published in the literature.?*
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Methyl 4-(butylamino)benzoate. From n-butylamine (263.3 mg, 355.8 pl, 3.6 mmol, 3.0
equiv.) and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.) or 4-
chloromethylbenzoate (204.7 mg, 1.2 mmol, 1.0 equiv.) and 7-Methyl-1,5,7-
triazabicyclo[4.4.0]dec-5-ene (MTBD) (367.8 mg, 344.7 pl, 2.4 mmol, 2.0 equiv.) using
5 mol% NiBrz-3H20 (16.4 mg, 60 pmol,). Reaction time: 72 h (9-Br) and 168 h (9-Cl).
Purification with flash chromatography (1. gradient 0-8% ethyl acetate in hexane; 2.
Isocratic 8% ethyl acetate in hexane) afforded the title compounds (223.2 mg, 1.08 mmol,
90%) from aryl bromide and (219.6 mg, 1.06 mmol, 88%) from aryl chloride as a white
solid.

'H NMR (400 MHz, Chloroform-d) § 7.85 (d, J = 8.6 Hz, 2H), 6.52 (d, J = 8.6 Hz, 2H), 4.21
(brs, 1H), 3.83 (s, 3H), 3.16 — 3.07 (m, 2H), 1.63 — 1.52 (m, 2H), 1.41 (h, J = 7.3, 6.9 Hz,
2H), 0.94 (td, J = 7.3, 1.0 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) & 167.45, 152.17,
131.61, 118.05, 111.45, 51.57, 43.19, 31.42, 20.29, 13.92. HRMS (ESI-TOF) m/z calcd. for
C12H18NO; [(M+H)*]: 208.1332; found: 208.1342.

These data are in full agreement with those previously published in the literature.?

Lo
N
H
10

Methyl 4-(cyclohexylamino)benzoate. From cyclohexylamine (357.0 mg, 415.4 ul, 3.6
mmol, 3.0 equiv.) and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.) using
5mol% NiBr;-:3H20 (16.4 mg, 60 pmol,). Reaction time: 72 h. Purification with flash
chromatography (1. gradient 0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl acetate in
hexane) afforded the title compound (203.2 mg, 0.87 mmol, 73%) as a white solid.

!H NMR (400 MHz, Chloroform-d) § 7.82 (d, J = 8.8 Hz, 2H), 6.51 (d, J = 8.9 Hz, 2H), 4.01
(brs, 1H), 3.83 (s, 3H), 3.30 (m, 1H), 2.06 — 2.00 (m, 2H), 1.81 — 1.73 (m, 2H), 1.69 — 1.61
(m, 1H), 1.42 — 1.32 (m, 2H), 1.28 — 1.13 (m, 3H). 3C NMR (101 MHz, Chloroform-d) &
167.36, 151.10, 131.60, 117.56, 111.59, 51.47, 51.24, 33.10, 25.73, 24.87. HRMS (ESI-
TOF) m/z calcd. for C1aH20NO2 [(M+H)*]: 234.1489; found: 234.1500.

These data are in full agreement with those previously published in the literature.?®
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Methyl 4-(butylamino)benzoate. From aniline (335.5 mg, 329.2 ul, 3.6 mmol, 3.0 equiv.)
and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr2-3H>0O
(8.2 mg, 60 pumol) and pyrrolidine (4.3 mg, 4.9 ul, 0.06 mmol, 10 mol) as well as N-tert-
butylisopropylamine (BIPA) (414.8 mg, 570.6 pl, 3.6 mmol, 3.0 equiv.) as additives
Reaction time: 72 h. Purification with flash chromatography (1. gradient 0-10% ethyl acetate
in hexane; 2. Isocratic 10% ethyl acetate in hexane) afforded the title compound (246.7 mg,
1.09 mmol, 90%) as a white solid. The pyrrolidine-coupled side-product was formed in 2%
yield, as determined by analysis of the crude mixture by *H NMR spectroscopy.

'H NMR (400 MHz, Chloroform-d) § 7.93 (d, J = 8.1 Hz, 2H), 7.34 (m, 2H), 7.18 (d, J =
7.7 Hz, 2H), 7.07 (t, J = 7.4 Hz, 1H), 6.99 (d, J = 8.6 Hz, 2H), 6.19 (brs, 1H), 3.88 (s, 3H).
13C NMR (101 MHz, Chloroform-d) & 167.08, 148.16, 140.88, 131.50, 129.51, 123.07,
120.94, 120.42, 114.56, 51.77. HRMS (ESI-TOF) m/z calcd. for C14H14aNO2 [(M+H)"]:
228.1019; found: 228.1033.

These data are in full agreement with those previously published in the literature.?’

/©/CN
C’N 12
1-(4-benzonitrile)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.)
and 4-bromobenzonitrile (218.4 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 24 h. Purification
with flash chromatography (1. gradient 0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl
acetate in hexane) afforded the title compound (189.6mg, 1.11 mmol, 92%) as a white solid.
'H NMR (400 MHz, Chloroform-d) § 7.42 (d, J = 8.8 Hz, 2H), 6.48 (d, J = 8.9 Hz, 2H), 3.32
—3.28 (M, 4H), 2.09 — 1.94 (m, 4H). *C NMR (101 MHz, Chloroform-d) 8= 150.00, 133.43,
121.11, 111.47, 96.38, 47.51, 25.44. HRMS (ESI-TOF) m/z calcd. for C11H13N [(M+H)*]:
173.1074; found: 173.1081.

These data are in full agreement with those previously published in the literature.?
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1-(3-benzonitrile)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.)
and 3-bromobenzonitrile (218.4 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 24 h. No internal
standard (1,3,5-trimethoxybenzene was used) due to poor separation from the product during
flash chromatography. Purification with flash chromatography (1. gradient 0-5% ethyl
acetate in hexane; 2. Isocratic 5% ethyl acetate in hexane) afforded the title compound (180.4
mg, 1.05 mmol, 87%) as a white solid.

'H NMR (400 MHz, Chloroform-d) § 7.30 — 7.23 (m, 1H), 6.90 (m, 1H), 6.77 — 6.69 (m,
2H), 3.34—3.23 (m, 4H), 2.13 - 1.99 (m, 4H). 3C NMR (101 MHz, Chloroform-d) & 147.62,
129.73, 119.95, 118.50, 115.78, 114.24, 112.63, 47.55, 25.46.HRMS (ESI-TOF) m/z calcd.
for C11H13N2 [(M+H)*]: 173.1074; found: 173.1080

These data are in full agreement with those previously published in the literature.?

ch©
C/N 14
1-(2-benzonitrile)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.)
and 2-bromobenzonitrile (218.4 mg, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBrz-3H20 (8.2
mg, 60 umol). Reaction time: 72 h. No internal standard (1,3,5-trimethoxybenzene was used)
due to poor separation from the product during flash chromatography. Purification with flash
chromatography (eluents: 1. gradient 0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl
acetate in hexane) afforded the title compound (190.5 mg, 1.11 mmol, 92%) as a colorless
oil.
'H NMR (400 MHz, Chloroform-d) § 7.42 (m, 1H), 7.31 (m, 1H), 6.67 — 6.59 (m, 2H), 3.63
—3.53 (m, 4H), 2.03 - 1.94 (m, 4H). 3C NMR (101 MHz, Chloroform-d) & 150.04, 135.72,
133.40, 121.51, 115.86, 114.24, 94.27, 49.81, 25.76. HRMS (ESI-TOF) m/z calcd. for
C11H13N2 [(M+H)']: 173.1074; found: 173.1081

These data are in full agreement with those previously published in the literature.*
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1-(3-methylbenzoate)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol, 3.0
equiv.) and 3-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 24 h.
No internal standard (1,3,5-trimethoxybenzene was used) due to poor separation from the
product during flash chromatography. Purification with flash chromatography (1. gradient
0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl acetate in hexane) afforded the title
compound (218.4 mg, 1.06 mmol, 89%) as a colorless oil.

'H NMR (400 MHz, Chloroform-d) & 7.32 (d, J = 7.6 Hz, 1H), 7.25 (t, J = 7.8 Hz, 1H), 7.22
—7.91 (s, 1H), 6.71 (m, 1H), 3.89 (s, 3H), 3.29 (t, J = 6.6 Hz, 4H), 2.00 (t, J = 6.6 Hz, 4H).
13C NMR (101 MHz, Chloroform-d) & 167.89, 147.78, 130.73, 129.02, 116.39, 115.93,
112.38, 52.00, 47.70, 25.48. HRMS (ESI-TOF) m/z calcd. for C12H16NO2 [(M+H)™]:
206.17556; found: 206.1185.

These data are in full agreement with those previously published in the literature.?

MeO,C
o
1-(2-methylbenzoate)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol, 3.0
equiv.) and 2-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.) using 5 mol%
NiBr2-:3H20 (8.2 mg, 60 pmol). Reaction time: 72 h. No internal standard (1,3,5-
trimethoxybenzene was used) due to poor separation from the product during flash
chromatography. Purification with flash chromatography (1. gradient 0-5% ethyl acetate in
hexane; 2. Isocratic 5% ethyl acetate in hexane) afforded the title compound (87.2 mg, 0.42
mmol, 35%) as a colourless oil.
'H NMR (400 MHz, Chloroform-d) & 7.57 (m, 1H), 7.31 (t, J = 8.7 Hz, 1H), 6.79 (m, 1H),
6.71 (t, J = 7.4 Hz, 1H), 3.88 (s, 3H), 3.28 — 3.19 (m, 4H), 1.99 — 1.88 (m, 4H). *°C NMR
(101 MHz, Chloroform-d) 4 169.57, 147.93, 131.79, 131.08, 117.09, 115.63, 113.95, 52.00,
50.87, 25.88. HRMS (ESI-TOF) m/z calcd. for C12H1sNO2 [(M+H)*]: 206.17556; found:
206.1185.
These data are in full agreement with those previously published in the literature.
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1-(4-(trifluoromethyl)phenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 pl, 3.6
mmol, 3.0 equiv.) and 4-bromobenzotrifluoride (270.0 mg, 168.0 ul, 1.2 mmol, 1.0 equiv.).
Reaction time: 8 h. Purification with flash chromatography (1. gradient 0-3% ethyl acetate
in hexane; 2. Isocratic 3% ethyl acetate in hexane) afforded the title compound (238.2 mg,
1.11 mmol, 92%) as a white solid.

'H NMR (400 MHz, Chloroform-d) 5 7.48 (d, J = 8.7 Hz, 2H), 6.58 (d, J = 8.7 Hz, 2H), 3.37
—3.27 (m, 4H), 2.10 — 2.00 (m, 4H). **C NMR (101 MHz, Chloroform-d) & 149.76, 126.38
(0, J = 3.7 Hz), 125.42 (q, J = 269.9 Hz), 116.56 (q, J = 32.5 Hz), 110.84, 47.53, 25.48. 1°F
NMR (376 MHz, Chloroform-d) & -60.58(s, 3F). HRMS (ESI-TOF) m/z calcd. for
C11H13F3N [(M+H)*]: 216.0922 ; found: 216.1008.

These data are in full agreement with those previously published in the literature.3!

/©/802Me
T w

1-(4-(methylsulfonyl)phenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 ul, 3.6
mmol, 3.0 equiv.) and 4-bromopheyl methylsulfone (282.1 mg, 1.2 mmol, 1.0 equiv.).
Reaction time: 24 h. Purification with flash chromatography (1. gradient 0-2% ethyl acetate
in DCM; 2. Isocratic 2% ethyl acetate in DCM) afforded the title compound (251.0 mg, 1.11
mmol, 93%) as a white solid.

'H NMR (600 MHz, Chloroform-d) § 7.65 (d, J = 8.9 Hz, 2H), 6.51 (d, J = 9.0 Hz, 2H), 3.30
—3.24 (m, 4H), 2.94 (s, 3H), 2.05 — 1.93 (m, 4H). 13C NMR (151 MHz, Chloroform-d) &
150.89, 129.02, 125.04, 110.98, 47.61, 45.13, 25.39. HRMS (ESI-TOF) m/z calcd. for
C11H16NO2S [(M+H)*]: 226.0897; found: 226.0907.

These data are in full agreement with those previously published in the literature.
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1-(4-chlorophenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol, 3.0
equiv.) and 4-bromochlorobenzene (229.7 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 24 h.
Purification with flash chromatography (1. gradient 0-2% ethyl acetate in hexane; 2.
Isocratic 2% ethyl acetate in hexane) afforded the title compound (196.8 mg, 1.08 mmol,
90%) as a white solid.
'H NMR (600 MHz, Chloroform-d) & 7.17 (d, J = 8.9 Hz, 2H), 6.48 (d, J = 8.9 Hz, 2H), 3.28
—3.18 (M, 4H), 2.06 — 1.97 (m, 4H). *°C NMR (151 MHz, Chloroform-d) § 146.49, 128.81,
120.04, 112.61, 47.73, 25.48. HRMS (ESI-TOF) m/z calcd. for CioHisCIN [(M+H)*]:
182.0731; found: 182.0738.

These data are in full agreement with those previously published in the literature.?

/©/Br
O
1-(4-bromophenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0
equiv.) and 1,4-dibromobenzene (283.1 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 24 h.
Purification with flash chromatography (1. gradient 0-2% ethyl acetate in hexane; 2.
Isocratic 2% ethyl acetate in hexane) afforded the title compound (218.4 mg, 0.97 mmol,
80%) as a white solid.
'H NMR (400 MHz, Chloroform-d) § 7.28 (d, J = 8.9 Hz, 2H), 6.42 (d, J = 8.9 Hz, 2H), 3.29
—3.16 (M, 4H), 2.05 — 1.96 (m, 4H).*3C NMR (101 MHz, Chloroform-d) & 146.82, 131.68,
113.19, 107.08, 47.68, 25.50. HRMS (ESI-TOF) m/z calcd. for CioH1sBrN [(M+H)*]:
226.0226; found: 226.0231.

These data are in full agreement with those previously published in the literature.
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1-di(4-pyrrolidin-1yl)benzene. From pyrrolidine (853.3 mg, 985.3 ul, 12.0 mmol, 10
equiv.) and 1,4-dibromobenzene (283.1 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 144 h.
Purification with flash chromatography (1. gradient 0-5% ethyl acetate in hexane; 2.
Isocratic 5% ethyl acetate in hexane) afforded the title compound (157.3 mg, 0.73 mmol,
61%) as a white solid. For analysis via NMR spectroscopy, the final product was treated
with deuterated trifluoro acetic acid in D2O.
'H NMR (400 MHz, deuterium oxide) & 7.17 (s, 4H), 3.20 (m, 8H), 1.68 (m, 8H). *C NMR
(101 MHz, deuterium oxide) ¢ 143.24, 126.02, 61.01, 25.62. HRMS (ESI-TOF) m/z calcd.
for C14H21N2 [(M+H)*]: 217.1700; found: 217.1709

These data are in full agreement with those previously published in the literature.3

1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2yl)phenyl)pyrrolidine. From pyrrolidine
(256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.) and 4-bromomethyl-phenylboronic acid pinacol
ester (339.6 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 48 h. No internal standard (1,3,5-
trimethoxybenzene was used) due to poor separation from the product during flash
chromatography. Purification with flash chromatography (1. gradient 0-10% ethyl acetate in
hexane; 2. Isocratic 2% ethyl acetate in hexane) afforded the title compound (284.3 mg, 1.04
mmol, 87%) as a white solid.

'H NMR (400 MHz, Chloroform-d) § 7.70 (d, J = 8.6 Hz, 2H), 6.55 (d, J = 8.6 Hz, 2H), 3.39
—3.17 (m, 4H), 2.13 — 1.92 (m, 4H), 1.35 (s, 12H). 3C NMR (101 MHz, Chloroform-d) &
150.00, 136.24, 113.94, 110.93, 83.06, 47.40, 25.46, 24.88. HRMS (ESI-TOF) m/z calcd.
for C16H2sBNO2 [(M+H)*]: 274.1973; found: 274.1987.

These data are in full agreement with those previously published in the literature.®®

230



Supporting Information - Chapter 3

O
y C 2 C
phenyl(4-(pyrrolidin-1-yl)phenyl)methanone. From pyrrolidine (256.0 mg, 295.6 ul, 3.6
mmol, 3.0 equiv.) and 4-bromobenzophenone (313.3 mg, 1.2 mmol, 1.0 equiv.). Reaction
time: 48 h. Purification with flash chromatography (1. gradient 0-5% ethyl acetate in hexane;
2. Isocratic 5% ethyl acetate in hexane) afforded the title compound (281.9 mg, 1.12 mmol,
93%) as a white solid.
'H NMR (600 MHz, Chloroform-d) & 7.78 (d, J = 8.9 Hz, 2H), 7.72 — 7.66 (m, 2H), 7.49 (t,
J=7.4Hz, 1H), 7.45 — 7.37 (m, 2H), 6.51 (d, J = 8.9 Hz, 2H), 3.38 — 3.27 (m, 4H), 2.02 —
1.95 (m, 4H).13C NMR (151 MHz, Chloroform-d) & 195.01, 150.88, 139.51, 132.90, 130.95,
129.37, 127.97, 124.20, 110.63, 47.58, 25.42. HRMS (ESI-TOF) m/z calcd. for C17H17NO
[(M+H)*]: 252.1383; found: 252.1394.
These data are in full agreement with those previously published in the literature.3®

o

/©)J\NH2
C/N 24
1-(4-benzamide)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol, 3.0 equiv.)
and 4-bromobenzamide (240.0 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 72 h. Purification
with flash chromatography (1. gradient 0-5% methanol in DCM; 2. Isocratic 5% methanol
in DCM) afforded the title compound (175.0 mg, 0.92 mmol, 77%) as a white solid.
'H NMR (400 MHz, DMSO-ds) 6 7.69 (d, J = 8.8 Hz, 2H), 7.58 — 7.52 (brs, 1H), 6.86 — 6.80
(brs, 1H), 6.47 (d, J = 8.8 Hz, 2H), 3.23 (s, 4H), 1.92 (s, 4H). °C NMR (101 MHz, DMSO-
ds) 6 168.05, 149.49, 129.08, 120.24, 110.47, 47.22, 25.01. HRMS (ESI-TOF) m/z calcd.
for C11H15N20 [(M+H)*]: 191.1179; found: 191.1188.

These data are in full agreement with those previously published in the literature.3’
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C/\j 25

5-(4-pyrrolidin-1yl)pyrimidine. From pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0
equiv.) and 5-bromopyrimidine (190.8 mg, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr,-3H.0
(16.4 mg, 60 umol). Reaction time: 72 h. Purification with flash chromatography (1. gradient
0-50% ethyl acetate in hexane with 1% EtsN; 2. Isocratic 50% ethyl acetate in hexane with
1% EtzN) afforded the title compound (141.3 mg, 0.95 mmol, 79%) as a colorless solid.

'H NMR (400 MHz, Chloroform-d) & 8.47 (s, 1H), 7.97 (s, 2H), 3.32 — 3.16 (m, 4H), 2.06 —
1.90 (m, 4H). °C NMR (101 MHz, Chloroform-d) § 146.60, 141.09, 139.35, 46.84, 25.27.
HRMS (ESI-TOF) m/z calcd. for CgH12N3 [(M+H)*]: 150.1026 ; found: 150.1033.

These data are in full agreement with those previously published in the literature.3®

o'

26
3-(pyrrolidin-1yl)pyridine. From pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.)
and 3-bromopyridine (189.6 mg, 115.6 pl, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBrz-3H.0
(16.4 mg, 60 umol). Reaction time: 72 h. Purification with flash chromatography (1. gradient
0-40% ethyl acetate in hexane with 1% EtsN; 2. Isocratic 40% ethyl acetate in hexane with
1% EtzN) afforded the title compound (135.2 mg, 0.91 mmol, 76%) as a colorless oil.
'H NMR (400 MHz, Chloroform-d) § 7.96 — 7.81 (m, 2H), 7.03 (m, 1H), 6.72 (m, 1H), 3.21
(m, 4H), 2.00 — 1.87 (m, 4H). 13C NMR (101 MHz, Chloroform-d) & 143.68, 136.74, 134.23,
123.49, 117.60, 47.19, 25.32. HRMS (ESI-TOF) m/z calcd. for CoHisN2 [(M+H)*]:
149.1074 ; found: 149.1081

These data are in full agreement with those previously published in the literature.3®
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(0]
o
1-(benzofuran-5-yl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0
equiv.) and 5-bromobenzofurane (236.4 mg, 150.3 pl, 1.2 mmol, 1.0 equiv.) using 5 mol%
NiBrz:3H.0 (16.4 mg, 60 pmol). Reaction time: 96 h. No internal standard (1,3,5-
trimethoxybenzene was used) due to poor separation from the product during flash
chromatography. Purification with flash chromatography (1. gradient 0-2% ethyl acetate in
hexane; 2. Isocratic 2% ethyl acetate in hexane) afforded the title compound (188.5 mg, 1.01
mmol, 84%) as a colourless oil.
H NMR (600 MHz, Chloroform-d) § 7.61 (d, J = 2.2 Hz, 1H), 7.47 (d, J = 8.9 Hz, 1H), 6.79
(d, J=25Hz 1H), 6.74 (d, J = 2.2 Hz, 1H), 6.71 (dd, J = 8.9, 2.5 Hz, 1H), 3.37 (m, 4H),
2.18 —2.02 (m, 4H). 3C NMR (151 MHz, Chloroform-d) & 148.33, 145.31, 145.25, 128.51,
111.58, 110.69, 106.67, 102.17, 48.76, 25.66. HRMS (EI-TOF) m/z calcd. for C12H13NO
[(M*)*]: 187.0997 ; found: 187.0982

HoN
o
2-(pyrrolidin-lyl)aniline. From pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.) and
2-bromoaniline (206.4 mg, 135.8 ul, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr;-3H.0
(16.4 mg, 60 pumol). Reaction time: 86 h. Purification with flash chromatography (1. gradient
0-10% ethyl acetate in hexane with 1% EtsN; 2. Isocratic 10% ethyl acetate in hexane with
1% Et3N) afforded the title compound (128.6 mg, 0.79 mmol, 66%) as a colorless oil.
H NMR (600 MHz, Chloroform-d) § 7.04 (dd, J = 7.9, 1.4 Hz, 1H), 6.93 (td, J = 7.5, 1.4
Hz, 1H), 6.78 (m, 2H), 3.88 (brs, 2H), 3.15 — 2.98 (m, 4H), 2.03 — 1.80 (m, 4H). 3C NMR
(151 MHz, Chloroform-d) & 141.59, 137.93, 123.65, 118.85, 118.78, 115.66, 51.09, 24.35.
HRMS (EI-TOF) m/z calcd. for C10H14N2 [(M*)*]: 162.1157; found: 162.1164

These data are in full agreement with those previously published in the literature.*
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NH,

o

3-(pyrrolidin-1yhaniline. From pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0 equiv.) and
3-bromoaniline (206.4 mg, 130.6 pl, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr2-3H.0
(16.4 mg, 60 pumol). Reaction time: 86 h. Purification with flash chromatography (1. gradient
0-3% ethyl acetate in hexane; 2. Isocratic 3% ethyl acetate in hexane; 3. Gradient 3-10%
ethyl acetate in hexane; 4. Isocratic 10% ethyl acetate in hexane) afforded the title compound
(104.3 mg, 0.64 mmol, 54%) as a slidely brownish oil.

'H NMR (600 MHz, Chloroform-d) & 7.02 (t, J = 8.0 Hz, 1H), 6.05 (m, 2H), 5.92 (t, J = 2.3
Hz, 1H), 3.57 (brs, 2H), 3.32 — 3.22 (m, 4H), 2.03 — 1.92 (m, 4H). 1°C NMR (151 MHz,
Chloroform-d) & 148.97, 147.28, 129.79, 103.09, 102.81, 98.39, 47.43, 25.31. HRMS (ElI-
TOF) m/z calcd. for C1oH14N2 [(M)*]: 162.1157; found: 162.1151

These data are in full agreement with those previously published in the literature.*

/©/F

O

1-(4-fluorophenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 pl, 3.6 mmol, 3.0
equiv.) and 4-bromofluorobenzene (210.0 mg, 131.8 ul, 1.2 mmol, 1.0 equiv.) using 5 mol%
NiBr2-:3H.O (16.4 mg, 60 pmol). Reaction time: 72 h. Purification with flash
chromatography (1. gradient 0-3% ethyl acetate in hexane; 2. Isocratic 3% ethyl acetate in
hexane) afforded the title compound (128.8 mg, 0.78 mmol, 65 %) as a white solid.

'H NMR (400 MHz, Chloroform-d) & 6.99 — 6.89 (m, 2H), 6.52 — 6.44 (m, 2H), 3.30 — 3.19
(m, 4H), 2.05 — 1.96 (m, 4H). *3C NMR (101 MHz, Chloroform-d) & 154.81 (d, J = 233.3
Hz), 144.78, 115.48 (d, J = 22.0 Hz), 112.05 (d, J = 7.1 Hz), 48.10, 25.50. °F NMR (564
MHz, Chloroform-d) 6 -131.00 (s, 1F). HRMS (ESI-TOF) m/z calcd. for CioHi3sFN
[(M+H)*]: 166.1027 ; found: 166.1033.

These data are in full agreement with those previously published in the literature.
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o

1-phenylpyrrolidine. From pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol, 3.0 equiv.) and
bromobenzene (188.4 mg, 125.6 ul, 1.2 mmol, 1.0 equiv.). using 5 mol% NiBr,-3H20 (16.4
mg, 60 pumol). Reaction time: 72 h. Purification with flash chromatography (1. gradient 0-
2% ethyl acetate in hexane; 2. Isocratic 2% ethyl acetate in hexane) afforded the title
compound (136.9 mg, 0.93 mmol, 77%) as a colourless oil.

H NMR (400 MHz, Chloroform-d) § 7.35 (m, 2H), 6.78 (t, J = 7.3 Hz, 1H), 6.69 (d, J = 8.0
Hz, 2H), 3.43 — 3.30 (m, 4H), 2.13 — 2.05 (m, 4H). 3C NMR (101 MHz, Chloroform-d) &
148.04, 129.25, 115.49, 111.77, 47.71, 25.61. HRMS (ESI-TOF) m/z calcd. for CioH14N
[(M+H)*]: 148.1121; found: 148.1122.

These data are in full agreement with those previously published in the literature.?

o

1-(m-tolyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol, 3.0 equiv.) and 3-
bromotoluene (188.4 mg, 145.6 ul, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBrz-3H.0 (16.4
mg, 60 pumol). Reaction time: 72 h. Purification with flash chromatography (1. gradient 0-
2% ethyl acetate in hexane; 2. Isocratic 2% ethyl acetate in hexane) afforded the title
compound (134.0 mg, 0.93 mmol, 69%) as a colorless oil.

'H NMR (400 MHz, Chloroform-d) & 7.24-7.16 (t, J = 8.8 Hz, 1H), 6.58 (d, J = 7.4 Hz, 1H),
6.51 — 6.44 (m, 2H), 3.35 (m, 4H), 2.41 (s, 3H), 2.11 — 2.00 (m, 4H). °C NMR (101 MHz,
Chloroform-d) & 148.13, 138.86, 129.09, 116.44, 112.45, 108.99, 47.68, 25.56, 21.98.
HRMS (ESI-TOF) m/z calcd. for C11H1sN [(M+H)*]: 162.1278; found: 162.1282.

These data are in full agreement with those previously published in the literature.3!
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/©/tBu
C/N 35
1-(4-(tert-butyl)phenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol, 3.0
equiv.) and 4-bromotertbutylbenzene (255.7 mg, 208.8 ul, 1.2 mmol, 1.0 equiv.) using
5mol% NiBr2-:3H20 (16.4 mg, 60 pumol). Reaction time: 72 h. Purification with flash
chromatography (1. gradient 0-3% ethyl acetate in hexane; 2. Isocratic 3% ethyl acetate in
hexane) afforded the title compound (203.2 mg, 1.00 mmol, 83%) as a white solid.

'H NMR (400 MHz, Chloroform-d) § 7.37 (d, J = 7.0 Hz, 2H), 6.64 (d, J = 7.0 Hz, 2H), 3.42
—3.30 (m, 4H), 2.11 — 2.02 (m, 4H), 1.40 (s, 9H). *C NMR (101 MHz, Chloroform-d) &
145.94, 138.03, 125.99, 111.43, 47.79, 33.82, 31.70, 25.56. HRMS (ESI-TOF) m/z calcd.
for C1aH22N [(M+H)"]: 204.1747; found: 204.1759.

These data are in full agreement with those previously published in the literature.?

/©/0Me
@N 36
1-(4-methoxyphenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 ul, 3.6 mmol, 3.0
equiv.) and 4-bromoanisole (224.4 mg, 150.2 pl, 1.2 mmol, 1.0 equiv.) using 5 mol%
NiBr2-:3H20 (16.4 mg, 60 pmol). Reaction time: 72 h. No internal standard (1,3,5-
trimethoxybenzene was used) due to poor separation from the product during flash
chromatography. Purification with flash chromatography (1. gradient 0-5% ethyl acetate in
hexane; 2. Isocratic 5% ethyl acetate in hexane) afforded the title compound (154.7 mg, 0.87
mmol, 73%) as a white solid.
'H NMR (400 MHz, Chloroform-d) & 6.88 (d, J = 8.1 Hz, 2H), 6.57 (d, J = 8.1 Hz, 2H), 3.78
(s, 3H), 3.32 — 3.18 (m, 4H), 2.07 — 1.94 (m, 4H). 3C NMR (101 MHz, Chloroform-d) &
150.75, 143.25, 115.01, 112.59, 56.01, 48.24, 25.41. HRMS (ESI-TOF) m/z calcd. for
C11H1sNO [(M+H)*]: 178.1227; found: 178.1236

These data are in full agreement with those previously published in the literature.?
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e

H
37

N-butylaniline. From n-butylamine (263.3 mg, 355.8 ul, 3.6 mmol, 3.0 equiv.), 7-Methyl-
1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) (367.8 mg, 344.7 pl, 2.4 mmol, 2.0 equiv.) and
bromobenzene (188.4 mg, 125.6 ul, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr2-3H,0 (16.4
mg, 60 umol,). Reaction time: 168 h. Purification with flash chromatography (1. gradient 0-
2% ethyl acetate in hexane; 2. Isocratic 2% ethyl acetate in hexane) afforded the title
compound (154.6 mg, 1.04 mmol, 86%) as a colourless oil.

'H NMR (400 MHz, Chloroform-d) § 7.20 (dd, J = 7.4, 7.6 Hz, 2H), 6.72 (t, J = 7.4 Hz, 1H),
6.64 (d, J = 7.6 Hz, 2H), 3.65 (brs, 1H), 3.14 (t, J = 7.1 Hz, 1H), 1.71 — 1.56 (m, 1H), 1.47
(dg, J = 9.4, 7.3 Hz, 1H), 0.99 (t, J = 7.3 Hz, 2H). *C NMR (101 MHz, Chloroform-d) &
148.51, 129.33, 117.30, 112.90, 43.87, 31.74, 20.42, 14.04. HRMS (EI-TOF) m/z calcd. for
C1oH1sN [(M*)*]: 149.1204; found: 149.1203

These data are in full agreement with those previously published in the literature.*

e

H
38

N-butyl-3-methylaniline. From n-butylamine (263.3 mg, 355.8 ul, 3.6 mmol, 3.0 equiv.),
7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) (367.8 mg, 344.7 ul, 2.4 mmol, 2.0
equiv.) and 3-bromotoluene (205.2 mg, 145.6 pl, 1.2 mmol, 1.0 equiv.) using 5 mol%
NiBr2-:3H.O (16.4 mg, 60 pmol,). Reaction time: 168 h. Purification with flash
chromatography (1. gradient 0-2% ethyl acetate in hexane; 2. Isocratic 2% ethyl acetate in
hexane) afforded the title compound (163.7 mg, 1.00 mmol, 84%) as a colourless oil.

!H NMR (400 MHz, Chloroform-d) § 7.18 — 7.05 (m, 1H), 6.58 (d, J = 7.5 Hz, 1H), 6.54 —
6.44 (m, 2H), 3.72 (brs, 1H), 3.15 (t, J = 7.1 Hz, 2H), 2.33 (s, 3H), 1.72 — 1.58 (m, 2H), 1.55
—1.38 (m, 2H), 1.01 (t, J = 7.3 Hz, 3H). C NMR (101 MHz, Chloroform-d) § 148.52,
139.05, 129.18, 118.26, 113.69, 110.09, 43.90, 31.75, 21.73, 20.41, 14.02. HRMS (EI-TOF)
m/z calcd. for C11HigN [(M+H)"]: 163.1361; found: 163.1360

These data are in full agreement with those previously published in the literature.*?
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H
39

4-(tert-butyl)-N-butylaniline. From n-butylamine (263.3 mg, 355.8 pl, 3.6 mmol, 3.0
equiv.), 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) (367.8 mg, 344.7 ul, 2.4
mmol, 2.0 equiv.) and 4-bromotertbutylbenzene (255.7 mg, 208.8 pl, 1.2 mmol, 1.0 equiv.)
using 5 mol% NiBr2-3H20 (16.4 mg, 60 umol,). Reaction time: 168 h. Purification with flash
chromatography (1. gradient 0-2% ethyl acetate in hexane; 2. Isocratic 2% ethyl acetate in
hexane) afforded the title compound (206.4 mg, 1.01 mmol, 84%) as a colourless oil.

'H NMR (600 MHz, Chloroform-d) § 7.35 (d, J = 8.8 Hz, 2H), 6.70 (d, J = 8.8 Hz, 2H), 3.61
(s,1H),3.24 (t, J=7.2 Hz, 2H), 1.77 — 1.70 (m, 2H), 1.62 — 1.53 (m, 2H), 1.44 (s, 9H), 1.11
(t, J = 7.4 Hz, 3H). 3C NMR (151 MHz, Chloroform-d) & 146.36, 139.92, 126.09, 112.51,
44,02, 33.94, 31.91, 31.69, 20.45, 14.06. HRMS (EI-TOF) m/z calcd. for C14aH23N [(M*)™]:
205.1830; found: 205.1834

These data are in full agreement with those previously published in the literature.*

O\
/\/\N/©/

H
40

N-butyl-4-methoxyaniline. From n-butylamine (263.3 mg, 355.8 ul, 3.6 mmol, 3.0 equiv.),
7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) (367.8 mg, 344.7 pl, 2.4 mmol, 2.0
equiv.) and 4-bromoanisole (224.4 mg, 150.2 pl, 1.2 mmol, 1.0 equiv.) using 5 mol%
NiBr2-:3H.O (16.4 mg, 60 pmol,). Reaction time: 168 h. Purification with flash
chromatography (1. gradient 0-4% ethyl acetate in hexane; 2. Isocratic 4% ethyl acetate in
hexane) afforded the title compound (135.7 mg, 0.76 mmol, 63%) as a colourless oil.

'H NMR (600 MHz, Chloroform-d) & 6.79 (d, J = 8.9 Hz, 2H), 6.61 (d, J = 8.9 Hz, 2H), 3.75
(s, 3H), 3.57 (s, 1H), 3.07 (t, J = 7.1 Hz, 2H), 1.67 — 1.54 (m, 2H), 1.51 - 1.35 (m, 2H), 0.96
(t, J = 7.3 Hz, 3H). 3C NMR (151 MHz, Chloroform-d) § 152.24, 142.66, 115.01, 114.37,
55.95, 45.01, 31.82, 20.45, 14.06. HRMS (EI-TOF) m/z calcd. for C1:H17NO [(M*)™]:
179.1310; found: 179.1303

These data are in full agreement with those previously published in the literature.*?
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Copies of NMR spectra of isolated compounds
Copies of NMR spectra of isolated compounds are available in the Supporting Information
through the website of the Publisher. DOI: 10.1038/s41929-020-0473-6
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4.5 Supporting information

45.1 General remarks

General reagents, substrates and solvents were purchased and used as supplied from
Sigma-Aldrich (Merck KGaA), TCI, Alfa Aesar, Thermo Fisher Scientific, AmBeed,
Enamine and Lancaster. The CN-OA-m photocatalyst was produced by co-condensation of
urea and oxamide followed post-calcination in a molten salt according to a literature
procedure.r? For the thin layer chromatography (TLC) Merck TLC silica gel 60 Fass
plates were used. The compounds were visualized by using UV-light (254 nm/366 nm) or
basic aqueous potassium permanganate stain (2.5 g NaHCOs3, 0.67 g KMnOQOgs, 0.2 mL acetic
acid, 200 mL), followed by heating with a heat gun. Flash column chromatography was
used to purify crude products. The purification was performed using silica gel 60 M (particle
size 40-63 um/ 230-400 mesh) from Merck as stationary phase under excess pressure. *H-
NMR spectra were recorded on AV Il 300 MHz spectrometer from Bruker Physics in
chloroform-d; (CDCls). The chemical shift ¢ is indicated in parts per million (ppm) relative
to the internal standard trimethylsilane (6 = 0 ppm). The spectra were calibrated using the
residual proton signal of the solvent CDClIs at 7.26 ppm internal references.® The coupling
constants (J) are given in Hz. The following abbreviations were used to designate
multiplicities in the recorded spectra: s (singlet), d (doublet), t (triplett), q (quartet), quint
(quintet) and m (multiplet). *C-NMR spectra were recorded on AV-300 (75.5 MHz)
spectrometer from Bruker Physics in CDCls. The chemical shift ¢ is indicated in parts per
million (ppm) relative to the internal standard trimethylsilane (6 = 0 ppm). The spectra were
calibrated using the carbon signal of the solvent CDCls at 77.16 ppm.® For gas
chromatography (GC) an Agilent GC7890A system with FID-detector (heater 300 °C, Ha-
flow 28 mL/min, Air-flow 350 mL/min, makeup flow 25 mL/min; Date Rate/min peak width
50 Hz/0.004 min) was used. For general measurements a 30 m CP WAX 52CB column
(Varian) with 0.25 pm inner diameter was used. Heater was at 250 °C, 0.60 bar, gas saver
15 mL/min after 2 min. For determination of optical purities, a 25 m CP-ChiraSil-DEX CB
column (Agilent Technologies) with 0.0.32 um inner diameter was used. Heater was at
220 °C, 0.17 bar, gas saver 15 mL/min after 2 min. Optical rotation values were measured
on a Perkin Elmer Polarimeter 341. Transmission electron microscopy (TEM) was

performed on a CM200F EG (Philips) microscope, operated at 200 kV. Scanning electron
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microscopy (SEM) images were obtained on a LEO 1550-Gemini microscope. Energy-
dispersive X-ray (EDX) investigations were conducted on a Link 1SIS-300 system (Oxford

Microanalysis Group) equipped with a Si(Li) detector and an energy resolution of 133 eV.

4.5.2 Photoreactor Set Up for Initial Studies of the Oxidation of
Ethylbenzene using CN-OA-m

Experiments using blue light were carried out using a Kessil PR160-440 LED (Fig. 4.3).
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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Figure S4.1. Setup for blue light experiments (A); Emission spectra of the Kessil PR160-440 (B).

Experiments using green light were carried out using a Kessil PR160-525 LED (Fig. 4.4).
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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Figure S4.2. Setup for green light experiments (A). Emission spectra of the Kessil PR160-525 (B).

Photoreactor for Photo-Chemo-Enzymatic Reactions in Glass Vials

For reactions performed in crimp glass vials (1.5 mL, Merck, Fig. 4.5) a self-built
photoreactor (Fig. 4.6) was used. The glass vials were closed with crimp seals (Merck) and

placed in the photoreactor for irradiation.

Figure S4.3. Crimp glass vial (1.5 mL) used for biotransformations with CN-OA-m and UPO (total volume
1mL).
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Figure S4.4. Photoreactor used for the CN-OA-m/UPO system; A) Photoreactor off; B) Photoreactor on: The
reactor has four rows with six reactions slots (24 in total) for 1.5 mL glass vials. Every row has two LED stripes
(Lumitronix, PowerBar V3 LED-Modul Aluminium 12x Osram Oslon SSL LEDs) and every glass vial is
irradiated by two LED lamps. The LED stripes are interchangeable allowing to perform reactions at different
wavelengths (white light >450 nm, 405 nm, 455 nm, 470 nm, 528 nm, 590 nm). Temperature and light
intensity are independently adjustable for each LED row. Shaking was performed at 500 rpm.

The emission spectra and specification sheets of the LED lamps are given by the supplier.

GSK Photoreactor for Photo-Chemo-Enzymatic Reactions in Microwave Tubes

For reactions performed in microwave reaction vials (Biotage, Microwave Reaction Kit, 2-
10 mL) a photoreactor*® provided by GSK (electronics designed by Pacer Components Ltd.
Pangbourne, UK; housing machined by Rosper Engineering Co., Harlow, UK) was used
(Fig. 4.7). A stirring bar was added, the microwave reaction vials were closed with crimp
seals and placed in the photoreactor for irradiation. The emission spectra of the LED stripes
used for photochemoenzymatic reactions and the characterization of the photoreactor can be

found in the provided literature.*®
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Figure S4.5. Photoreactor used for the CN-OA-m/UPO system; A) Complete photoreactor unit with control
panel unit (left) and reactor and cooling unit (right); B) Reactor unit on a magnetic stirrer with microwave
reaction vials: The reactor has three slots for microwave reaction vials. A magnetic stirrer is used to stir the
reaction (500 rpm). The photoreactor is controlled by a control unit allowing to adjust the temperature, light
intensity (25-500 mA), and wavelength. Six different wavelengths can be used for reactions (365 nm, 385 nm,
405 nm, 420 nm, 455 nm and 528 nm).
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4.5.3 Expression of AaeUPO and ADH-A

Expression of AaeUPO

Expression, isolation and lyophilisation of AaeUPO were performed as described in

Reference.®
Expression and Purification of ADH-A

For the expression of ADH-A (ADH-A-pET21a-strep, internal number pEG518), LB-
medium (700 mL) containing the ampicillin (100 pg/mL) was inoculated in a 2 L baffled
flask with 1% Escherichia coli BL21(DE3)/pEG518. The culture was incubated at 30 °C
and 120 rpm until an ODeo Of 5 was reached. Then induction was performed by adding
IPTG (2 mM). Further incubation took place at 20 °C and 120 rpm for 24 h. Afterwards, the
cell suspension was centrifuged (5000 rpm, 20 min, 4 °C), the supernatant discarded, and
the pellets were resuspended in Tris buffer (15 mL, 50 mM TRIS/HCI, pH 7.5). The
suspension was centrifuged (8 °C, 4500 rpm, 20 min), the supernatant was discarded and the
pellet either lysed (50 mM Tris/HCI, 150 mM NaCl, 20 mM imidazole, pH 7.5) or shock
frozen in liquid nitrogen and stored at -20 °C till further use.

To purify the protein the harvested cells were resuspended in lysis buffer (10 mL/g pellet,
50 mM Tris/HCI, 150 mM NaCl, 20 mM imidazole, pH 7.5) and lysed on ice by sonication
(3%, 2 min 30 sec, 30% amplitude, 2.0 sec pulse on, 4.0 sec pulse off, 1 min pause, Digital
sonifier, Branson). The cell suspension was centrifuged (20 min, 18000 rpm, 4 °C) and the
clear slightly yellow cell free extract (CFE) was filtered (0.45 um syringe filter) and stored
on ice for protein purification.

The ADH-A bearing a strep-Tag were purified by strep-tactin affinity chromatography
(Strep-Tactin®@XT Superflow® Column, IBA) with gravity flow.

The purification was performed at 4 °C. The column was equilibrated with 2 CV buffer W
(200 mM Tris/HCI, 150 mM NaCl, pH 8) before the filtered CFE was loaded onto the
column and the flow through collected for SDS-PAGE-sample. The column was then 5x
washed with 1 CV buffer W. Then, the protein was eluted by applying 8x 0.5 CV Buffer
BXT (100 mM Tris/HCI, 150 mM NaCl, 50 mM biotin, pH 8). After finished elution the
column was regenerated with 4 CV 10 mM sodium hydroxide (NaOH). NaOH was removed

immediately by washing the column 2x with 4 CV Buffer W. The column was stored at 4 °C.
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To exchange the buffer a Sephadex G-25 PD10 desalting column (GE Healthcare) was
equilibrated with KP; buffer. The concentrated protein solution (2.5 mL) was loaded onto
the column and eluted with KP; buffer (exactly 3.5 mL). The final enzyme solution was

aliquoted and stored at -20 °C.
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4.5.4 Photocatalytic Oxidation of Ethylbenzene and rac-1-phenylethanol
using CN-OA-m with Different Wavelengths

Table S4.1. Photocatalytic reaction of ethylbenzene in the presence of CN-OA-m.

02 O
CN-OA-m (2 mg/mL)
’

©/\ H,0, 24 h
blue light / green light

Entryll additive light Ratio ethylbenzene: acetophenonel™
1 MeOH blue 11
2 MeOH green 1.0
3 - blue 0:1
4 - green 1:0

[a] Reaction conditions: ethylbenzene (180 pmol), 12 mg CN-OA-m in water (3 mL) or water and MeOH (1:1),
440 nm blue LED or 525 nm green LED (50% power) at 21 °C for 24 h; [b] Determined by 'H-NMR after
extraction of the entire reaction mixture with CDCls.

Table S4.2. Photocatalytic reaction of rac-1-phenylethanol in the presence of CN-OA.

OH o o]
2
CN-OA-m (2 mg/mL)
H,0, 24 h
blue light / green light
Entry additive light Ratio rac-1-phenylethanol: acetophenonel®
1 MeOH blue 1:0.19
2 MeOH green 1:traces
3 - blue 1:1.8
4 - green 1:0.05

[a] Reaction conditions: rac-1-phenylethanol (180 pmol), 12 mg CN-OA-m in water (3 mL) or water and
MeOH (1:1), 440 nm blue LED or 525 nm green LED (50% power) at 21 °C for 24 h. [b] Determined by *H-
NMR after extraction of the entire reaction mixture with CDCls.
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Table S4.3. Photocatalytic reaction of ethylbenzene in the presence of CN-OA-m in the photoreactor used for

photo-chemo-enzymatic reactions.

Oz o) OH
CN-OA-m (3 mg/mL)

> +
KPi (100 mM, pH 7.5),
24 h

blue light
Entry additive light acetophenone!® 1-phenylethanol®
1 MeOH blue 2.7 mM 0.3 mM

[a] Reaction conditions: ethylbenzene (10 mM), CN-OA-m (3 mg/mL), MeOH (1% v/v), KPi buffer (100 mM,
pH 7.5), LED 455 nm, 1998 pumol photons m2 s, 30 °C, 24 h. [b] GC yield.

4.5.5 ADH-A Catalysed Reduction of Acetophenone under the Presence of
Hydrogen Peroxide

Table S4.4. ADH-A catalysed reduction of acetophenone in the presence of hydrogen peroxide.

1. ADH-A (17.5 pg/mL), H,0, (0-10 mM)

O KPi buffer (100 mM, pH 7.5), OH
30 min, 30 °C z
>
2. NAD" (0.1 mM), iPrOH (0.2 M), ©/\
acetophenone (10 mM).
10 mM 30°C, 16 h
Entry[a] CH202 Cl—phenylethanol[b] eeldl
1 10 8.9 mM >99% (S)
2 2 8.7 mM >99% (S)
3 0 9.0 mM >99% (S)

[a] Reaction conditions: 1) H20- (0, 2, 10 mM), ADH-A (17.5 pg/mL), KPi buffer (100 mM, pH 7.5), 30 °C,
30 min; 2) acetophenone (10 mM), NAD* (0.1 mM), iPrOH (0.2 M), KPi buffer (100 mM, pH 7.5), 30 °C,
16 h; [b] GC vyield; [c] Determined by GC.
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4.5.6 Experimental Procedures

Experimental Procedure for the Synthesis of Racemic Reference Compounds

The respective ketone (1.0 eq) was dissolved in EtOH (10 mL). Then the solution was cooled
to 0 °C with an ice water bath and sodium borohydride (1.5 eq) was added in one portion.
The reaction was stirred for 10 min at 0 °C. Afterwards, the ice water bath was removed,
and the reaction was stirred for 50 min at rt (the product formation was monitored by TLC).
After complete consumption of the starting material the reaction was cooled to 0 °C with an
ice water bath. Then water (3 mL) was added dropwise over 3 min followed by a dropwise
addition of hydrochloric acid (37 wt.%, 3 mL) over 3 min. The ice water bath was removed,
the reaction was stirred for 10 min at 21 °C and brine (10 mL) was added. The reaction was
extracted with EtOAc (3x10 mL), the combined organic phases were dried over Na,SO4 and
the solvent was removed under reduced pressure. The obtained crude product was purified
by flash column chromatography.

rac-1-(3,5-difluorophenyl)ethan-1-ol

OH Batch: 1-ethyl-3,5-difluorobenzene (104 mg, 0.67 mmol, 1.0 eq) and

F sodium borohydride (37.8 mg, 1.0 mmol, 1.5eq). The obtained crude
product was purified via flash column chromatography
E (cyclohexane/EtOAcC 8/1 to 4/1) to give 4 as a colourless oil (98.0 mg,

4 0.62 mmol, 93%).

Rt = 0.30 (cyclohexane/EtOAc 4/1); *H NMR (300 MHz, CDCl3) 6 6.9 (qt, J = 6.7, 2.2 Hz,
2H), 6.69 (tt, J = 8.9, 2.3 Hz, 1H), 4.88 (q, J = 6.5 Hz, 1H), 1.47 (d, J = 6.5 Hz, 3H) ppm;
13C NMR (75 MHz, CDCl3) & 164.9 (d, J = 12.6 Hz), 161.6 (d, J = 12.6 Hz), 150.1 (t, J =
8.2 Hz), 108.3 (d, J = 25.1 Hz), 108.3 (d, J = 9.3 Hz), 102.7 (t, J = 25.4 Hz), 69.6, 25.4 ppm.®

255



Supporting Information - Chapter 4
rac-1-(2-bromophenyl)ethan-1-ol

Br OH Batch: 1-bromo-2-ethylbenzene (162 mg, 0.82 mmol, 1.0 eq) and sodium
borohydride (46.3 mg, 1.22 mmol, 1.5 eq). The obtained crude product was
purified via flash column chromatography (cyclohexane/EtOAc 8/1 to 4/1) to

5 give 5 as a colourless oil (153 mg, 0.77 mmol, 94%).

Rt = 0.13 (cyclohexane/EtOAc 4/1); 'H NMR (300 MHz, CDCl3) & 7.59 (dd, J = 7.8, 1.5
Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 7.34 (t, J = 7.5 Hz, 1H), 7.12 (td, J = 7.7, 1.6 Hz, 1H),
5.24 (q, J = 6.4 Hz, 1H), 1.48 (d, J = 6.4 Hz, 3H) ppm; 13C NMR (75 MHz, CDCls)  144.7,
132.8,128.8, 128.0, 126.8, 121.9, 69.3, 23.7 ppm.’

rac-1-(4-(1-hydroxyethyl)phenyl)ethan-1-one

OH Batch: 1-(4-ethylphenyl)ethan-1-one (200 mg, 1.23 mmol, 1.0 eq) and
sodium borohydride (23.3 mg, 0.62 mmol, 0.5 eq). The obtained crude
product was purified via flash column chromatography

o) 6 (cyclohexane/EtOAC 7/1 to 3/1) to give 6 as a colourless oil (90.0 mg,
0.0.55 mmol, 89%).

Rf = 0.30 (cyclohexane/EtOAc 4/1); 'H NMR (300 MHz, CDCl3) § 7.91 (d, J = 8.3 Hz, 2H),
7.44 (d, J = 8.3 Hz, 2H), 4.95 (q, J = 6.5 Hz, 1H), 2.57 (s, 3H), 1.49 (d, J = 6.5 Hz, 3H)
ppm;2 3C NMR (75 MHz, CDCl3) § 198.1, 151.4, 136.3, 128.7, 125.6, 77.2, 26.8, 25.4 ppm.

Experimental Procedure for Photo-Chemo-Enzymatic Hydroxylations

General Procedure for Photo-Chemo-Enzymatic Hydroxylations with CN-OA-m and
UPO in Glass Vials

A crimp glass vial (1.5 mL) was charged with CN-OA-m (2.0 mg, 2.0 mg/mL) and five glass
beads (1.0 mm, Merck). Then tricine buffer (840 pL, 100 mM, pH 7.5) was added and the
mixture was sonicated in an ultrasonic bath (5 s) to ensure a fine distribution of the CN-OA-
m. Then the substrate (10 mM, 10 umol) dissolved in MeOH (1 M stock solution, 10.0 pL
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were used) and the AaeUPO (150 uL, 2.2 U/mg, 25 nM) from a stock solution (6 mg/mL
AaeUPO in tricine buffer 6 mg/mL) were added. The crimp vial was sealed, and the glass
vial was irradiated in the photoreactor (528 nm, 1330 pmol photons m s%) for 24 h at 30 °C
and 500 rpm. Afterwards, the reaction was extracted with EtOAc (1x 400 pL and 1x 400uL
+ 10 mM 1-octanol) and the combined organic phases were dried over Na>SQO4. The extracts
were analyzed by GC.

For isolation and purification of the product 10-20 glass vial reactions were combined. The
combined reactions were extracted with EtOAc (2x12 mL), the combined organic phase was
dried over Na>SO4 and the solvent was removed under reduced pressure. The obtained crude
product was purified via flash column chromatography.

(R)-1-phenylethan-1-ol

OH Substrate: ethylbenzene (10 mM, 10 uM). The obtained crude product was
: purified via flash column chromatography (cyclohexane/EtOAc 7/1 to 4/1) to
©/\ give 2a as a colourless oil (9.3 mg, 78.0 umol, 25%).

2a
Rf = 0.40 (cyclohexane/EtOAc 4/1); *H NMR (300 MHz, CDCls) § 7.42—

7.24 (m, 5H), 4.90 (g, J = 6.5 Hz, 1H), 1.50 (d, J = 6.5 Hz, 3H) ppm,*1° e.e.= 99%.

(R)-1-(o-tolyl)ethan-1-ol

OH Substrate: 1-ethyl-2-methylbenzene (10 mM, 10 uM). The obtained crude
: product was purified via flash column chromatography (cyclohexane/EtOAC
7/1 to 4/1) to give 2b as a colourless oil (10.2 mg, 75.0 umol, 36%).

2b
Rf = 0.32 (cyclohexane/EtOAc 4/1); *H NMR (300 MHz, CDCls) § 7.56—

7.49 (M, 1H), 7.29-7.11 (m, 3H), 5.14 (g, J = 6.4 Hz, 1H), 2.35 (s, 3H), 1.47 (d, J = 6.4 Hz,
3H) ppm,! e.e.= 98%.
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(R)-1-(m-tolyl)ethan-1-ol

OH  Substrate: 1-ethyl-3-methylbenzene (10 mM, 10 uM). The obtained crude

: product was purified via flash column  chromatography

\©/\ (cyclohexane/EtOAc 7/1 to 4/1) to give 2c as a colourless oil (1.6 mg,
2c 11.7 pmol, 4.9%).

Rf = 0.35 (cyclohexane/EtOAc 4/1); *H NMR (300 MHz, CDCls) § 7.28-7.14 (m, 1H), 7.09
(d,J=7.3Hz, 3H), 4.87 (g, J = 6.5 Hz, 3H), 2.36 (s, 9H), 1.49 (d, J = 6.5 Hz, 9H) ppm,10
e.e.= 98%.

(R)-1-(p-tolyl)ethan-1-ol

OH  Substrate: 1-ethyl-4-methylbenzene (10 mM, 10 uM). The obtained

: crude product was purified via flash column chromatography
(cyclohexane/EtOAc 7/1 to 4/1) to give 2d as a colourless oil (2.1 mg,
2d 17.5 umol, 8.3%).

Rf = 0.35 (cyclohexane/EtOAc 4/1); *H NMR (300 MHz, CDCls3) 6 7.29 (s, 5H), 7.16 (d, J
=7.9 Hz, 2H), 4.88 (q, J = 6.4 Hz, 1H), 2.35 (s, 3H), 1.49 (d, J = 6.4 Hz, 3H) ppm,*e.e.=
98%.

2-phenylpropan-2-ol

OH Substrate: cumene (10 mM, 10 uM). The obtained crude product was
purified via flash column chromatography (cyclohexane/EtOAc 7/1 to 4/1)

to give 2e as a colourless oil (7.0 mg, 51.0 umol, 25.0%).
2e

Rf = 0.34 (cyclohexane/EtOAc 5/1); 'H NMR (300 MHz, CDCls) § § 7.53-7.47 (m, 1H),
7.35(t, J = 7.5 Hz, 1H), 7.28-7.21 (m, 1H), 1.59 (s, 3H) ppm.*2
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(R)-1-(3,5-difluorophenyl)ethan-1-ol

F : Substrate: 1-ethyl-3,5-difluorobenzene (10 mM, 10 pM). The obtained
crude product was purified via flash column chromatography
(cyclohexane/EtOAc 7/1 to 4/1) to give 2f as a colourless oil (10.1 mg,

64.0 pmol, 30%).
of H )

Rf=0.26 (cyclohexane/EtOAc 5/1); *H NMR (300 MHz, CDCl3) § 6.93—
6.83 (m, 2H), 6.73-6.66 (m, 1H), 4.88 (q, J = 6.5 Hz, 1H), 1.48 (d, J = 6.5 Hz, 3H) ppm,
e.e.= 98%.

(R)-1-(4-bromophenyl)ethan-1-ol

OH Substrate: 1-bromo-4-ethylbenzene (10 mM, 10 uM). The obtained

. crude product was purified via flash column chromatography

Br/©/\ (cyclohexane/EtOAcC 7/1 to 4/1) to give 2g as a colourless oil (5.1 mg,
29 25.4 umol, 11%).

R¢=0.32 (cyclohexane/EtOAc 4/1); *H NMR (300 MHz, CDCl3) 6 7.47 (d, J = 8.4 Hz, 2H),
7.24 (d, J = 6.7 Hz, 2H), 4.86 (g, J = 6.4 Hz, 1H), 1.47 (d, J = 6.5 Hz, 3H) ppm,” e.e.= 98%.

(R)-1-(2-bromophenyl)ethan-1-ol

Br OH Substrate: 1-bromo-2-ethylbenzene (10 mM, 10 uM). The obtained crude
: product was purified via flash column chromatography (cyclohexane/EtOAC
7/1 to 4/1) to give 2h as a colourless oil (2.1 mg, 10.0 pmol, 5.0%).

2h
Rf = 0.46 (cyclohexane/EtOAc 4/1); *H NMR (300 MHz, CDCl3) § 7.60 (dd,

J=78,15Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 7.35 (t, J = 7.2 Hz, 1H), 7.13 (td, J = 7.7, 1.6
Hz, 1H), 5.25 (g, J = 6.4 Hz, 1H), 1.49 (d, J = 6.4 Hz, 3H) ppm,’ e.e.= 98%.
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(R)-1-(4-(1-hydroxyethyl)phenyl)ethan-1-one

OH Substrate: 1-(4-ethylphenyl)ethan-1-one (10 mM, 10 uM). The
: obtained crude product was purified via flash column chromatography
(cyclohexane/EtOAc 6/1 to 4/1) to give 2i as a colourless solid

O 2 (10.5 mg, 64.0 umol, 30.5%).

Rf=0.13 (cyclohexane/EtOAc 4/1); H NMR (300 MHz, CDCl3) § 7.93 (d, J = 8.2 Hz, 2H),
7.46 (d, J = 8.3 Hz, 2H), 4.96 (g, J = 6.5 Hz, 1H), 2.59 (s, 3H), 1.50 (d, J = 6.5 Hz, 3H)
ppm,® optical rotation: [a]p? = +49.7 (CHCls, ¢ = 1.00), lit.: [a]o® = +41.7 (CHCI3, ¢ =
0.69);%2 [a]p?® = -42.6 (CHClIs, ¢ = 1.00, S-enantiomer);* e.e.= 99%.

(R)-1-(4-(1-hydroxyethyl)phenyl)propan-1-one

OH Substrate: 1-(4-ethylphenyl)propan-1-one (10 mM, 10 uM). The
obtained crude product was purified via flash column
chromatography (cyclohexane/EtOAc 6/1 to 3/1) to give 2j as a
colourless solid (9.80 mg, 54.9 umol, 26.1%).

Rf = 0.3 (cyclohexane/EtOAc 4/1); 'H NMR (300 MHz, CDCl3) 6 7.94 (d, J = 8.3 Hz, 2H),
7.46 (d, J = 8.3 Hz, 2H), 4.96 (q, J = 6.5 Hz, 1H), 2.99 (g, J = 7.2 Hz, 2H), 1.50 (d, J = 6.5
Hz, 3H), 1.22 (t, J = 7.3 Hz, 3H) ppm; optical rotation: [a]p®® = +41.9 (CHCls, ¢ = 0.92),
e.e.= 98%.

General Procedure for Photo-Chemo-Enzymatic Cascade Reactions with CN-OA-m
and ADH.

A crimp glass vial (1.5 mL) was charged with CN-OA-m (3.0 mg, 3.0 mg/mL) and five glass
beads (1.0 mm, Merck). Then phosphate buffer (990 pL, 100 mM, pH 7.5) was added and
the mixture was sonicated in an ultrasonic bath (5 s) to ensure a fine distribution of the CN-
OA-m. Then the substrate (10 mM, 10 umol) dissolved in MeOH (1 M stock solution,
10.0 pL were used) was added, the crimp vial was sealed and the glass vial was irradiated in
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the photoreactor (455 nm, 1998 umol photons m2s?) for 24 h at 30 °C and 500 rpm.
Afterwards, the reaction was transferred to an Eppendorf tube (1.5 mL). Then isopropanol
(15 pL, 194 pmol), NAD" (0.25 mg, 0.38 umol) and ADH A (10 pL, 0.018 pg, stock:
1.75 pg/mL, 46 U/mg) were added and the reaction was incubated for 24 h at 30 °C and
600 rpm. Subsequently, the reaction was extracted with EtOAc (1x400 pL and 1x400uL +
10 mM 1-octanol) and the combined organic phases were dried over Na;SOs. The extracts

were analysed by GC.

Photocatalytic Oxidation of Ethylbenzene with CN-OA-m in the Photoreactor for
Photo-Chemo-Enzymatic Reactions

A crimp glass vial (1.5 mL) was charged with CN-OA-m (3.0 mg, 3.0 mg/mL) and five glass
beads (1.0 mm, Merck). Then phosphate buffer (990 uL, 100 mM, pH 7.5) was added and
the mixture was sonicated in an ultrasonic bath (5 s) to ensure a fine distribution of the CN-
OA-m. Then the substrate (10 mM, 10 umol) dissolved in MeOH (1 M stock solution,
10.0 pL were used) was added, the crimp vial was sealed and the glass vial was irradiated in
the photoreactor (455 nm, 1998 pmol photons m2s?) for 24 h at 30 °C and 500 rpm.
Subsequently, the reaction was extracted with EtOAc (1x400 pL and 1x400uL + 10 mM
1-octanol) and the combined organic phases were dried over Na.SO4. The extracts were
analysed by GC.

ADH-A Catalysed Reduction of Acetophenone in the Presence of Hydrogen Peroxide

ADH-A (15 pL, 17.5 pg/mL) was added to phosphate buffer (100 mM, pH 7.5) containing
hydrogen peroxide (0, 2 or 10 mM). The solution was incubated in a thermo shaker (30 min,
30 °C, 600 rpm). Afterwards, isopropanol (15 pL, 194 umol), NAD" (0.25 mg, 0.38 umol)
and acetophenone (1.17 pL, 10 mM) were added and the reaction was incubated for 16 h at
30 °C and 600 rpm. Subsequently, the reaction was extracted with EtOAc (1x400 uL and
1x400pL + 10 mM 1-octanol) and the combined organic phases were dried over NaxSOa.

The extracts were analysed by GC.
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4.5.7 GC Analytics

Table S4.5. Information about the GC measurements.

Substrate

X

ethylbenzene

Q

1-ethyl-2-methylbenzene

9

1-ethyl-3-methylbenzene

3

1-ethyl-4-methylbenzene

Columnt

Quantification:
Column A

Enantiomeric excess:

Column B

Quantification:

Column A

Enantiomeric excess:

Column B

Quantification:

Column A

Enantiomeric excess:

Column B

Quantification:

Column A

Enantiomeric excess:

Column B

Quantification:

Column A
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Retention time Tr/[mMin]

Quantification:
ethylbenzene 1.79
acetophenone 5.95
1-phenylethanol 6.72

Enantiomeric excess:
(R)-1-phenylethanol 8.96
(S)-1-phenylethanol 9.40

Quantification:
1-ethyl-2-methylbenzene 2.66
1-(o-tolyl)ethan-1-one 6.13
1-(o-tolyl)ethan-1-ol 7.72
(2-ethylphenyl)methanol 8.58

Enantiomeric excess:
(R)-1-(o-tolyl)ethan-1-ol 13.01
(S)-1-(o-tolyl)ethan-1-ol 13.92

Quantification:
1-ethyl-2-methylbenzene 2.37
1-(m-tolyl)ethan-1-one 6.74
1-(m-tolyl)ethan-1-ol 7.45
(3-ethylphenyl)methanol 8.54

Enantiomeric excess:
(R)-1-(m-tolyl)ethan-1-ol 12.00
(S)-1-(m-tolyl)ethan-1-ol 12.28

Quantification:
1-ethyl-2-methylbenzene 2.36
1-(p-tolyl)ethan-1-one 6.70
1-(p-tolyl)ethan-1-ol 7.46
(4-ethylphenyl)methanol 8.56

Enantiomeric excess:

(R)-1-(p-tolyl)ethan-1-ol 11.46
(S)-1-(p-tolyl)ethan-1-ol 11.99

Quantification:
1-ethyl-3,5-difluorobenzene 1.85
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Temperature program

Quantification:
70 °C hold 2 min, 20 °C/min to 140 °C hold 1 min,
20 °C/min to 250 °C hold 2.5 min.

Enantiomeric excess:
70 °C hold 0.5 min, 20 °C/min to 120 °C hold 8 min,
20 °C/min to 180 °C hold 1 min.

Quantification:

70 °C hold 2 min, 20 °C/min to 140 °C hold 1 min,
20 °C/min to 200 °C hold 4 min, 10 °C/min to 210 °C
hold 4 min, 20 °C/min to 250 °C hold 2 min.

Enantiomeric excess:

70 °C hold 0.5 min, 20 °C/min to 120 °C hold 8 min,
20 °C/min to 140 °C hold 3 min, 20 °C/min to 160 °C
hold 3 min, 20 °C/min to 180 °C hold 3 min.

Quantification:

70 °C hold 0.5 min, 20 °C/min to 120 °C hold 1 min,
20 °C/min to 200 °C hold 4 min, 10 °C/min to 210 °C
hold 4 min, 20 °C/min to 250 °C hold 2 min.

Enantiomeric excess:

70 °C hold 0.5 min, 20 °C/min to 120 °C hold 8 min,
20 °C/min to 140 °C hold 3 min, 20 °C/min to 160 °C
hold 3 min, 20 °C/min to 180 °C hold 3 min.

Quantification:

70 °C hold 2 min, 20 °C/min to 140 °C hold 1 min,
20 °C/min to 200 °C hold 4 min, 10 °C/min to 210 °C
hold 4 min, 20 °C/min to 250 °C hold 2 min.

Enantiomeric excess:

70 °C hold 0.5 min, 20 °C/min to 120 °C hold 8 min,
20 °C/min to 140 °C hold 3 min, 20 °C/min to 160 °C
hold 3 min, 20 °C/min to 180 °C hold 3 min.

Quantification:
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F

1-ethyl-3,5-difluorobenzene

Substrate

cumene

Br

1-bromo-4-ethylbenzen

1-bromo-2-ethylbenzen

O
1-(4-ethylphenyl)ethan-1-one

Enantiomeric excess:

Column B

Column(&

Quantification:

Column A

Quantification:

Column A

Enantiomeric excess:

Column B

Quantification:

Column A

Enantiomeric excess:

Column B

Quantification:

Column A

Enantiomeric excess:

Column B

1-(3,5-difluorophenyl)ethan-1-one
5.15
1-(3,5-difluorophenyl)ethan-1-ol 7.08

Enantiomeric excess:
(R)-1-(3,5-difluorophenyl)ethan-1-ol
13.70
(S)-1-(3,5-difluorophenyl)ethan-1-ol
14.01

Retention time Tr/[min]

Quantification:
cumene 1.92
2-phenylpropan-2-ol 6.31

Quantification:
1-bromo-4-ethylbenzen 4.88
1-(4-bromophenyl)ethan-1-one 8.94
1-(4-bromophenyl)ethan-1-ol 9.95

Enantiomeric excess:
(R)-1-(4-bromophenyl)ethan-1-ol
13.03
(S)-1-(4-bromophenyl)ethan-1-ol
13.41

Quantification:
1-bromo-2-ethylbenzen 4.62
1-(2-bromophenyl)ethan-1-one 8.46
1-(2-bromophenyl)ethan-1-ol 9.44

Enantiomeric excess:
(R)-1-(2-bromophenyl)ethan-1-ol
12.45
(S)-1-(2-bromophenyl)ethan-1-ol
13.46

Quantification:
1-(4-ethylphenyl)ethan-1-one 7.63
1,1'-(1,4-phenylene)bis(ethan-1-one)
11.14
1-(4-(1-hydroxyethyl)phenyl)ethan-1-
one 12.84

Enantiomeric excess:
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70 °C hold 2 min, 20 °C/min to 140 °C hold 1 min,
20 °C/min to 200 °C hold 4 min, 10 °C/min to 210 °C
hold 4 min, 20 °C/min to 250 °C hold 2 min.

Enantiomeric excess:

70 °C hold 0.5 min, 20 °C/min to 110 °C hold 6 min,
10 °C/min to 115 °C hold 4 min, 10 °C/min to 120 °C
hold 3 min, 20 °C/min to 180 °C hold 1 min.

Temperature program

Quantification:
70 °C hold 2 min, 20 °C/min to 140 °C hold 1 min,
20 °C/min to 250 °C hold 2.5 min.

Quantification:

70 °C hold 2 min, 20 °C/min to 140 °C hold 1 min,
20 °C/min to 200 °C hold 4 min, 10 °C/min to 210 °C
hold 4 min, 20 °C/min to 250 °C hold 2 min.

Enantiomeric excess:

70 °C hold 0.5 min, 20 °C/min to 140 °C hold 6 min,
20 °C/min to 160 °C hold 6 min, 20 °C/min to 180 °C
hold 1 min.

Quantification:

70 °C hold 2 min, 20 °C/min to 140 °C hold 1 min,
20 °C/min to 200 °C hold 4 min, 10 °C/min to 210 °C
hold 4 min, 20 °C/min to 250 °C hold 2 min.

Enantiomeric excess:

70 °C hold 0.5 min, 20 °C/min to 140 °C hold 6 min,
20 °C/min to 160 °C hold 6 min, 20 °C/min to 180 °C
hold 1 min.

Quantification:

70 °C hold 2 min, 20 °C/min to 140 °C hold 1 min,
20 °C/min to 200 °C hold 4 min, 10 °C/min to 210 °C
hold 4 min, 20 °C/min to 250 °C hold 2 min.

Enantiomeric excess:

70 °C hold 0.5 min, 20 °C/min to 120 °C hold 8 min,
20 °C/min to 140 °C hold 3 min, 20 °C/min to 160 °C
hold 3 min, 20 °C/min to 180 °C hold 3 min.



Quantification:

Column A

O Enantiomeric excess:

1-(4-ethylphenyl)propan-1-one Column B
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(R)-1-(4-(1-
hydroxyethyl)phenyl)ethan-1-one
21.34

(9)-1-(4-(1-
hydroxyethyl)phenyl)ethan-1-one
21.55

Quantification:
1-(4-ethylphenyl)propan-1-one 8.07
1-(4-acetylphenyl)propan-1-one 11.67
1-(4-(1-hydroxyethyl)phenyl)propan-
1-one 13.55

Enantiomeric excess:

(R)-1-(4-(1-
hydroxyethyl)phenyl)propan-1-one
22.98

(S)-1-(4-(1-
hydroxyethyl)phenyl)propan-1-one
23.21*

Quantification:

70 °C hold 2 min, 20 °C/min to 140 °C hold 1 min,
20 °C/min to 200 °C hold 4 min, 10 °C/min to 210 °C
hold 4 min, 20 °C/min to 250 °C hold 2 min.

Enantiomeric excess:

70 °C hold 0.5 min, 20 °C/min to 120 °C hold 8 min,
20 °C/min to 140 °C hold 3 min, 20 °C/min to 160 °C
hold 3 min, 20°C/min to 180°C hold 6 min,
20 °C/min to 200 °C hold 3 min.

[a] Column A CP WAX 52CB; column B CP-ChiraSil-DEX CB; *no reference material for the (S)-enantiomer; 5 mM 1-octanol

were used as internal standard.
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4.5.8 Additional Experiments

Influence of the MeOH Concentration

I acetophenone

1032 029 0.29 (25 B 1-phenylethanol

51 0.19

0 025 05 1 3 5 10 15 20
methanol amount/[v/v%]

Figure S4.6. Influence of the MeOH concentration on the photoenzymatic hydroxylation of ethylbenzene;

reaction conditions: AaeUPO (25 nm), ethylbenzene (10 mM), CN-OA-m (2.0 mg/mL), MeOH (0-20% v/v),
tricine buffer (100 mM, pH 7.5), 528 nm (1330 pmol photons m2 s1), 30 °C, 24 h.

Influence of the Enzyme Concentration

7 -
I acetophenone
0.28 I 1-phenylethanol
6 0.25 0.25 0.26
5 -

0.24

15 12 0.9 0.6 0.3 0.15
enzyme concentration/[mg/mL]

Figure S4.7. Influence of the enzyme concentration on the photoenzymatic hydroxylation of ethylbenzene;
reaction conditions: AaeUPO (1.5-0.15 mg/mL), ethylbenzene (10 mM), CN-OA-m (2.0 mg/mL), MeOH (250
mM), tricine buffer (100 mM, pH 7.5), 528 nm (1330 pmol photons m?2 s), 30 °C, 24 h.
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Influence of the Amount of CN-OA-m

Il acetophenone

[ 1-phenylethanol
0.21 0.26

1 2 5
catalyst amount/[mg/mL]

Figure S4.8. Influence of the CN-OA-m concentration on the photoenzymatic hydroxylation of ethylbenzene;
reaction conditions: AaeUPO (25 nM), ethylbenzene (10 mM), CN-OA-m (1.0-5.0 g/mL), MeOH (250 mM),
tricine buffer (100 mM, pH 7.5), 528 nm (1330 pmol photons m?2s?), 30 °C, 24 h.

Influence of the Light Intensity

7 I =cetophneone
6 | o0.24 0.25 I 1-phenylethanol
] 0.26 0.26
5 -
S 4
é 4
S 34
2
14
0-
488 1330 1998 >2000

light intensity/[ummol photon m? s]

Figure S4.9. Influence of the light intensity on the photoenzymatic hydroxylation of ethylbenzene; reaction
conditions: AaeUPO (25 nM), ethylbenzene (10 mM), CN-OA-m (2.0 mg/mL), MeOH (250 mM), tricine
buffer (100 mM, pH 7.5), 528 nm (488->2000 umol photons m2 s?), 30 °C, 24 h.
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AaeUPO Stability under Different Wavelengths

I acetophenone
[ 1-phenylethanol
5 -
4
0.18
=
£.31
O
2 -
1 -
0 -
1 2

conditions

Figure S4.10. Influence of the wavelength on the photoenzymatic hydroxylation of ethylbenzene; 1)
Incubation of AaeUPO in tricine buffer at 528 nm for 1 h (without substrate); 2) Incubation of AaeUPO in
tricine buffer at 455 nm for 1 h (without substrate); After pre-incubation, ethylbenzene (10 mM) was added
and the reactions were incubated at 528 nm for further 24 h; reaction conditions: AaeUPO (25 nM),

ethylbenzene (10 mM), CN-OA-m (2.0 mg/mL), MeOH (250 mM), tricine buffer (100 mM, pH 7.5), 528 nm
(1330 pumol photons m2 s), 30 °C, 24 h.

Reuse of CN-OA-m

I acetophenone
[ 1-phenylethanol
0.2 0.19

fresh CN-OA-m reused CN-OA-m
conditions

Figure S4.11. Influence of reused CN-OA-m on the photoenzymatic hydroxylation of ethylbenzene; reaction

conditions: AaeUPO (25 nM), ethylbenzene (10 mM), CN-OA-m (2.0 mg/mL), MeOH (250 mM), tricine
buffer (100 mM, pH 7.5), 528 nm (1330 pumol photons m?s), 30 °C, 24 h.
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4.5.9 Comparison of CN-OA-m before and after the Photo-Chemo-
Enzymatic Reaction with AaeUPO

Table S4.6. EDX elemental composition acquired from new and recovered CN-OA-m.

Sample % wiw N % wiw C %wwO  %wwK  %w/wFe
CN-OA-m 45.91 38.47 5.64 9.51 0.01
CN-OA-m recovered 57.34 30.97 7.94 1.91 0.03

The SEM, as well as the TEM images, show the same morphology and no altering during
the catalytic transformation

Figure S4.13. a) TEM images of CN-OA-m new; b) recovered CN-OA-m.
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DNA and Protein Sequences

5-
catatgGCCAGCTGGAGTCATCCGCAGTTTGAAAAAGGCGCCGAGTTTATGAAAGCAGTGCAGTAT
ACCGAAATTGGCAGTGAACCGGTTGTTGTTGATATTCCGACCCCGACCCCGGGCCCGGGTGAAA
TTCTGCTGAAAGTGACCGCAGCAGGCCTGTGCCATAGTGATATTTTTGTGATGGATATGCCGGC
AGCACAGTATGCATACGGTCTGCCGCTGACCCTGGGTCATGAAGGTGTGGGTACCGTTGCCGAA
CTGGGCGAAGGTGTGACCGGTTTTGGTGTGGGTGACGCCGTTGCAGTTTATGGCCCGTGGGGCT
GCGGTGCATGTCATGCATGCGCACGCGGCCGCGAAAATTATTGTACCCGTGCAGCAGATCTGGG
TATTACCCCGCCGGGCCTGGGCAGCCCTGGTAGCATGGCTGAATATATGATTGTTGATAGCGCC
CGTCATCTGGTTCCGATTGGCGATCTGGATCCGGTGGCCGCCGCCCCTCTGACAGATGCTGGTCT
GACCCCGTATCATGCAATTAGCCGTGTTCTGCCGCTGCTGGGTCCGGGTAGCACCGCAGTGGTT
ATTGGTGTTGGTGGCCTGGGTCATGTTGGTATTCAGATTCTGCGTGCCGTGAGTGCCGCACGCGT
GATTGCCGTGGATCTGGATGATGATCGTCTGGCCCTGGCCCGTGAAGTTGGTGCCGATGCAGCC
GTTAAAAGTGGTGCAGGCGCCGCCGATGCAATTCGTGAACTGACCGGTGGTCAGGGCGCAACC
GCCGTTTTTGATTTTGTTGGCGCACAGAGCACCATTGATACCGCACAGCAGGTTGTTGCCGTGG
ATGGTCATATTAGCGTGGTTGGCATTCATGCAGGCGCCCATGCCAAAGTTGGTTTCTTTATGATT
CCGTTTGGTGCAAGCGTTGTGACCCCGTATTGGGGTACCCGTAGCGAACTGATGGAAGTTGTGG
CACTGGCACGTGCCGGTCGTCTGGATATTCATACCGAAACCTTTACCCTGGATGAAGGCCCGGC
CGCATATCGCCGCCTGCGTGAAGGTAGTATTCGCGGTCGTGGCGTGGTTGTTCCGTAACtcgag-3”

DNA sequence of ADH-A with strep-tag sequence and restriction sites (Ndel and Xhol).

HMASWSHPQFEKGAEFMKAVQYTEIGSEPVVVDIPTPTPGPGEILLKVTAAGLCHSDIFVMDMPAA
QYAYGLPLTLGHEGVGTVAELGEGVTGFGVGDAVAVYGPWGCGACHACARGRENYCTRAADLGI
TPPGLGSPGSMAEYMIVDSARHLVPIGDLDPVAAAPLTDAGLTPYHAISRVLPLLGPGSTAVVIGVG
GLGHVGIQILRAVSAARVIAVDLDDDRLALAREVGADAAVKSGAGAADAIRELTGGQGATAVFDF
VGAQSTIDTAQQVVAVDGHISVVGIHAGAHAKVGFFMIPFGASVVTPYWGTRSELMEVVALARAG
RLDIHTETFTLDEGPAAYRRLREGSIRGRGVVVP-

Protein sequence of ADH-A and fused strep-tag (yellow).

Copies of GC chromatogram of the isolated and purified compounds
Copies of GC chromatogram of the isolated and purified compounds are available in the
Supporting Information through the website of the Publisher. DOI: 10.1002/anie.202100164
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cross couplings using the full visible-light spectrum
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5.5 Supporting information

5.5.1 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 um, 60A; Acros) were used.
2,2’-Bipyridine-4,4’-diphosphonic acid,! 4,4'-di(p-carboxyphenyl)-2,2'-bipyridine,? N-tert-
butylisopropylamine (BIPA),®> and 1-((trimethylsilyl)methyl)piperidine* were prepared
according to literature procedures. LED lamps for photocatalytic experiments were
purchased from Kessil Lightning °. *H-, *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, g = 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/UVa2s4 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 pm 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
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210 plus from Analytik Jena. Fluorescence measurements were performed with a Fluoromax

4 from Horiba.

5.5.1.1 440 nm setup

Experiments using blue light were carried out using a Kessil PR160-440 LED (Figure S5.1).

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

Figure S5.1A in the manuscript)
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Figure S5.1. Setup for blue light experiments (A). Emission spectra of the Kessil PR160-440 (B)
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5.5.1.2 525 nm setup

Experiments using green light were carried out using a Kessil PR160-525 LED (Figure
S5.2). 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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Figure S5.2. Setup for green light experiments (A). Emission spectra of the Kessil PR160-525 (B).
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5.5.1.3 666 nm setup

Experiments using red light were carried out using a Kessil H160 Tuna Flora LED in “red”
mode (Figure S5.3). 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.
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Figure S5.3. A Setup for red light experiments (A). Emission spectra of the Kessil H160 Tuna Flora LED in
“red” mode (B).
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5.5.2 Ex situ preparation and characterization of DSMPs

General experimental procedure for the ex situ preparation of DSMPs. TiO, Aeroxide
P25 (30 mg) was dispersed in 3 mL DMSO and sonicated for 5 min. The respective dye (2.4
pmol), NiCl26H20 (19.0 pmol) and 2,2'-bipyridine-4,4'-dicarboxylic acid (dcbpy, 19.0
pmol) 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.

55.2.1 Fluo-TiO2-NiCl,-dcbpy

Fluorescein sodium (NaFluo) was used as dye (Fehler! Verweisquelle konnte nicht
gefunden werden. S5.4). The amount of immobilized fluorescein (Fluo, ~64 pmol 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.

E CO,Na
U
NaO 0 o}

Fluorescein sodium c

Figure S5.4. Fluo-TiO2-NiClz:dcbpy. Unfunctionalized TiO, Aeroxide P25 (A) and Fluo-TiO2-NiCly-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 S5.1. Nickel content of Fluo-TiO2-NiCl,-dcbpy and reference samples determined by ICP-OES analysis

Sample Ni [mg/g catalyst]
Fluo-TiO2-NiCl»-dcbpy 6.50
TiO2 0.02
TiO2-NiCl-dcbpy 5.45

(]

2

: \! v

g - w |

/1] 4

c mamn

[1] -

T - Fluo-TiO, |
| —— Fluo-Tio,-NiCl, dcbpy L LA }
| —Fluo WAl f

TiO,-NiCl, dcbpy |
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Figure S5.5. FTIR spectra of Fluo-TiO,-NiCl,-dcbpy and reference samples.
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Figure S5.6 Diffuse reflectance UV/Vis spectra of Fluo-TiO2-NiCl,-dcbpy and reference samples.
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5.5.2.2 N3-TiO2-NiClz-dcbpy

The ruthenium complex N3 was used as dye (Figure S5.17). The amount of immobilized N3
(~66 pumol g1) 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.

Figure S5.7 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 TiO are marked in green.

Table S5.2. Nickel content of N3-TiO,-NiCl,-dcbpy and reference samples determined by ICP-OES analysis

Sample Ni [mg/g catalyst]
N3-TiO2-NiClz-dcbpy 11.3
TiO2 0.02
TiO2-NiCl2-dcbpy 5.45
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Figure S5.8. FTIR spectra of N3-TiO2-NiCl,-dcbpy and reference samples.
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Figure S5.9 Diffuse reflectance UV/Vis spectra of N3-TiO.-NiCl,-dcbpy and reference samples.
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5.5.3 C-O cross-coupling
5.5.3.1 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 Figure S5.10.

H 4.5
| H H 4.0
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Figure S5.10. Representative *H-NMR spectrum of a crude reaction mixture for determining NMR vyields in
the DSMP catalyzed C-O arylation.
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Table S5.3. Ligand screening in absence of a dye using the 440 nm LED setup.?

TiO, P25 (15 mg)
NiBryglyme (5 mol%)
Boc ligand (5 mol%)

Boc
CO,Me CO,Me
COMe | BIPA (3.0 equiv) N O—QCOZMe + A ’
+ ~N OH - r\)_<
H HO
[ w o
[0} 1 6 7

DMSO (deg), 24 h

PR160-440
0.03 M 1.5 equiv

) Conversion
Entry Ligand (%] 1[%]° 6[%]° 7 [%]°
0

HO,

C CO,H
1 M 29 24 nd.  nd.
=N N/
CO,H
2 M 17 8 nd.  nd.
N N

t

By Bu
3 M 16 12 n.d. n.d.
VAR //
Me Me
4 M 12 7 nd.  nd.
- N /
H,04R PO3H,

5 M 10 0 nd.  nd.
=N \ /
6 @% 8 0 n.d. n.d.
_N N~

@Reaction conditions: methyl 4-iodobenzoate (95.1 umol), N-Boc proline (140.7 pmol),
NiBrz-glyme (4.6 pmol), ligand (4.6 pmol), 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. “NMR 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 S5.4. Dye screening using the 440 nm LED setup.?

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

co,Me Boc dcbpy (5 mol%) Boc N COM CO,Me CO,Me
D/ , N OH__ BIPA(3.0equiv) _ [N)_< ,Me +/©/ " /©/
- H HO
! )
0 ; f .

DMSO (deg), 24 h

0.06 M 1.5 equiv PR160-440
Entry Dye Conversion 1[%]° 6[%]° 7[%]°
[l

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 Alizarinred 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 pmol), 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. “NMR yields 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 S5.5. Dye screening using the 525 nm LED setup.?

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

cOo,Me Boc dcbpy (5 mol%) IBoc o CO.M CO,Me CO,Me
/©/ ., N OH__ BIPA (3.0equiv) _ r\N)_< ,Me +©/ " /©/
l H HO
! o)
o ; . .

DMSO (deg), 24 h

0.06 M 1.5 equiv PRI60-525
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), NiBr,-glyme (9.5 pmol), dcbpy (9.5 pmol), BIPA (570.8 pmol), 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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Figure S5.11. 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 TiO; are marked in green.
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Table S5.6. Screening of Ni' salts using the 525 nm LED setup.?

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

co,Me  Boc dcbpy (5 mol%) Boc o com CO,Me CO,Me
/©/ ., N OH__ BIPA (3.0equiv) _ r\N)_< ,Me +/©/ " /©/
| m DMSO (deg), 24 h 5 H HO
o) . . .

PR160-525

0.06 M 1.5 equiv

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

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

@Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), N-Boc proline (285.4 umol),
Fluorescein sodium (9.5 pmol), NiBrz-glyme (9.5 pumol) and dcbpy (9.5 umol) in DMSO
(anhydrous, 3 mL), BIPA (570.8 umol), 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. SNMR 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 NiBr;-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 NiBr2-glyme and NiCly-glyme are hygroscopic. Methyl 4-acetoxybenzoate was
occasionally observed in case of Ni(OAc)2:4H>O 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 S5.7. Solvent screening using the 525 nm LED setup.?

CO,Me h
! o

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

Boc dcbpy (5 mol%)
BIPA (3.0 equiv)

solvent (deg), 24 h

Boc CO,Me CO,Me
S aanteaciel
> H HO
1 6 7

0.06 M 1.5 equiv P

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.

4Reaction conditions: methyl 4-iodobenzoate (190.3 pumol), N-Boc proline (285.4
pmol), Fluorescein sodium (9.5 umol), NiClz-6H20 (9.5 umol) and dcbpy (9.5 pmol)
in solvent (anhydrous, 3 mL), BIPA (570.8 umol), TiO2 (30 mg), 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 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 S5.8. Optimization of lamp power using the 525 nm LED setup.?

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

cOo,Me Boc dcbpy (5 mol%) IBoc o CO.M CO,Me CO,Me

/©/ ., N OH__ BIPA (3.0equiv) _ r\N)_< ,Me +©/ " /©/

| 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 [%0]°

1 50 52 27 13 traces

2 25 43 27 9 traces

@Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), N-Boc proline (285.4 umol), Fluorescein
sodium (9.5 pumol), NiCl,-6H,0 (9.5 umol) and dcbpy (9.5 umol) 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. “NMR 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 S5.9. Optimization of the equivalents of N-Boc proline using the 525 nm LED setup.?

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

coMe  Boc debpy (5 mol%) P o come |, co,Me co,Me
e

Entry N-Boc proline [equiv] Conversion [%]° 1[%]¢ 6 [%]° 7 [%0]°
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.

@Reaction conditions: methyl 4-iodobenzoate (190.3 pumol), N-Boc proline, Fluorescein sodium (9.5
pmol), NiCl,-6H20 (9.5 umol) and dcbpy (9.5 umol) in DMSO (anhydrous, 3 mL), BIPA (570.8
pumol), 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 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 S5.10. 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 + +
- H HO
! o]
o 1 6 7

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

Entry NaFluo [mol%] Conversion [%]® 1[%]° 6 [%]¢ 7 [%]°

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

8Reaction conditions: methyl 4-iodobenzoate (190.3 umol), N-Boc proline (190.3 umol),
Fluorescein sodium, NiCl,-6H20 (19.0 pumol) and dcbpy (19.0 umol) 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 S5.11. 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%) H
CO,Me Boc
/©/ 2 N N OH  BIPA (3.0 equiv) _ EN)_{) CO,Me
| DMSO (deg), 24 h o
o PR160-525 1

0.06 M

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

1 1.5 76

2 1.0 66

4Reaction conditions: methyl 4-iodobenzoate, N-Boc proline (190.3
pmol), Fluorescein sodium (2.4 pmol), NiCl,-6H20 (19.0 umol) and
dcbpy (19.0 pumol) in DMSO (anhydrous, 3 mL), BIPA (570.8 umol),
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 S5.12. Optimized conditions and control studies using the 440 nm setup.?

TiO, P25 (30 mg)
NaFluo (1.25 mol%)
NiCl, 6H,0 (10 mol%) .
Boc dcbpy (10 mol%) Boc
/©/C02Mf N OH  BIPA (3.0 equiv) _ EN)_{’_O_COZM
' m DMSO (deg), 24h >
° 1

PR160-440

1.5 equiv 0.06 M

Deviation from standard

=Nty conditions LDer
1 none 95
2 UV filter® 80
3 no NaFluo 15
4 no NaFluo, UV filter® n.d.
5 no TiO> 25
6 no TiOy, 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 umol), N-Boc proline
(190.3 pmol), Fluorescein sodium (2.4 pmol), NiCl,-6H,0 (19.0 pumol) and
dcbpy (19.0 umol) in DMSO (anhydrous, 3 mL), BIPA (570.8 umol), 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 S5.12) 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
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Figure S5.12. 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 S5.13. Optimized conditions and control studies using the 525 nm setup.?

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

Boc
dcbpy (10 mol%) H
CO,Me Boc
/©/ 2 . ~N_ OH BIPA (3.0 equiv) EN)_{) CO,Me
I I:)—< DMSO (deg), 38 h Y

° 1

PR160-525

1.5 equiv 0.06 M

Deviation from standard

Entry N 1 [%]°

conditions

1 none 97

2 DSMP prepared ex situ® 62

3 0.1 mol% NaFluo 90

4 1 mol% NiCl2-6H20 & dcbpy 97
0.1 mol%

5 n.d.

1 mol% NiCl2-6H20 & dcbpy

1 mol% NaFluo

° 2 mol% NiCl, 6H20 % dcbpy >0
7 no TiO: n.d.
8 no NaFluo n.d.
9 no dcbpy traces
10 no NiCl2:6H20 n.d.
11 no light n.d.
12 no degassing n.d.
13 no BIPA n.d.

4Reaction conditions: methyl 4-iodobenzoate (285.4 umol), N-Boc proline (190.3 umol),
Fluorescein sodium (2.4 pumol), NiClz-6H20 (19.0 umol) and dcbpy (19.0 pmol) in DMSO
(anhydrous, 3 mL), BIPA (570.8 pmol), TiO2 (30 mg), 525 nm LED (25% power), 38h.
®NMR yields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard.
‘contains ~1 mol% of NaFluo, ~2 mol% of NiCl, 6H,0 and ~2 mol% of dcbpy. 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 S5.14. Dye screening using the 666 nm setup.?

TiO, P25 (30 mg)

dye (1.25 mol%)

NiCl, 6H,0 (10 mol%)
Boc
dcbpy (10 mol%) h
CO,Me Boc
/©/ 2 . ~N_ OH BIPA (3.0 equiv) I;N)_<0 CO,Me
! w DMSO (deg), 168 h S
° 1

H160 Tuna Flora

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

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

8Reaction conditions: methyl 4-iodobenzoate (285.4 umol), 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

Figure S5.13. Structures of dyes that were tested for experiments using the 666 nm setup. The functionalities
that bind to the surface hydroxyl groups of TiO, are marked in green.
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5.5.3.2 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 pumol, 1.0 equiv), methyl 4-iodobenzoate (224.1 mg,
855.1 umol, 1.5 equiv), fluorescein sodium or N3 (7.1 umol, 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 umol) 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 to determine NMR vyields. Thereafter, the
NMR sample was combined with the reaction mixture. The reaction mixture was diluted
with H20 (40 mL) and extracted with dichloromethane (3 x 30 mL). The combined organic
phases were washed with brine (50 mL), dried over Na2SOs 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 NaxSO4 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 umol)

298



Supporting Information - Chapter 5

1-(tert-butyl) 2-(4-(methoxycarbonyl)phenyl) pyrrolidine-1,2-dicarboxylate 1: *H NMR
(400 MHz, CDCI3) rotameric mixture, 6 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). 3C NMR (151 MHz, CDCl5)
rotameric mixture, signals for minor rotamer are enclosed in parenthesis 6 (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 CisH23NNaOs [(M+Na)*] 372.1423, found
372.1417.

These data are in full agreement with those previously published in the literature.®
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5.5.3.3 C-O arylation with different aryl halides

Table S5.15. C-O arylation of different aryl ahlides using the 525 nm setup.?

TiO, P25 (30 mg)
NaFluo (1.25 mol%)
NiCly 6H,0 (10 mol%) 5
Boc dcbpy (10 mol%) Boc
/©/cosz N OH  BIPA (3.0 equiv) _ EN)_{)_< >—C02Me
I I/\)—< DMSO (deg), 38h Y
° 1

PR160-525

1.5 equiv 0.06 M

Deviation from standard

Entry conditions LreP
1 none 97
2 4-iodobenzonitrile 89
3 4-iodotoluene n.d.

4Reaction conditions: methyl 4-iodobenzoate (285.4 umol), N-Boc proline
(190.3 pmol), Fluorescein sodium (2.4 pmol), NiCl,-6H,0 (19.0 pmol) and
dcbpy (19.0 pmol) in DMSO (anhydrous, 3 mL), BIPA (570.8 umol), TiO;
(30 mg), 525 nm LED (25% power), 38h. °"NMR vyields determined by 'H-
NMR using 1,3,5-trimethoxybenzene as internal standard. NaFluo
Fluorescein sodium. debpy = 2,2'-bipyridine-4,4’-dicarboxylic acid. n.d.
not detected. BIPA = N-tert-butylisopropylamine. deg = degassed
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5.5.3.4 Experiments using ex situ prepared catalysts.

Table S5.16. C-O arylation with an nickel complex immobilized on TiO> (ex situ preparation), using the 440
nm setup.?

[} cl

\\.N“IN;
<"’ /e
7N
0
\_ o

Boc
30 mg) r
CO,Me ,Boc ( . O_O_CQM
BIPA (3.0 equiv N ,Me
| D—( DMSO (deg) o]

o 1

1.5 equiv 0.06 M PR160-440
Entry t [h] 1 [%]°

1 38 2

2 168 -

4Reaction conditions: methyl 4-iodobenzoate (285.4
pnmol), N-Boc proline (190.3 pmol), TiO»-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 S5.17. C-O arylation with an ex situ prepared DSMP and reference systems using the 525 nm setup.?

0 cl
o \'N;}N?\CI
"~ °
m Boc
/©/00sz N:B°° OH B|pr3(g.o gLuiv) _ Ebl')_(—@—COzMe
| AN >
1.5 equiv 0.06 M
Entry Catalyst t [h] 1 [%]°
1 Fluo-TiO2-NiCl2-dcbpy 38 63
2 Fluo-TiO2 + NiCl-dcbpy® 24 63
3 Fluo-TiO2 + NiCl,-dtbbpy* 24 27

2Reaction conditions: methyl 4-iodobenzoate (285.4 umol), N-Boc proline (190.3 pumol), NaFluo-
TiO2-NiClz-dcbpy (30 mg) in DMSO (anhydrous, 3 mL), BIPA (570.8 pmol), TiO2 (30 mg), 525 nm
LED (25% power), 38 h. °™NMR yields 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. dcbpy = 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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544 C-S cross-coupling

5.5.4.1 Experiments using ex situ prepared catalysts.
5.5.4.1.1 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%), NiBr2:3H.0 (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 Fehler! Verweisquelle konnte nicht gefunden werden..

MeO. OMe 40
H H
OMe
35

\

0.65-]
s

T T T T T T T T T T T T T T T T T T T T T T T T
88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42
f1 (ppm)

Figure S5.14. Representative *H-NMR spectrum of a crude reaction mixture for determining NMR vyields in
the C-S arylation.
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Table S5.18. 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%)
BIPA (3.0 equiv)

CO;Me  Hs OMe
. Y
: o

0.03 M

MeCN (deg), 24 h

) PR160-440
2.0 equiv

o Ocozbcozm OCOZM&
+ +
MeOJJ\/\S H HO
2 6 7

Entry Ligand Conversion [%]°

2[%]c 6[%] 7[%]

CO,H
- N7

e 32

84 n.d. n.d.

32 n.d. n.d.

2Reaction conditions: methyl 4-iodobenzoate (300.0 umol), methyl 3-mercaptopropionate
(600.0 pmol), 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 vyields 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 S5.19. 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
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 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 pmol), methyl 3-mercaptopropionate
(380.5 umol), dye (2.4 umol), NiBr2-3H,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 yields determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. For
structures of the dyes, see Fehler! Verweisquelle konnte nicht gefunden werden.. 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 S5.20. 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  Hs OMe o /©/
BIPA (3.0 equiv)
IQ/ * V\n/ - MeOJJ\/\S
2

CO,Me

CcOo,Me CO,Me
SO 1Y
H HO

6 7

o MeCN (deg), 12 h

0.06 M 2.0 equiv PR160-440

Deviation from

Entry standard Conversion [%]° 2 [%]¢ 6 [%]° 7 [%0]°
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 NiBrz-3H20 4 traces n.d. n.d.
7 no TiO2 3 n.d. n.d. n.d.
8 no mchpy 0 n.d. n.d. n.d.

8Reaction conditions: methyl 4-iodobenzoate (190.3 umol), methyl 3-mercaptopropionate
(380.5 pmol), coumarin 343 (2.4 umol), NiBr2-3H20 (19.0 pumol) and mcbpy (19.0 pmol),
BIPA (570.8 pmol) in MeCN (3 mL), TiO, (30 mg), 440 nm LED (50% power), 12 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. BIPA = N-tert-butylisopropylamine. mchpy = 4'-
methyl-2,2'-bipyridine-4-carboxylic acid. n.d. = not detected. deg = degassed. quant =
quantitative.
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Table S5.21. 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 Hs OMe ! o COzMe CO,Me CO,Me
O g WSO
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-3H20 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.

8Reaction conditions: methyl 4-iodobenzoate (190.3 pumol), 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), 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. mcbpy = 4'-
methyl-2,2'-bipyridine-4-carboxylic acid. n.d. = not detected. deg = degassed. quant =
quantitative.
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Table S5.22. Optimized conditions and control studies using the 666 nm setup.?

Co,Me
J O
1

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

HS\/\H/OMe

mcbpy (10 mol%)

o

BIPA (3.0 equiv)
MeCN (deg), 72h

o Oco;b/cozm /©/002Me
+ +
Meo)l\/\s H HO
2 6 7

0.06 M 2.0 equiv H160 Tuna Flora
“red” mode
Deviation from
Entry standard Conversion [%]° 2 [%0]¢ 6 [%]° 7 [%0]°
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.

8Reaction conditions: methyl 4-bromobenzoate (190.3 umol), methyl 3-mercaptopropionate
(380.5 pmol), N3 (2.4 umol), NiBr2-3H20 (19.0 umol) and mcbpy (19.0 pmol) 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

BIPA = N-tert-butylisopropylamine. mcbpy = 4'-methyl-2,2"-bipyridine-4-
carboxylic acid . n.d. = not detected. deg = degassed. quant = quantitative.

standard.
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Figure S5.15. 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 7. This effect is responsible for background reactions.
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5.5.4.1.2 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 pmol, 1.0 equiv), methyl 3-
mercaptopropionate (126.3 pL, 1.14 mmol, 2.0 equiv), Coumarin 343 or N3 (7.1 pumol, 1.25
mol%), NiBr2:3H.O (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 uL, 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 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 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 pumol)
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, CDCls) § 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,
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127.41, 127.17, 52.21, 52.08, 33.83, 27.38. HRMS-EI (m/z) [M*]* calcd for C12H140sS:
254.0613; found: 254.0617.

These data are in full agreement with those previously published in the literature.®
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5.5.5 C-S cross-coupling

5.5.5.1 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
TiO2 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 Figure S5.16Fehler! Verweisquelle

konnte nicht gefunden werden..

\ A A |\ |\
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Figure S5.16. Representative *H-NMR spectrum of a crude reaction mixture for determining NMR vyields in
the C-N arylation.
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Table S5.23. Ligand screening in absence of a dye using the 440 nm LED setup.?

TiO, P25 (30 mg)

co,Me H  NiBry 3H,0 (10 mol%) COzMe CO;Me COzMe
. N ligand (10 mol%) * *
- Gq H HO
Br 3 6 7

DMACc (deg), 24 h

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

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

aReaction conditions: methyl 4-bromobenzoate (300.0 pmol), pyrrolidine (900.0 pmol),
NiBr2-3H,0 (30.0 pumol) and ligand (30.0 umol) in DMACc (3 mL), TiO2 (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 S5.24. Dye screening using the 525 nm LED setup.?

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

cO,Me H NiBr, 3H,0 (10 mol%) OC02M9+©/COZIV-I'-E /©/C02Me
dcbpy (10 mol%
e ) S, LT,
Br
3 6 7

DMAc (deg), 24 h

. PR160-525
0.06 M 3.0 equiv

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.

Fluorescein
5 _ 10 traces 6 n.d.
sodium
Bromophenol
6 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.

8Reaction conditions: methyl 4-bromobenzoate (190.3 pmol), pyrrolidine (570.8 umol), dye
(2.4 pmol), NiBr;-3H,0 (19.0 umol) 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. For structures of the dyes, see
Fehler! Verweisquelle konnte nicht gefunden werden.. dcbpy = 2,2'-bipyridine-4,4'-
dicarboxylic acid. DMAc = dimethylacetamide. n.d. = not detected. deg = degassed.
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Table S5.25. Optimization of the amount of dye and equivalents of pyrrolidine using the 525 nm setup.?

TiO, P25 (30 mg)
Rose bengal

co,Me H NiBry 3H,0 (10 mol%) /©/C02M6+/©/C02|\19 /©/C02Me
dcb 10 mol%
e b D (LT T
Br
3 6 7

DMAc (deg), 24 h

0.06 M PR160-525

Entry variations Conversion [%]° 3 [%]° 6[%]° 7 [%]°

0.50 mol% dye +
5 equiv pyrrolidine
0.63 mol% dye
2 ) o quant 85 6 n.d.
+ 5 equiv pyrrolidine
0.63 mol% dye

+ 3 equiv pyrrolidine

quant 98 traces n.d.

67 58 10 traces

@Reaction conditions: methyl 4-bromobenzoate (190.3 umol), pyrrolidine, NiBr;-3H.O (19.0
pmol), Rose begal, 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 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 S5.26. Optimized conditions and control studies using the 440 nm setup.?

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

co,Me H  NiBry 3H,0 (10 mol%) /©/C02Me+©/coz"ie /©/C°z"'e
dcbpy (10 mol%
T O —emtnen Cy " Ho
Br 3 6 7

DMAc (deg), 14 h
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.

8Reaction conditions: methyl 4-bromobenzoate (190.3 pmol), pyrrolidine (951.6 umol), Rose
Bengal (1.0 pmol ), NiBr2-3H20 (19.0 pmol) and dcbpy (19.0 pmol) 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. SNMR 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
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Table S5.27. Optimized conditions and control studies using the 525 nm setup.?

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

)
CO,Me H NiBr, 3H,0 (10 mol%) /©/C02Me+©/(:02|\18 /©/C02Me
dcbpy (10 mol%
I O —omnen O : Ho
Br
3 6 7

DMAc (deg), 24 h
0.06 M 5.0 equiv PR160-525

Deviation from

Entry standard Conversion [%]° 3 [%]¢ 6[%]° 7 [%0]°
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 NiBr2-3H20 0 n.d. n.d. n.d.
6 no TiO2 0 n.d. n.d. n.d.
7 no degassing 0 n.d. n.d. n.d.

8Reaction conditions: methyl 4-bromobenzoate (190.3 pumol), pyrrolidine (951.4 umol), Rose
Bengal (1.0 pmol), NiBr2-3H20 (19.0 umol) and dcbpy (19.0 umol) 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. SNMR 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
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Table S5.28. Optimized conditions and control studies using the 666 nm setup.?

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

CO,Me H NiBr, 3H,0 (10 mol%) /©/C02Me+/©/c02|\19 /©/C02Me
dcb 10 mol%
T O e, : o
Br DMACc (deg), 72 h

0.06 M 5.0 equiv H160 Tuna Flora 3 6 7
“red” mode

Deviation from

Entry standard Conversion [%]° 3 [%]¢ 6[%]° 7 [%0]°
conditions
1 -- quant. 95 4 n.d.
2 no TiO> 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 pmol), NiBr2-3H,0 (19.0 pmol) and dcbpy (19.0 pmol) 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. dcbpy = 2,2'-
bipyridine-4,4'-dicarboxylic acid. DMAc = dimethylacetamide n.d. = not detected. deg =
degassed. quant = quantitative
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5.5.5.2 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 TiO> (90 mg),
pyrrolidine (121.6 mg, 142.7 pl, 1.71 mmol, 5.0 equiv), and 4-bromomethylbenzoate (122.6
mg, 570.0 umol, 1.0 equiv), Rose Bengal or N3 (2.9 umol, 0.50 mol%), NiBr,-3H,0 (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 H2O (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 Na2SO4 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 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, CDCIs) 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.®
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5.5.6 C-C cross-coupling

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

OH

Nea:
N sim
cI” > siMe, > O es
DMF, 90°C, 24 h .

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 H2O (~50 mL). The mixture was extracted with EtoO (75 mL). The layers were
separated, and the aqueous layer was extracted with Et2O (2 x 50 mL). The combined organic
layers were washed with deionized H20 (2 x100 mL) and brine (150 mL). The organic layer
was dried (Na2SOa), 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, CDCls) 5. 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) 6 -0.97 (CHz3), 23.96 (CHy), 26.45 (CHy), 51.82 (CH>), 58.58 (CH>). HRMS (ESI-

TOF) m/z calcd. for CH2NSi [(M+H)*]: 172.1516; found: 172.1515.

These data are in full agreement with those previously published in the literature.*
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5.5.6.2 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
TiO2 P25 (30 mg), 4-bromobenzonitrile (1 equiv), 1-((trimethylsilyl)methyl)piperidine (1.2
equiv), a dye (1.25 mol%), NiBr2-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
CDCl; and subjected to 'H-NMR analysis to determine substrate-to-product rations. For a

representative NMR spectrum, see Figure S5.17.
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Figure S5.17. 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 S5.29. Ligand screening in absence of a dye using the 440 nm LED setup.?

TiO, P25 (30 mg)

CN A~ NiBr, glyme (10 mol%)
N SiMes . o
+ ligand (10 mol%) O/\Q\
Br CN
4

3 DMAc (deg), 24 h

PR160-440
0.06 M 1.2 equiv

Entry Ligand Ar-Br:4°

CO,H
1 M 19:1
N N

HO,C CO,H

oo o

8Reaction conditions: 4-bromobenzonitrile  (190.3
pmol),  1-((trimethylsilyl)methyl)piperidine  (228.3
pmol), NiBr2-3H20 (19.0 pmol) 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 S5.30. Dye screening using the 440 nm LED setup.?

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

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

Entry Sensitizer Ar-Br:4°
1 Coumarin 343 1.8:1
2 Rose bengal 1.4:1
3 Rhodamin B 31
4 Fluorescein sodium 3.4:1

8Reaction conditions:  4-bromobenzonitrile  (190.3
pmol),  1-((trimethylsilyl)methyl)piperidine  (228.3
pmol), Sensitizer (1.25 mol%), NiBrz-glyme (19.0
pmol) and mcbpy (19.0 umol) in DMACc (3 mL), TiO;
(30 mg), 440 nm LED (100% power), 24 h. Determined
by THNMR. For structures of the dyes, see Fehler!
Verweisquelle konnte nicht gefunden werden..
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 S5.31. Optimized conditions and control studies using the 440 nm setup.?

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

CN NiBryglyme (10 mol%)
N siMe, 2 o
+ mcbpy (10 mol%) Ol/\©\
Br 8 DMAc (deg), 72 h CN
PR160-440

0.06 M 1.2 equiv 4
Entry Deviation from standard Ar-Broab
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 NiBrz-glyme 1.0

7 no degassing 13:1

8Reaction conditions: 4-bromobenzonitrile (190.3 pumol), 1-
((trimethylsilyl)methyl)piperidine (228.3 umol), Coumarin 343 (1.25
mol%), NiBr,-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 S5.32. 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 DMAc (deg), 120 h N
8 PR160-525

0.06 M 1.2 equiv 4

Deviation from standard

Entry conditions Ar-Br:4°
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 NiBr2-glyme 1:0
7 no degassing 19:1

8Reaction conditions: 4-bromobenzonitrile  (190.3 pumol), 1-
((trimethylsilyl)methyl)piperidine (228.3 umol), Coumarin 343 (1.25
mol%), NiBrz-glyme (19.0 umol) and mcbpy (19.0 umol) in DMAc
(3 mL), TiO2 (30 mg), 525 nm LED (100% power), 120 h.
bDetermined 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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Table S5.33. 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

DMACc (deg), 144 h

0.06 M 1.2 equiv H160 Tuna Flora 4
red” mode

Deviation from standard

Entry conditions Ar-Br:4°
1 none 0:1
2 no N3 1:0
3 no TiO2 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 pmol) 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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55.6.3 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 pmol, 10 mol%) and 4'-methyl-2,2'-bipyridine-4-carboxylic 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 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 CDCls and subjected to H-NMR analysis. 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>SO4 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 pumol)
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, CDCls) 6 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 (m, 2H). *C NMR (101 MHz, CDCls) § 144.79, 132.13, 129.66, 119.17, 110.80, 63.31,
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54.71, 26.01, 24.29. HRMS (ESI-TOF) m/z calcd. for C13H1sN2 [(M+H)*]: 200.1386; found:
200.1397.

These data are in full agreement with those previously published in the literature.*
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5.5.7 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 umol, 1.0 equiv), methyl 4-iodobenzoate (74.8 mg, 285.4 umol, 1.5 equiv),
fluorescein sodium (2.4 umol, 1.25 mol%), NiCl2:6H.0 (4.5 mg 19.0 pmol, 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 pL, 570.8 umol, 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

328



Supporting Information - Chapter 5

Table S5.34. 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%)

O e e I S W
| WA
1.5 equiv 0.06 M

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%)® 75

@Reaction conditions: methyl 4-iodobenzoate (285.4 umol), N-Boc proline
(190.3 pmol), Fluorescein sodium (2.4 pmol), NiCl;-6H,0 (19.0 pumol) and
dcbpy (19.0 pmol) in DMSO (anhydrous, 3 mL), BIPA (570.8 umol), TiO2 (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. 9Fluorescein sodium (2.4 pumol) 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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Figure S5.18. Reaction mixtures (see Table S5.34) by centrifugation.

Table S5.35. ICP-OES measurements of the nickel content the DSMP and the recovered DSMP after 5 cycles.

Sample Ni [mg/g catalyst]
TiO 0.02
Fluo-TiO2-NiCl2-dcbpy (in situ) 7.43
Fluo-TiO2-NiClz-dcbpy (after) 2 0.71

8Fluo-TiO.-NiCl,-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 umol, 1.0 equiv), methyl 4-iodobenzoate (74.8 mg,
285.4 pmol, 1.5 equiv) and Fluo-TiO>-NiCl.-dcbpy (for preparation, see section 2).
Subsequently, DMSO (anhydrous, 3 mL) and N-tert-butylisopropylamine (BIPA, 90.4 pL,
570.8 umol, 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 S5.36. Catalyst Recycling experiments of the C-O arylation with the 525 nm setup using an ex situ
prepared DSMP.?

0 S
o \TNH-N}\CI
/~ N N
f
" ° B
ocC
/©/c02Me NIBoc oy BIPA (3.0 equiv) I/\N')_<o—<i>—C02Me
+ >
| m DMSO (deg), 38 h o)
o PR160-525
1.5 equiv 0.06 M !
Entry Cycles 1 [%]°
1 ex situ prepared 63
2 1 21
3 2 4

@Reaction conditions: methyl 4-iodobenzoate (285,4 pumol), N-Boc proline
(190.3 pmol) in DMSO (anhydrous, 3 mL), BIPA (570.8 pmol), 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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Figure S5.19. Reaction mixtures (see Table S5.36) after catalyst separation by centrifugation.

Table S5.37. 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

8Fluo-TiO.-NiCl,-dcbpy after 5 reaction cycles
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5.5.8 Experiments with insulating metal oxides and diffusion controlled
metallaphotocatalysis.

The reactions were carried out according to the optimized experimental procedures for the

individual couplings using different metal oxides and ligands.

Table S5.38. 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%) H
CO,Me Boc
/©/ 2 N N OH BIPA (3.0 equiv) EN)_{) CO,Me
' m DMSO (deg), 38 h Y

° 1

0.06 M 1.5 equiv PR160-525
Entry Metal oxide 1[%]°
1 TiO2 97
2 Si0, 50
3 Al203 39
4 Zno 33
> ) n.d.

8Reaction conditions: methyl 4-iodobenzoate (285.4 umol), N-Boc proline (190.3 pmol),
Fluorescein sodium (2.4 pmol), NiClz-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 S5.39. 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%)
NiCly 6H,0 (10 mol%)
dtbbpy (10 mol%)

CcOo,M Boc Poc
e
Jij : . N OH__ BIPA (30equiv) _ EN)—K)OCOZME
I m DMSO (deg), 38 h %
° 1

0.06 M 1.5 equiv priss
Entry Metal oxide 1 [%]°
1 TiO; 65
2 SiO2 n.d.
3 Al;03 n.d.
4 ZnO traces
5 - 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 S5.40. 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%)
CO,Me Boc dcbpy (10 mol%) N’Boc o comne
/©/ , N OH__ BIPA(3.0equiv) _ w )
' w DMSO (deg), 168 h Y
° 1

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;-6H,0 (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 S5.41. C-S cross-couplings with different metal oxides using the 525 nm setup.?

metal oxide (30 mg)

Coumarin 343 (1.25 mol%)

NiBry 3H,0 (10 mol%)
mcbpy (10 mol%)

CO,Me

. . cOzMe coMe
Jo g - s ey
0.06 M 2.0 equiv PR160-525 2 6 7
Entry Metal oxide 2 [%]° 6 [%0]° 7 [%0]°
1 TiO> 99 n.d. n.d.
2 Al203 99 n.d. n.d.
3 SiO; 48 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), NiBr2-3H,0 (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 .

quantitative.

n.d.
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Table S5.42. 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%)
NiBry' 3H,0 (10 mol%)

dtbbpy (10 mol%) CO,Me CO,Me CO,Me
ey OO O
BIPA (3.0 equiv.) + +
|/©/ * Y T O H HO
2 6 7

Entry Metal oxide 2 [%0]° 6 [%0]° 7 [%0]°
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.

@Reaction conditions: methyl 4-bromobenzoate (190.3 umol), methyl 3-mercaptopropionate (380.5
pmol), Coumarin 343 (2.4 umol), NiBr2-3H20 (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 vyields 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.

Table S5.43. C-N cross-couplings with different metal oxides using the 525 nm setup.?

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

: CO,M CO,Me CO,Me
CO,Ne N NiBr, 3H,0 (10 mol%) /@/ 2 i/@/ 7, /@/ 2
dcb 10 mol%
/©/ * r\) By { 0 o N H HO
Br
3 6 7

DMACc (deg), 24 h

0.06 M 5.0 eq. PR160-525
Entry Metal oxide 3 [%]P 6 [%6]° 7 [%]b
1 TiO2 99 n.d. n.d.
2 Al2O3 99 n.d. n.d.
3 SiO2 48 n.d. n.d.
4 - n.d. n.d. n.d.

8Reaction conditions: methyl 4-bromobenzoate (190.3 pmol), pyrrolidine (951.4 umol), Rose Bengal (0.5
mol%) NiBrz-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
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Table S5.44. 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%)

CcO,Me n NiBry 3H,0 (10 mol%) /©/C02Me+/©/coﬂ\19 /©/C02Me
dtbb 10 mol%
O O e Cy . Ho
Br
3 6 7

DMACc (deg.), 24 h

006 M 5.0 eq. PR160-525
Entry Metal oxide 3 [%0]° 6 [%0]° 7 [%0]°
1 TiO2 12 n.d. n.d.

2 Al203 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 umol), Rose Bengal (0.5 mol%)
NiBr2-3H,0 (19.0 umol) and dtbbpy (19.0 umol), 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

Table S5.45.C-C cross-couplings with different metal oxides using the 525 nm setup.?

metal oxide (30 mg)
Coumarin 343 (1.25 mol%)
NiBr, glyme (10 mol%)

CN AN
Br . DMAc (deg), 120 h N
4

0.06 M 1.2 equiv PR160-525
Entry Metal oxide Ar-Br:4P
1 TiO2 0:1
2 Al>O3 15:1
3 SiO; 1.6:1
4 - 1:traces

8Reaction  conditions: 4-bromobenzonitrile (190.3 pmol), 1-
((trimethylsilyl)methyl)piperidine (228,3 pmol), N3 (1.25 mol%), NiBr,-glyme
(29.0 pmol) metal oxide (30 mg), and mcbpy (19.0 pmol) in DMAc (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.
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Table S5.46. 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~ NiBr, glyme (10 mol%)
N"siMe, .
+ dtbbpy (10 mol%) Oq/\@\
Br CN

DMAc (deg), 120 h

0.06 M 12 univ PR160-525 4
Entry semiconductor Ar-Br:4°
1 TiO: 0:1
2 Al>03 1:0
3 SiO2 1:0
4 - 1:0
Reaction conditions: 4-bromobenzonitrile (190.3 pmol), 1-

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

Incremental amounts of NiClz-dcbpy or NiClz-dtbbpy were added while the concentration of
Fluo-TiO: 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 SiOz) 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-TiO, 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 1o/l relationships and are summarized inTable S5.47.

Table S5.47. Association constants determined by spectrophotometric titrations.

Kass (dynamic) Kass (static)
L mol*? L mol*?
Fluo-TiO2 - NiClz-dcbpy 6.2 x 10° 6.2 x 10’
Fluo-TiO; - NiCly-dtbbpy 6.2 x 108
Fluo-SiO: - NiCl,-dcbpy 1.5 x 10°
Fluo-SiO- - NiCl,-dtbbpy 7.0 x 10*
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Figure S5.20. Left: absorption 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); 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 108 M);
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Figure S5.21. Left: absorption spectra of Fluo-TiO; dispersed in DMSO during the course of a titration with
NiCl,-dtbbpy (black to purple, 0 — 2.6 x 10 M);Right: steady-state fluorescence spectra (hex = 505 nm) of
Fluo-TiO- dispersed in DMSO during the course of a titration with NiCl,-dtbbpy (black to purple, 0 — 2.6 x 10

6 M).
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Figure S5.22. Left: absorption spectra of Fluo-SiO, dispersed in DMSO during the course of a titration with
NiCl-dcbpy (black to purple, 0 — 1.6 x 10 M); Right: steady-state fluorescence spectra (hex = 505 nm) of
Fluo-SiO; dispersed in DMSO during the course of a titration with NiCly-dcbpy (black to purple, 0 — 1.6 x 10

& M).
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Figure S5.23. 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 (Aex = 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°

5 M).
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5,5.10 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 umol, 1.5
equiv), NiCl2:6H20 (57 umol, 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 umol, 1.00
mol%), Ir[dF(CFs3)ppy]2(dtbpy))PFs (5.17 pumol, 1.00 mol%), Ir(ppy)s (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 pumol) 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. For representative NMR
spectra, see Figure S5.24.

342



Supporting Information - Chapter 5

13

OMe 1

10

cF
SO
H SN0 2
H

79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52
f1 (ppm)

Figure S5.24. 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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Figure S5.25. Representative H-NMR spectrum of a crude reaction mixture of E- and Z- cinnamic acid.
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Table S5.48. Comparison of metallaphotocatalyst systems for the C-O arylation of cinnamic acid.?

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

CF,
* dcbpy (10 mol%) o /©/ CF,4
CF3 X-"“0H BIPA (3.0 equiv) "o + J©/
+ > HO
| DMSO (deg)
5 9

1.5 equiv 0.06 M light source

Lightsource Time E-5 Z-5 9

Entry photocatalyst
[nm] [h]  [%]° [%]° [%]°

TiO2 (30 mg) +
1 525 72 95 n.d. 3
NaFluo (1.25 mol%)

TiO2 (30 mg) +
2 440 3B 74 24 6
NaFluo (1.25 mol%)

Ir[dF(Me)ppy]2 (dtbbpy))PFe

3 440 1 52 3% 9

(1.00 mol%)
Ir[dF(CF dtbpy))PF

A [dF(CFs)ppy]2(dtbpy))PFe 240 L 48 28 16
(1.00 mol%)
Ir

5 (PpY)s 440 1 70 22 20
(1.00 mol%)
Ir

6 (Ppy)s 525 2 %6 22 6
(2.00 mol%)

8Reaction conditions: 4-lodobenzotrifluoride (285,4 umol), trans cinnamic acid (190.3 pumol), Ir catalyst
(1.90 pmol), Fluorescein sodium (2.4 pmol), ), TiO2 (30 mg), NiCl,-6H,0 (19.0 umol) and dcbpy (19.0
pmol) in DMSO (anhydrous, 3 mL), BIPA (570.8 umol), 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
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The reaction from 5.48, 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 umol, 10 mol%), 2,2'-bipyridine-4,4'-
dicarboxylic acid (dcbpy. 13.9 mg, 57 pmol, 10 mol%), fluorescein sodium (7.14 umol, 1.25
mol%), and TiO2 (90 mg). DMSO (anhydrous, 6 mL) and N-tert-butylisopropylamine
(BIPA, 271 uL, 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 pumol) was added and the mixture was stirred for 5 min. An aliquot of
the reaction mixture (~200 pL) was filtered, diluted with CDCl3, extracted with 1M HCI and
subjected to *H-NMR analysis. The NMR sample was combined with the reaction mixture,
diluted with H20 (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 (SiO., 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, CDCl3) §. 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). 3C 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, CDCls) § -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.

345



Supporting Information - Chapter 5

Table S5.49. Control studies isomerization of 4-(Trifluoromethyl)phenyl cinnamate.?

o CF3
photocatalyst o CF3
S - I
O > N
DMSO (deg), 72h (o)
E-5
Z-5

PR160-440nm

0.06 M
Entry photocatalyst E-5:Z-5¢
1 -- 1:0.16
2 - 1.0
3 NaFluo (1.25 mol%) 1:0.11
4 TiO2 (30 mg) 1:0.12

8Reaction conditions: E-4-(Trifluoromethyl)phenyl cinnamate (190.3 pmol), Fluorescein
sodium (2.4 pumol), ), 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. 9525 nm LED (100% power), 72h.
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6.5 Supporting information

6.5.1 General remarks

Substrates, reagents, and solvents were purchased from commercial suppliers and used
without further purification. Titanium dioxide Aeroxide P25 (Acros), Bismuth oxide powder
(Fisher), Bismuth oxide nanopowder (Fisher) and Cadmiumsulfid powder (Aldrich) were
used. CN-OA-m?!, mpg-CN?, N-tert-butylisopropylamine (BIPA)3, and Ru(bpy)2(dpbpy)*
were prepared according to literature procedures. LED lamps for photocatalytic experiments
were purchased from Kessil Lightning.® *H-, 3C-, and 3'P spectra were recorded on an
Ascend™ 400 spectrometer (400 MHz, 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. 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. Scanning electron microscopy (SEM) images were
obtained on a LEO 1550-Gemini microscope. Energy-dispersive X-ray (EDX) investigations
were conducted on a Link IS1S-300 system (Oxford Microanalysis Group) equipped with a

Si(Li) detector and an energy resolution of 133 eV.
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6.5.1.1. 440 nm setup

Experiments using blue light were carried out using a Kessil PR160L-440 LED (Figure
S6.1). 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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Figure S6.1. Setup for blue light experiments (A). Emission spectra of the Kessil PR160L-440 (B)
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6.5.1.2. 525 nm setup

Experiments using green light were carried out using a Kessil PR160L-525 LED (Figure
S6.2). 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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Figure S6.2. Setup for green light experiments (A). Emission spectra of the Kessil PR160L-525 (B).
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6.5.2 Preparation of CN-OA-m

The synthesis for CN-OA-m was carried out using a slightly adapted version of the literature
procedure (Scheme 6.1).! For each batch of the photocatalyst, urea (10 g, 166.5 mmol) and
oxamide (0.5 g, 5.7 mmol) were mixed in 10 mL of H>O to obtain a homogeneous mixture.
After drying at 373 K, the resulting solids were grinded, transferred into a crucible with a
cover and heated up in an air-oven with a heating rate of 4.3 K/min to 773 K. After keeping
the mixture for 2 h at 773 K, the sample was allowed to cool to room temperature.
Subsequently, KCI (3.3 g, 44.3 mmol) and LiCl (2.7 g, 63.7 mmol) were added and the solids
were grinded to obtain a homogeneous mixture which was heated in an inert atmosphere (N2
flow: 5 mL/min) to 823 K with a heating rate of 4.6 K/min. After keeping the mixture for 2
h at 823 K, the sample was allowed to cool to room temperature and the resulting solids were
collected on a filter paper and washed with H2O (3 x 100 mL). The resulting yellow material
was dried at 373 K.

6.5.3 Preparation of mpg-CN

The synthesis for mpg-CN was carried out using the literature procedure.? Molten cyanamide
(19, 24 mmol) and 40% dispersion of 12 nm SiO- in water were mixed. The resulting mixture
was transferred into a crucible with a cover and heated up in an air-oven with a heating rate
of 4.3 °Cmin to 550°C. After keeping the mixture for 4h at 550°C, the sample was allowed
to cool to room temperature. Then the sample was heated to 600°C for 10 h under static
vacuum. Finally, the powder was treated with 4 M NH4HF. to remove the silica template.
The powder was separated by centrifugation, washed three times with water and twice with

ethanol and dried in a 70°C oven for several hours.
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6.5.4 Synthesis of Ru(bpy).(dpbpy)

reflux, H,0

Scheme S6.1. Synthesis of Ru(bpy)2(dpbpy)

RuCl2bpy2-2H20 (21 mg, 0.041 mmol, 1.00 equiv.) was dissolved in water (15 mL) and
[2,2'-bipyridine]-4,4'-diyldiphosphonic acid (dpbpy) (13 mg, 0.041 mmol, 1.0 equiv.) was
added. The mixture was refluxed for 24 h. The solvent was removed in vacuo and acetone
was added (8 mL). The resulting solution was stored at 7°C over night. The formed crystals
were filtered and washed with cold acetone. The title compound was isolated as dark purple
crystals (14.1 mg, 0.019 mmol, 47%).

Ru(bpy)2(dpbpy): *H NMR (600 MHz, D,0) & 8.77 (d, J = 12.6 Hz, 2H), 8.54 (d, J = 8.3
Hz, 4H), 8.07 (t, J = 7.9 Hz, 4H), 7.94 (dd, J = 5.7, 3.3 Hz, 2H), 7.81 (dd, J = 13.8, 5.6 Hz,
4H), 7.58 (dd, J = 11.6, 5.8 Hz, 2H), 7.39 (t, J = 6.7 Hz, 4H). 3'P (243 MHz, D20) § 6.75.

absorbance [a.u.]
1

T T T T T T T T T T 1
300 400 500 600 700 800
wavelength [nm]

Figure S6.3. UV-Vis spectrum of Ru(bpy).(dpbpy)

These data are in full agreement with those previously published in the literature.*
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6.5.4 C-S cross coupling
6.5.4.1 Optimization studies using in situ generated bifunctional

catalysts.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with the respective
semiconductor (5-30 mg, 1.67-10 mg/ml), methyl 4-iodobenzoate (49.79 mg, 190.3 pumol,
1.0 equiv), methyl 3-mercaptopropionate (42.1 pL, 380.5 umol, 2.0 equiv), NiBr2-3H20
(2.59-5.18 mg, 9.5-19.0 pumol, 5-10 mol%), [2,2"-bipyridine]-4,4'-diyldiphosphonic acid
(3.0-6.0 mg, 9.5-19.0 pmol, 5-10 mol%), optionally, Ru(bpy)2(dpbpy) (1.74 mg, 2.4 pmol,
1.25 mol%). Subsequently, MeCN (anhydrous, 3 mL) and N-tert-butylisopropylamine
(BIPA, 150.7 pL, 951.5 pmol, 5 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 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 (internal
standard, 32 mg, 190.3 pumol, 1.0 equiv) 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 Figure S6.4.

MeO. OMe 40
H B
/ OMe
35

H CO,Me

‘ Maoj\/\s H
P‘ /“.‘// | &

e - o
5 8 3 8

T T T T T T T T T T T T T T T T T T T T T T T T
88 86 84 8.2 8.0 78 76 74 7.2 70 68 66 64 6.2 6.0 58 56 54 5.2 50 48 46 44 42
f1 (ppm)

Figure S6.4. Representative *H-NMR spectrum of a crude reaction mixture for determining NMR yields in the
C-S arylation.
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6.5.4.2 Semiconductor screening

Table S6.1. Semiconductor screening using the 440 nm LED setup.?

!

dye (1.25 mol%)
semiconductor (30 mg)
NiBry 3H,0 (10 mol%)

dpbpy (10 mol%) CO,Me CcO,Me CO,Me
CO,Me  Hs OMe 0 2 2
BIPA (5.0 equiv) + +
|©/ ' Y ~ Meo’u\/\s H HO
1 9 10

o MeCN (deg), 9 h

0.06 M 2.0 equiv PR160L-440

Entry Semiconductor Conversion [%]° 1[%]¢ 9[%]¢ 10 [%]°
1 CN-OA-m quant. 99 n.d. traces
2 mpg-CN quant 99 n.d. traces
3 TiO: 39 38 n.d. traces
4 Ru(bpy)2(dpbpy)-TiO2 quant 99 n.d. traces
5 CdS 55 45 n.d. traces
6 Bi203 1 n.d. n.d. traces
7 Bi>O3 nanopowder 2 n.d. n.d. traces

8Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-mercaptopropionate (380.5
pmol), dye (2.4 pumol), NiBr;-3H,0 (19.0 umol), semiconductor (30 mg), dpbpy (19.0 umol) and
BIPA (951.5 umol) in MeCN (3 mL), 440 nm LED (100% power), 9 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. dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid. n.d. = not detected. deg
= degassed. quant. = quantitative.
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Table S6.2. Semiconductor screening using the 525 nm LED setup.? -

f

dye (1.25 mol%)
semiconductor (30 mg)
NiBr, 3H,0 (10 mol%)

dpbpy (10 mol%) CO,Me CO,Me CO,Me
CO,Me  Hs OMe o 2 2
BIPA (5.0 equiv) + +
|/©/ ! Y g MeOJ\/\S H HO
1 9 10

o MeCN (deg), 17 h

0.06 M 2.0 equiv PR160L-525

Entry Semiconductor Conversion [%6]° 1[%]¢ 9[%]° 10 [%0]°

1 CN-OA-m quant. 99 n.d. n.d.

2 CN-OA-m¢ quant. 99 n.d. n.d.

3 mpg-CN 5 4 n.d. traces
4 TiO: 13 5 n.d. traces
5 Ru(bpy)2(dpbpy)-TiO2 71 69 n.d. traces
6 CdS 21 20 n.d. traces
7 Bi20Os 2 n.d. n.d. traces
8 Bi>O3 nanopowder 2 n.d. n.d. traces

8Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-mercaptopropionate (380.5
pmol), dye (2.4 pmol), NiBr2-3H20 (19.0 umol), semiconductor (30 mg), and dpbpy (19.0 umol),
BIPA (951.5 pmol) in MeCN (3 mL), 525 nm LED (100% power), 17 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. 910mg CN-OA-
m were used. BIPA = N-tert-butylisopropylamine. dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic
acid. n.d. = not detected. deg = degassed. quant. = quantitative.
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6.5.4.3 CN-OA-m-NiBr2-dpbpy (Cat 1)

Table S6.3. Optimization of the amount of CN-OA-m using the 440 nm LED setup.?

!

CN-OA-m (x mg)
NiBr, 3H,0 (10 mol%)

COMe  Hs oMe  GPPPY (10mol%) 0 COMe CO,Me CO,Me
e L i S o)
0.06 M 2.0 equiv PR160L-440 1 9 10
Entry CN-OA-m Conversion [%]°  1[%]¢ 9[%]° 10 [%]°
1 5mg 90 91 n.d. traces
2 5 mg¢ quant. 99 n.d. traces
3 10 mg 85 86 n.d. n.d.
4 20 mg 85 85 n.d. n.d.
5 30 mg 87 86 n.d. n.d.

@Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-mercaptopropionate
(380.5 umol), NiBrz-3H,0 (19.0 umol), CN-OA-m (x mg), dpbpy (19.0 umol) and BIPA (951.5
umol) in MeCN (3 mL), 440 nm LED (100% power), 2 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. 93 h reaction time.
BIPA = N-tert-butylisopropylamine. dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid. n.d.
= not detected. deg = degassed. quant. = quantitative.
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Table S6.4. Optimization of the amount of NiBrz-H,0 and ligand loading using the 440 nm LED setup.?

f

CN-OA-m (5 mg)
NiBry 3H,0 (x mol%)

dpbpy (x mol%) CO,Me CO,Me CO,Me
CO,Me  Hs OMe o 2 2
BIPA (5.0 equiv) + +
|©/ * Y MGOJ\/\S H HO
1 9 10

0 MeCN (deg), 120 min
0.06 M 2.0 equiv PR160L-440
Entry Ni & L Conversion [%]° 1[%]¢ 9[%]° 10 [%]°
1 10 mol% 90 91 n.d. traces
2 7.5 mol% 96 96 n.d. traces
3 5 mol% 93 93 n.d. traces
4 5 mol % quant. 99 nd.  traces

8Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-mercaptopropionate
(380.5 pmol), NiBr,-3H,0, CN-OA-m (5 mg) dpbpy and BIPA (951.5 pmol) in MeCN (3 mL),
440 nm LED (100% power), 2 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. 93 h reaction time. BIPA = N-tert-
butylisopropylamine. dpbpy = [2,2"-bipyridine]-4,4'-diyldiphosphonic acid. n.d. = not detected.
deg = degassed. quant. = quantitative.
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Table S6.5. Optimized conditions and control studies using the 440 nm setup.?

!

CN-OA-m (5 mg)
NiBr, 3H,0 (5 mol%)

CO,Me
cose ooy o tiomm S O YN YT
.0 equiv)
|/©/ ' ” M“'OJJ\/\S H HO
1 9 10

o MeCN (deg), 3 h

0.06 M 2.0 equiv PR160L-440

Deviation from

Entry standard Conversion [%]° 1[%]¢ 9[%]° 10 [%]°
conditions

1 -- quant. 99 n.d. n.d.
2 no CN-OA-m 4 n.d. n.d. n.d.
3 no dpbpy 6 n.d. n.d. n.d.
4 no NiBrz-3H.0 16 16 n.d. n.d.
5 no BIPA 3 n.d. n.d. n.d.
6 no degassing 6 2 n.d. 4

7 no light 2 n.d. n.d. n.d.

@Reaction conditions: methyl 4-iodobenzoate (190.3 pumol), methyl 3-mercaptopropionate
(380.5 pmol), NiBr2-3H,0 (9.5 umol), CN-OA-m (5 mg) dpbpy (9.5 umol) and BIPA (951.5
umol) in MeCN (3 mL), 440 nm LED (100% power), 3 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.
BIPA = N-tert-butylisopropylamine. dpbpy = [2,2"-bipyridine]-4,4'-diyldiphosphonic acid.
n.d. = not detected. deg = degassed. quant. = quantitative.
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Table S6.6. Optimized conditions and control studies using the 525 nm setup.?

f

CN-OA-m (5 mg)
NiBr, 3H,0 (5 mol%)
dpbpy (5 mol%)

CO,Me CO,Me CO;Me
CO,Me i Q ’ ’
2 : HS\/\n/OMe BIPA (5.0 equiv) . J\/\ /©/ +©/ + /©/
| o = MeO S H HO
1 9 10

MeCN (deg), 17 h

0.06 M 2.0 equiv PR160L-525

Deviation from )
Entry - Conversion [%]°  1[%]¢ 9[%]° 10 [%]°
standard conditions

1 -- quant. 99 n.d. n.d.
2 methyl 4- 14 11 nd. nd
bromobenzoate
3 no CN-OA-m 0 n.d. n.d. n.d.
4 no dpbpy 0 n.d. n.d. n.d.
5 no NiBr2-3H.0 11 10 n.d. n.d.
6 no BIPA 7 n.d. n.d. n.d.
7 no degassing 6 4 n.d. traces
8 no light 5 n.d. n.d. traces

8Reaction conditions: methyl 4-iodobenzoate (190.3 pumol), methyl 3-mercaptopropionate (380.5
pmol), NiBrz-3H20 (9.5 umol), CN-OA-m (5 mg) dpbpy (9.5 umol) and BIPA (951.5 pmol) in
MeCN (3 mL), 525 nm LED (200% power), 17 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. BIPA = N-tert-butylisopropylamine.
dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid. n.d. = not detected. deg = degassed. quant. =
quantitative.
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6.5.4.4 Ru(bpy)2(dpbpy)-TiO>—NiBr2-dpbpy (Cat 2)

Table S6.7. Initial experiments using the 440 nm LED setup.?

f

Ru(bpy),(dpbpy) (1.25 mol%)
TiO, (30 mg)
NiBry' 3H,0 (10 mol%)
dpbpy (10 mol%)

COMe  Hs OMe . 0 /©/
BIPA (5.0 equiv)
|/©/ * \/\cr)r > MGOJ\/\S
1

COo,Me

CO,Me CO,Me
O O
H HO
9 10

MeCN (deg), 2 h
0.06 M 2.0 equiv PR160L-440

Entry Variations Conversion [%]° 1[%]¢ 9[%]° 10 [%]°
1 -- 58 56 n.d. n.d.
2 8h guant. 99 n.d. traces
3 no TiO2 15 15 n.d. traces

@Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-mercaptopropionate
(380.5 pmol), NiBrz-3H0 (19.0 pmol), Ru(bpy)2(dpbpy) (1.25mol%), TiO, (30 mg) dpbpy
(19.0 pumol) and BIPA (951.5 pumol) in MeCN (3 mL), 440 nm LED (100% power), 2 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. dpbpy = [2,2'-bipyridine]-4,4'-
diyldiphosphonic acid. n.d. = not detected. deg = degassed. quant. = quantitative.
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Table S6.8. Optimized conditions and control studies using the 440 nm setup.?

Ru(bpy),(dpbpy) (1.25 mol%)
TiO, (30 mg)
NiBr, 3H,0 (10 mol%)

dpbpy (10 mol%) CO,Me CO,Me CO,Me
CO,Me o 2 2
2 HS\/\n,OMe BIPA (5.0 equiv) Jj\/\ /©/ +/©/ + /©/
| * > MeO S H HO
1 9 10

o MeCN (deg), 8 h

0.06 M 2.0 equiv PFR160L-440

Deviation from )
Entry o Conversion [%]° 1[%]¢ 9[%]° 10 [%]°
standard conditions

1 - quant. 99 n.d. traces
2 no TiO2 43 39 n.d. traces
3 no dye 72 71 n.d. traces
4 no dpbpy 2 n.d. n.d. traces
5 no NiBr2-3H20 20 traces n.d. traces
6 no BIPA 2 n.d. n.d. traces
7 no degassing 4 traces n.d. traces
8 no light 3 n.d. n.d. traces

8Reaction conditions: methyl 4-iodobenzoate (190.3 pumol), methyl 3-mercaptopropionate (380.5
pmol), dye (2.4 pmol), NiBrz-3H20 (19.0 pmol), TiO, (30 mg) dpbpy (19.0 umol) and BIPA (951.5
umol) in MeCN (3 mL), 440 nm LED (100% power), 8 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. BIPA = N-tert-butylisopropylamine.
dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid. n.d. = not detected. deg = degassed. quant. =
quantitative.
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Table S6.9. Optimized conditions and control studies using the 525 nm setup.?

U

Ru(bpy),(dpbpy) (1.25 mol%)
TiO, (30 mg)
NiBry 3H,0 (10 mol%)

dpbpy (10 mol%) CO,Me CO,Me CO,Me
CO,M (o] 2 2
,Me HS\/\n/OMe BIPA (5.0 equiv) Jj\/\ /©/ +©/ + /©/
| + P MeO S H HO
1 9 10

o MeCN (deg), 24 h

0.06 M 2.0 equiv PR160L-525

Deviation from )
Entry o Conversion [%]° 1 [%]¢ 9[%]° 10 [%]°
standard conditions

1 - quant. 99 n.d. traces
2 no TiO2 25 23 n.d. traces
3 No dye 3 n.d. n.d. traces
4 no dpbpy 2 n.d. n.d. traces
5 no NiBrz-3H20 10 traces n.d. traces
6 no BIPA 5 n.d. n.d. traces
7 no degassing 2 n.d. n.d. traces
8 no light 0 n.d. n.d. traces

8Reaction conditions: methyl 4-iodobenzoate (190.3 umol), methyl 3-mercaptopropionate (380.5
pmol), dye (2.4 pmol), NiBr;-3H,0 (19.0 pmol), TiO, (30 mg), dpbpy (19.0 pumol) and BIPA (951.5
pumol) in MeCN (3 mL), 525 nm LED (200% 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. BIPA = N-tert-
butylisopropylamine. dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid. n.d. = not detected. deg
= degassed. quant. = quantitative.
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6.5.4.5 General procedure for the C-S arylation of thiols

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with CN-OA-m (15
mg, 1.67 mg/g), aryl iodide (570.0 pmol, 1.0 equiv), thiol (1.14 mmol, 2.0 equiv),
NiBr2-3H20 (7.75 mg, 28.5 umol, 5 mol%) and [2,2'-bipyridine]-4,4'-diyldiphosphonic acid
(9.0 mg, 28.5 pumol, 5 mol%). Subsequently, MeCN (anhydrous, 6 mL) and N-tert-
butylisopropylamine (BIPA, 452 uL, 2.85 mmol, 5 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 degassed by
bubbling argon for 10 min. The mixture was irradiated using the 440 nm or 525 nm LED
setup with rapid stirring. After the respective reaction time, one equivalent of 1,3,5-
trimethoxybenzene (internal standard, 96 mg, 570 umol, 1.0 equiv)) 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. 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 (SiO2, Hexane/EtOAC) on a Grace Reveleris system using a 12 g

cartridge.

o /©/C02Me
Meo)vs

1

Methyl 4-((3-methoxy-3-oxopropyl)thio)benzoate 1: From methyl 4-iodobenzoate
(149.37 mg, 570.0 pmol, 1.0 equiv) and methyl 3-mercaptopropionate (126.3 pL, 1.14
mmol, 2.0 equiv). The title compound was isolated after irradiation for 17 hours in 94% yield
(136.3 mg, 533.8 umol) as white solid using an elution gradient of 0-5% of ethyl acetate in
hexane.

'H NMR (400 MHz, CDCl3) & 7.94 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 8.6 Hz, 2H), 3.90 (s,
3H), 3.70 (s, 3H), 3.25 (t, J = 7.4 Hz, 2H), 2.69 (t, J = 7.4 Hz, 2H). 3C NMR (101 MHz,
CDClI3) 6 172.02, 168.82, 142.70, 130.21, 127.46, 127.23, 52.25, 52.11, 33.87, 27.43.
These data are in full agreement with those previously published in the literature.®
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COzMe

2

Methyl 4-((2-hydroxyethyl)thio)benzoate. From methyl 4-iodobenzoate (149.37 mg,
570.0 pumol, 1.0 equiv) and 2-mercaptoethanol (80.08 pL, 1.14 mmol, 2.0 equiv). The title
compound was isolated after irradiation for 3 hours in 63% yield (75.5 mg, 356 pmol) as
white solid using an elution gradient of 0-25% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCl3) & 7.90 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.5 Hz, 2H), 3.88 (s,
3H), 3.81 (t, J = 6.2 Hz 2H), 3.18 (t, J = 6.2 Hz, 2H), 2.45 (m, 1H). *C NMR (101 MHz,
CDCl3) 6 166.85, 142.66, 130.12, 127.28, 127.19, 60.51, 52.24, 35.34.

These data are in full agreement with those previously published in the literature.®

Lo
S 3

Methyl 4-(cyclohexylthio)benzoate. From methyl 4-iodobenzoate (149.37 mg, 570.0 pmol,
1.0 equiv) and cyclohexanethiol (139.68 pL, 1.14 mmol, 2.0 equiv). The title compound was
isolated after irradiation for 18 hours in 64% yield (91.5 mg, 365 pmol) as colorless oil using
an elution gradient of 0-5% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCls3) § 7.91 (d, J = 8.5 Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H), 3.89 (s,
3H), 3.32 - 3.24 (m, 1H), 2.06 — 1.98 (m, 2H), 1.82 — 1.75 (m, 2H), 1.67 — 1.58 (m, 1H),
1.47 —1.20 (m, 5H). 3C NMR (101 MHz, CDCls) § 166.94, 143.15, 129.99, 128.52, 127.16,
52.18, 45.11, 33.19, 26.06, 25.79.

These data are in full agreement with those previously published in the literature.®

CO,Me
t-Bu< /©/
U~

4
Methyl 4-(tert-butylthio)benzoate. From methyl 4-iodobenzoate (149.37 mg, 570.0 pumol,
1.0 equiv) and tert-butyl mercaptan (128.72 pL, 1.14 mmol, 2.0 equiv). The title compound
was isolated after irradiation for 18 hours in 59% yield (75.03 mg, 336 umol) as colorless

oil using an elution gradient of 0-3% of ethyl acetate in hexane.
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IH NMR (400 MHz, CDCls) § 7.98 (d, J = 9.0 Hz, 2H), 7.59 (d, J = 9.0 Hz, 2H), 3.92 (s,
3H), 1.31 (s, 9H). 3C NMR (101 MHz, CDCls) & 166.91, 139.12, 136.96, 130.21, 129.59,
52.38, 46.92, 31.21.

These data are in full agreement with those previously published in the literature.®

L O
S 5

Methyl 4-(phenylthio)benzoate. From methyl 4-iodobenzoate (149.37 mg, 570.0 umol, 1.0
equiv) and thiophenol (117.24 pL, 1.14 mmol, 2.0 equiv). The title compound was isolated
after irradiation for 18 hours in 82% yield (105.1 mg, 468 pmol) as white solid using an
elution gradient of 0-5% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCl3) 6 7.92 (d, ] = 8.5 Hz, 2H), 7.55 — 7.47 (m, 2H), 7.44 — 7.35 (m,
3H), 7.23 (d, J = 8.5 Hz, 2H), 3.91 (s, 3H). 1*C NMR (101 MHz, CDCl3) & 166.73, 144.47,
133.77,132.42, 130.16, 129.72, 128.74, 127.61, 127.52, 52.15.

These data are in full agreement with those previously published in the literature.®

M80\©\ /©/C02Me
S

6

Methy! 4-((4-methoxyphenyl)thio)benzoate. From methyl 4-iodobenzoate (149.37 mg,
570.0 umol, 1.0 equiv) and 4-methoxybenzenethiol (140.42 pL, 1.14 mmol, 2.0 equiv). The
title compound was isolated after irradiation for 18 hours in 78% vyield (122.21 mg, 445
pmol) as white solid using an elution gradient of 0-5% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCl3) & 7.85 (d, J = 8.6 Hz, 2H), 7.47 (d, ] = 8.9 Hz, 2H), 7.07 (d, J
= 8.6 Hz, 2H), 6.94 (d, J = 8.9 Hz, 2H), 3.87 (s, 3H), 3.84 (s, 3H). *C NMR (101 MHz,
CDClz) 6 166.83, 160.68, 146.49, 136.85, 130.03, 126.75, 125.84, 121.61, 115.41, 55.48,
52.09.

These data are in full agreement with those previously published in the literature.
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Meoj\ﬂs/E>

7

Methyl 3-(phenylthio)propanoate. From methyl iodobenzene (63.89 pL, 570.0 umol, 1.0
equiv) and methyl 3-mercaptopropionate (126.3 pL, 1.14 mmol, 2.0 equiv). The title
compound was isolated after irradiation for 3 hours in 73% yield (81.9 mg, 417 pmol) as
white solid using an elution gradient of 0-5% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCls) § 7.39 (m, 2H), 7.32 (t, J = 15.5 Hz, 2H), 7.23 (t, ] = 15.5 Hz,
1H), 3.70 (s, 3H), 3.19 (t, J = 14.8 Hz, 2H), 2.65 (t, J = 14.8 Hz, 2H). *C NMR (101 MHz,
CDCI3) 6 172.25, 135.26, 130.17, 129.11, 126.66, 51.90, 34.29, 29.10.

These data are in full agreement with those previously published in the literature.’

o /©/OMG
MeO)J\/\S

8

Methyl 3-((4-methoxyphenyl)thio)propanoate. From methyl 4-iodoanisole (133.61 mg,
570.0 pmol, 1.0 equiv) and methyl 3-mercaptopropionate (126.3 pL, 1.14 mmol, 2.0 equiv).
The title compound was isolated after irradiation for 18 hours in 70% yield (90.82 mg, 401
pumol) as white solid using an elution gradient of 0-5% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCls3) § 7.35 (d, ] = 8.8 Hz, 2H), 6.83 (d, ] = 8.8 Hz, 2H), 3.77 (s,
3H), 3.65 (s, 3H), 3.03 (t, J = 14.5 Hz, 2H), 2.55 (t, J = 14.5Hz, 2H). 3C NMR (101 MHz,
CDCI3) 6 172.32, 159.39, 134.23, 125.12, 114.69, 55.36, 51.78, 34.42, 31.12.

These data are in full agreement with those previously published in the literature.’
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6.5.4.6 Exsitu preparation of the bifunctional catalysts

6.5.4.6.1 CN-OA-m-NiBrz-dpbpy (Cat 1)

CN-OA-m (15 mg) was dispersed in 9 mL MeCN and sonicated for 5 min. Then,
NiBr2-3H20 (7.75 mg, 28.5 pmol, 5 mol%) and [2,2'-bipyridine]-4,4'-diyldiphosphonic acid
(9.0 mg, 28.5 pmol, 5 mol%) 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 MeCN and separation by centrifugation (2x), the material was

lyophilized overnight.

Figure S6.5. Unfunctionalized CN-OA-m (A) and CN-OA-m-NiBry-dpbpy (Cat 1) (B). Structure of
NiBrz-dcbpy (C). The functionalities that bind to the surface of CN-OA-m are marked in green.

The amount of immobilized NiBr2-3H20 and dpbpy ([2,2'-bipyridine]-4,4'-diyldiphosphonic
acid) was determined by ICP-OES (Table S6.10). The white powder has a nickel content of
21.1 mg g%, which corresponds to 1.8 pmol of NiBrz-3H,0 (0.98 mol%) and a phosphorus
content of 71.2 mg g* (5.7 pmol, 3 mol%).

Table S6.10. Nickel and phosphorus content of CN-OA-m—NiBr;-dpbpy (Cat 1) and CN-OA-m determined
by ICP-OES analysis

Sample Ni [mg/g catalyst] P [mg/g catalyst]
CN-OA-m 0.02 0.01
Catl 21.1 71.2
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Figure S6.6. Diffuse reflectance UV/Vis spectra of Cat 1 and unfunctionalized CN-OA-m.

SEM images of the unfunctionalized CN-OA-m and Cat 1 showed a porous texture that was

not altered during functionalization (Figure S6.7).
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Figure S6.7. SEM images of CN-OA-m (A) and Cat 1 (B).
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Table S6.11. EDX elemental composition of Cat 1 and CN-OA-m.

Sample %wwC %wwN %wwO %wwP %wwK %wwBr % w/w Ni
CN-OA-m 24.34 52.39 7.06 0.06 11.05 0.10 0.02
CN-OA-m-

32.31 34.62 15.92 6.02 4.20 3.47 3.46

NiBr2-dcbpy

Table S6.12. Comparison of the ex situ and in situ method for the title reaction using the 525 nm setup.?

f

CN-OA-m (5 mg)
NiBr, 3H,0 (5 mol%)
dpbpy (5 mol%)

CO,Me COo,Me CO,Me
CcO,Me HS\/\n/OMe BIPA (5.0 equiv) Joj\/\ O +©/ z, J@/ 2
+ >
| 0 MeO S H HO
1 9 10

MeCN (deg), 17 h

0.06 M 2.0 equiv PR160L-525

Deviation from )
Entry o Conversion [%]° 1[%]¢ 9[%]° 10 [%]°
standard conditions

1 -- quant. 99 n.d. n.d.

2 Cat 1 prepared ex situ quant. 99 n.d. n.d.

4Reaction conditions: methyl 4-iodobenzoate (190.3 pumol), methyl 3-mercaptopropionate (380.5
pmol), NiBrz-3H20 (9.5 pmol), CN-OA-m (5 mg) dpbpy (9.5 umol) and BIPA (951.5 pumol) in
MeCN (3 mL), 525 nm LED (200% power), 17 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. BIPA = N-tert-butylisopropylamine.
dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid. n.d. = not detected. deg = degassed. quant. =
quantitative.
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6.5.4.6.2 Ru(bpy)2(dpbpy)-TiO2-NiBr2-dpbpy (Cat 2)

TiO2 P25 (90 mg) was dispersed in 9 mL MeCN and sonicated for 5 min. Ru(bpy)2(dpbpy)
(5.19 mg, 7.13 pmol, 1.25 mol%), NiBr2-3H20 (15.5 mg, 57.0 pumol, 10 mol%) and [2,2'-
bipyridine]-4,4'-diyldiphosphonic acid (18.0 mg, 57.0 umol, 10 mol%) 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 MeCN and separation by

centrifugation (2x), the material was lyophilized overnight.

H,03P.

~N o Br

|
H0P " N C

Ru(bpy),(dpbpy)

Figure S6.8. Unfunctionalized TiO, P25 (A) and Ru(bpy).(dpbpy)-TiO2—NiBr.-dpbpy (Cat 2) (B). Structure
of Ru(bpy).(dpbpy) and NiBr,-dcbpy (C). The functionalities that bind to the surface of TiO; are marked in
green.

The nickel and phosphorus content of the material was determined by ICP-OES (Table 6.16).
The brown powder has a nickel content of 4.18 mg g%, which corresponds to 2.14 pumol of

NiBrz-3H20 (1.16 mol%), 4.59 mg g* ruhtenium and a phosphorus content of 32.2 mg g.

Table S6.13. Nickel, ruthenium and phosphorus content of Ru(bpy).(dpbpy)-TiO>—NiBr,-dpbpy (Cat 2) and
unfunctionalized TiO; determined by ICP-OES analysis

Sample Ru [mg/g catalyst] Ni [mg/g catalyst] P [mg/g catalyst]
TiOz 0.02 0.02 0.02
Cat2 4.59 4.18 32.2
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Figure S6.9. Diffuse reflectance UV/Vis spectra of Ru(bpy)2(dpbpy)-TiO—NiBrz-dpbpy (Cat 2) and
unfunctionalized TiO, P25.

SEM images of Ru(bpy)2(dpbpy)-TiO>—NiBr.-dpbpy (Cat 2) and unfunctionalized TiO>
P25 showed a porous texture that was not altered during functionalization process (Figure
S6.10).

e

Mag~ S00KX  ENT- 300KV WD~ 7mm  Signal A= SE2 Date 21 Dec 2020 Mag- 1000KX  ENT~ 300K WD~ 7mm  Signal A= SE2 Date 21 Dec 2020

Figure S6.10. SEM images of TiO; P 25 (A) and Ru(bpy).(dpbpy)-TiO>—NiBr,-dpbpy (Cat 2) (B)
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Table S6.14. EDX elemental composition of Ru(bpy)2(dpbpy)-TiO>—NiBr,-dpbpy (Cat 2) and
unfunctionalized TiO, P25.

Sample %wwC %wwO %wwP %wwTi %wwNi % w/wBr
TiO2 4.00 48.96 0.02 46.91 0.11 0.02
Cat 2 28.20 50.01 441 15.22 0.62 1.56

Table S6.15. Comparison of the ex situ and in situ method for the title reaction using the 525 nm setup.?

U

Ru(bpy),(dpbpy) (1.25 mol%)
TiO, (30 mg)
NiBr, 3H,0 (10 mol%)
dpbpy (10 mol%)

COMe  Hs OMe . 0 J@/
BIPA (5.0 equiv)
|©/ ' \/\g/ ~ MEOJ\/\S
1

CO,Me

CO,Me COo,Me
O T
H HO

9 10

MeCN (deg), 24 h
0.06 M 2.0 equiv PR160L-525

Deviation from )
Entry o Conversion [%]° 1 [%]¢ 9[%]° 10 [%]°
standard conditions

1 - quant. 99 n.d. traces

2 Cat 2 prepared ex situ 66 60 n.d. traces

8Reaction conditions: methyl 4-iodobenzoate (190.3 pumol), methyl 3-mercaptopropionate (380.5
pmol), dye (2.4 pmol), NiBr2-3H,0 (19.0 pmol), CN-OA-m (10 mg) dpbpy (19.0 umol) and BIPA
(951.5 pmol) in MeCN (3 mL), 525 nm LED (200% 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. BIPA = N-tert-
butylisopropylamine. dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid. n.d. = not detected. deg
= degassed. quant. = quantitative.
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6.5.4.7 Catalyst recycling
6.5.4.7.1 CN-OA-m-NiBrz-dpbpy (Cat 1)

Experimental procedure for catalyst recycling experiments of the C-S arylation with
the 440 nm or 525 nm setup using CN-OA-m-NiBr2-dpbpy (Cat 1) generated in situ.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with the respective
CN-OA-m (5 mg, 1.67 mg/ml), methyl 4-iodobenzoate (49.79 mg, 190.3 umol, 1.0 equiv),
methyl 3-mercaptopropionate (42.1 pL, 380.5 umol, 2.0 equiv), NiBr2-3H,0O (2.59, 9.5
pmol, 5 mol%) and [2,2'-bipyridine]-4,4'-diyldiphosphonic acid (3.0 mg, 9.5 pmol, 5 mol%).
Subsequently, MeCN (anhydrous, 3 mL) and N-tert-butylisopropylamine (BIPA, 150.7 pL,
951.5 umol, 5 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 440 or 525 nm LED setup for the respective reaction time with rapid
stirring (1400 rpm). After the respective reaction time, the reaction mixture was centrifuged
and washed twice with 3 mL MeCN. The remaining catalyst was lyophilized and reused in

the next reaction.
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Table S6.16. Catalyst recycling (Cat 1) in the C-S coupling using the 440 nm setup.?

!

CN-OA-m (5 mg)
NiBr, 3H,0 (5 mol%)

coMe Hs ome  9PbpY (5 mol%) o CO,Me CO,Me co,Me

|/©/ S oo seg an ""“'°J\/\S/©/ H+/© + HOO

0.06 M 2.0 equiv PR160L-440 1 9 10
Entry Cycle Conversion [%]° 1[%]¢ 9[%]° 10 [%]°

1 1 quant. 99 n.d. traces

2 2 quant. 95 n.d. traces

3 3 quant. 99 n.d. traces

4 4 quant. 99 n.d. traces

5 5 guant. 99 n.d. traces

6 6 quant. 99 n.d. traces

7 7 90 88 n.d. traces

@Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-mercaptopropionate
(380.5 pmol), NiBr2-3H,0 (9.5 pmol), CN-OA-m (5 mg), and dpbpy (9.5 umol), BIPA (951.5
pmol) in MeCN (3 mL), 440 nm LED (100% power), 3 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. BIPA = N-tert-
butylisopropylamine. dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid. n.d. = not detected.
deg = degassed. quant. = quantitative.
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Table S6.17. Catalyst recycling (Cat 1) in the C-S coupling using the 525 nm setup.?

f

CN-OA-m (5 mg)
NiBry 3H,0 (5 mol%)
dpbpy (5 mol%)

CO,Me CO,Me CO;Me
CO,Me i Q ’ ’
2 . HS\/\n/OMe BIPA (5.0 equiv) . JJ\/\ /©/ +©/ + /©/
I o = MeO S H HO
1 9 10

MeCN (deg), 17 h

0.06 M 2.0 equiv PR160L-525
Entry Cycle Conversion [%]° 1[%]¢ 9[%]¢ 10 [%]°
1 1 quant. 99 n.d. traces
2 2 quant. 99 n.d. traces
3 3 guant. 99 n.d. traces
4 4 guant. 99 n.d. traces
5 5 guant. 95 n.d. traces
6 6 guant. 99 n.d. traces
7 7 quant. 96 n.d. traces

@Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-mercaptopropionate
(380.5 pmol), NiBr2:3H,0 (9.5 pmol), CN-OA-m (5 mg), and dpbpy (9.5 umol), BIPA (951.5
umol) in MeCN (3 mL), 525 nm LED (200% power), 17 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. dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid. n.d. = not
detected. deg = degassed. quant. = quantitative.
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6.5.4.7.1 Ru(bpy)2(dpbpy)-TiO2-NiBr2-dpbpy (Cat 2)

Experimental procedure for catalyst recycling experiments of the C-S arylation with
the 440 nm or 525 nm setup using Ru(bpy)z(dpbpy)-TiO2-NiBr2-dpbpy (Cat 2)
generated in situ.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with the respective
TiO2 P25 (30 mg, 10 mg/ml), methyl 4-iodobenzoate (49.79 mg, 190.3 pmol, 1.0 equiv),
methyl 3-mercaptopropionate (42.1 pL, 380.5 umol, 2.0 equiv), NiBrz-3H20 (5.18 mg, 19.0
pmol, 10 mol%), [2,2'-bipyridine]-4,4'-diyldiphosphonic acid (6.0 mg, 19.0 pmol, 10 mol%)
and Ru(bpy)2(dpbpy) (1.74 mg, 2.4 umol, 1.25 mol%). Subsequently, MeCN (anhydrous, 3
mL) and N-tert-butylisopropylamine (BIPA, 150.7 pL, 951.5 umol, 5 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 440 or 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 MeCN. The remaining catalyst was

lyophilized and reused in the next reaction.
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Table S6.18. Catalyst recycling (Cat 2) in the C-S coupling with the 440 nm setup.?

f

Ru(bpy),(dpbpy) (1.25 mol%)
TiO, (30 mg)
NiBr, 3H,0 (10 mol%)

CO,Me  Hs ome UPPPY (10 mol%) 0 COMe CO,Me CO,Me
O oy e ST ST
0.06 M 2.0 equiv PR160L-440 1 9 10
Entry Cycle Conversion [%]° 1[%]¢ 9[%]° 10 [%]°
1 1 quant. 99 n.d. traces
2 2 quant. 99 n.d. traces
3 3 quant. 99 n.d. traces
4 4 quant. 99 n.d. traces
5 5 guant. 99 n.d. traces
6 6 guant. 99 n.d. traces
7 7 quant. 97 n.d. traces

@Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-mercaptopropionate
(380.5 umol), Ru(bpy)2(dpbpy) (2.4 umol), NiBr2-3H,0 (19.0 umol), TiO; (30 mg), and dpbpy
(19.0 pumol), BIPA (951.5 pmol) in MeCN (3 mL), 440 nm LED (100% power), 15 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. BIPA = N-tert-butylisopropylamine. dpbpy = [2,2'-bipyridine]-4,4'-
diyldiphosphonic acid. n.d. = not detected. deg = degassed. quant. = quantitative.
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Table S6.19. Catalyst recycling (Cat 2) in the C-S coupling with the 525 nm setup.?

U

Ru(bpy),(dpbpy) (1.25 mol%)
TiO, (30 mg)
NiBr, 3H,0 (10 mol%)

dpbpy (10 mol%) CO,Me CO,Me CO,Me
co,M o] 2 2
,Me HS\/\n/OME BIPA (5.0 equiv) Jj\/\ /©/ +©/ + /©/
| + > MeO S H HO
1 9 10

o MeCN (deg), 24 h

0.06 M 2.0 equiv PR160L-525

Entry Cycle Conversion [%]° 1[%]¢ 9[%]° 10 [%]°
1 1 quant. 99 n.d. traces
2 2 guant. 99 n.d. traces
3 3 quant. 99 n.d. traces
4 4 quant. 99 n.d. traces
5 5 quant. 95 n.d. traces
6 6 quant. 97 n.d. traces
7 7 quant. 97 n.d. traces

2Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-mercaptopropionate
(380.5 pmol), Ru(bpy)2(dpbpy) (2.4 umol), NiBr,-3H,0 (19.0 pmol), TiO (30 mg) and dpbpy
(19.0 pmol), BIPA (951.5 pumol) in MeCN (3 mL), 525 nm LED (200% 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. BIPA = N-tert-butylisopropylamine. dpbpy = [2,2-bipyridine]-4,4'-
diyldiphosphonic acid. n.d. = not detected. deg = degassed. quant. = quantitative.

380



Supporting Information - Chapter 6

6.5.4.8 Catalyst recycling (Cat 1) in the C-S coupling including ICP-
OES analysis

Experimental procedure for catalyst recycling experiments of the C-S arylation with
525 nm setup using CN-OA-m-NiBr2-dpbpy (Cat 1) generated in situ.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with the respective
CN-OA-m (5 mg, 1.67 mg/ml), methyl 4-iodobenzoate (49.79 mg, 190.3 umol, 1.0 equiv),
methyl 3-mercaptopropionate (42.1 pL, 380.5 umol, 2.0 equiv), NiBr2-3H,0 (2.59, 9.5
pmol, 5 mol%) and [2,2'-bipyridine]-4,4'-diyldiphosphonic acid (3.0 mg, 9.5 pumol, 5 mol%).
Subsequently, MeCN (anhydrous, 3 mL) and N-tert-butylisopropylamine (BIPA, 150.7 pL,
951.5 umol, 5 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 for the respective reaction time with rapid stirring
(1400 rpm). After the respective reaction time, the reaction mixture was centrifuged and
washed twice with 3 mL MeCN. The remaining catalyst was lyophilized and reused in the

next reaction. After each cycle the catalyst was analyzed by ICP-OES (see Table S6.19).

381



Supporting Information - Chapter 6

Table S6.20. Catalyst recycling (Cat 1) in the C-S coupling with the 525 nm setup.?

!

CN-OA-m (10 mg)
NiBr;, 3H,0 (5 mol%)
dpbpy (5 mol%)

CO,Me CO,Me CO;Me
CO,Me i Q ’ ’
2 : Hs\/\n/OMe BIPA (5.0 equiv) _ JJ\/\ /©/ +©/ + /©/
| o 7 MeO S H HO
1 9 10

MeCN (deg), 17 h

0.06 M 2.0 equiv PR160L-525
Entry Cycle Conversion [%]° 1[%]¢ 9[%]° 10 [%]°
1 1 quant. 99 n.d. traces
2 2 quant. 99 n.d. traces
3 3 quant. 99 n.d. traces
4 4 quant. 99 n.d. traces
5 5 quant. 99 n.d. traces
6 6 95 94 n.d. traces
7 7 quant. 99 n.d. traces
8 8 96 95 n.d. traces
9 9 96 96 n.d. traces
10 10 98 98 n.d. traces

8Reaction conditions: methyl 4-iodobenzoate (380.6 umol), methyl 3-mercaptopropionate
(761.2 pmol), NiBr2-3H20 (19 pmol), CN-OA-m (10 mg), and dpbpy (19 pmol), BIPA (1.9
mmol) in MeCN (3 mL), 525 nm LED (200% power), 17 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. BIPA
= N-tert-butylisopropylamine. dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid. n.d. = not
detected. deg = degassed. quant. = quantitative.
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Figure S6.11. Solutions after centrifugation after each reaction cycle.

Figure S6.12. Cat 1 after centrifugation, washing and lyophilyzation after each reaction cycle.
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Table S6.21. Nickel and phosphorus content of unfunctionalized CN-OA-m, and CN-OA-m-NiBr,-dpbpy
(Cat 1) after each recycling experiment (ICP-OES analysis).

i Corresponds to . Corresponds to

Sample [mg/g catalyst] NiBr-3H:0 [mg/g catalyst] dpbpy

[mol%] [mol%]

CN-OA-m 0.02 -- 0.01 --

cycle 1 2.65 0.12 52.2 2.22
cycle 2 2.63 0.12 47.8 2.03
cycle 3 2.47 0.11 44.6 1.89
cycle 4 1.83 0.08 43.6 1.85
cycle 5 2.38 0.11 45.3 1.92
cycle 6 2.92 0.14 42.0 1.78
cycle 7 2.67 0.12 47.8 2.03
cycle 8 1.95 0.09 47.0 2.00
cycle 9 243 0.11 41.6 1.77
cycle 10 1.94 0.09 42.9 1.82

SEM images of the unfunctionalized CN-OA-m and Cat 1 showed a porous texture that was

not altered during the recycling study.

EEEPNT T ol 0 0y ol i A%

Figure S6.13. SEM images of CN-OA-m (A) and Cat 1 (B) after ten reaction cycles.
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Table S6.22. EDX elemental composition of CN-OA-m and Cat 1 after ten cycles.

%owiw  %ww %ww %ww %ww %ww % w/w

Sample )
C N @) P K Br Ni
CN-OA-m 24.34 52.39 7.06 0.06 11.05 0.10 0.02
CAT 1 after 10
30.35 28.37 23.27 5.37 5.72 3.61 0.84
cycles

Table S6.23. Comparison of the C-S cross coupling with Cat 1 using the conditions described in Table S6.21
and using the Ni/P content that was measured after the recycling experiments using the 525 nm setup.?

f

CN-OA-m (5 mg)
NiBr, 3H,0 (5 mol%)
dpbpy (5 mol%)

co,Me  Hs OMe  BIPA (5.0 equi a O/
.0 equiv)
|/©/ * Y > MeOJ\/\s
1

CO,Me

CO,Me CO,Me
O T
H HO
9 10

o MeCN (deg), 17 h

0.06 M 2.0 equiv PR160L-525

Deviation from )
Entry o Conversion [%]° 1[%]¢ 9[%]° 10 [%]°
standard conditions

1 -- quant. 99 n.d. n.d.

0.1 mol% NiBr,3H,0

quant. 99 n.d. n.d.
and 1.9 mol% dpbpy

8Reaction conditions: methyl 4-iodobenzoate (190.3 umol), methyl 3-mercaptopropionate (380.5
pmol), NiBrz-3H20 (9.5 umol), CN-OA-m (5 mg) dpbpy (9.5 umol) and BIPA (951.5 pmol) in
MeCN (3 mL), 525 nm LED (200% power), 17 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. BIPA = N-tert-butylisopropylamine.
dpbpy = [2,2'-bipyridine]-4,4'-diyldiphosphonic acid. n.d. = not detected. deg = degassed. quant. =
quantitative.
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6.5.5 Other cross-coupling reactions

6.5.5.1 C-0 cross coupling

Table S6.24. Comparison of different semiconductorss for the C-O arylation of N-Boc proline with 5-
bromobenzonitrile using the 440 nm LED setup.?

!

semiconductor (30 mg)
NiBr, 3H,0 (10 mol%)

Boc dpbpy (10 mol%) Boc CO,Me CO,Me
/©/C02Me N OH BIPA (3.0 equiv) EN)_<°—©—C°2M*> +/©/ + /©/
+ >
H HO
. 0O~ b
© 11 9 10

DMSO (deg), 24 h

0.06 M 1.5 equiv PR160L-440

Entry Semiconductor ~ Conversion [%]° 11 [%]¢ 9 [%]¢ 10 [%0]°

1 TiO: 2 n.d. n.d. n.d.
2 CN-OA-m 1 n.d. n.d. n.d.
3 mpg-CN 3 traces n.d. n.d.
4 Ru-TiO: 1 n.d. n.d. n.d.
5 Bi203 1 n.d. n.d. n.d.
6 Bi>Os nanopowder 3 n.d. n.d. n.d.
7 Cds 2 n.d. n.d. n.d.
8 Ir(ppy)s* 2 n.d. n.d. n.d.

Reaction conditions: methyl 4-iodobenzoate (285.4 umol), N-Boc proline (190.3 umol), dye
(2.4 pumol), NiClz-6H,0 (19.0 umol), dpbpy (19.0 umol), semiconductor (30 mg) and BIPA
(570.8 umol) in MeCN (anhydrous, 3 mL440 nm LED lamp (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. 92 mol% Ir(ppy)s. BIPA = N-tert-butylisopropylamine. dpbpy = [2,2'-bipyridine]-4,4'-
diyldiphosphonic acid. n.d. = not detected. deg = degassed.

386



Supporting Information - Chapter 6

6.5.5.2 C-C (silane) cross-coupling

Synthesis of 1-((Dimethyl(phenyl)silyl)methyl)piperidine

OH

Nea:
N”" SiMe,Ph
c1” > siMe,Ph - O iMe,
DMF, 90°C, 24 h

Scheme S6.2. Synthesis of 1-((Dimethyl(phenyl)silyl)methyl)piperidine

A 100 mL round bottom flask equipped with a stir bar was charged with
((chloromethyl)dimethylphenylsilane (4.73 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. The reaction progress was assessed by NMR.
Upon completion, the mixture was cooled to room temperature and was diluted with H.O
(~50 mL). The mixture was extracted with EtO (75 mL). The layers were separated, and the
aqueous layer was extracted with EtO (2 x 50 mL). The combined organic layers were
washed with deionized H>O (2 x100 mL) and brine (150 mL). The organic layer was dried
(Na2S0s), and the solvent was removed. Further purification was accomplished by vacuum
distillation (bp 60-62 °C @ 1 mmHg) giving clear colorless oil (3.02 g, 52%).

1-((Dimethyl(phenyl)silyl)methyl)piperidine: *H NMR (400 MHz, CDCls) 5. 0.36 (s, 6H),
1.30-1.39 (m, 2H), 1.49 -1.59 (m, 4H), 2.15 (s, 2H), 2.28 -2.38 (m, 4H), 7.33-7.37 (m, 3H),
7.54-7.59 (m, 2H). *°C NMR (101 MHz, CDCls) § -2.40, 23.87, 26.31, 50.73, 58.60, 127.86,

139.01, 133,76, 139.50

These data are in full agreement with those previously published in the literature.®
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for the C-C cross-coupling of 1-

((Dimethyl(phenyl)silyl)methyl)piperidine and 4-bromobenzonitil using the 440 nm LED setup.?

f

semiconductor (30 mg)
NiBr, glyme (10 mol%)
dpbpy (10 mol%)

DMAc (deg), 24 h
PR160L-440

CN
ol Gt
+
Br

12

0.06 M 12 equiv
Entry Semiconductor ArBr:12°
1 TiO2 1:0
2 CN-OA-m 1:0
3 mpg-CN 1:0
4 Ru-TiO2 1:0
5 Bi2O3 1:0
6 Bi>O3 nanopowder 1:0
7 Cds 1:0
8 (Ir[dF(CFs)ppy]2(dtbpy))PFs 1:0

8Reaction conditions: 4-bromobenzonitrile (190.3 pmol), 1-
((Dimethyl(phenyl)silyl)methyl)piperidine (228.3 umol), dye
(1.25 mol%), NiBr,-glyme (19.0 pmol), dpbpy (19.0 pmol)
and semiconductor (30 mg) in DMAc (3 mL), 440 nm LED
(100% power), 24 h. "Determined by *HNMR. ©°2 mol%

(Ir[dF(CFs)ppy]2(dtbpy))PFs.

diyldiphosphonic acid. deg = degassed.
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6.5.5.3 C-C (BF3K) cross-coupling

Table S6.26. Comparison of different semiconductors for the C-C cross-coupling of potassium
benzyltrifluoroborate and 4-bromobenzonitil using the 440 nm LED setup.

f

semiconductor (30 mg)
NiBry glyme (5 mol%)
dpbpy (6 mol%)

CN
@/ ©/\BF3K lutidine (1.25 equiv)
+ >
Br MeCN (deg), 24 h N

02M 1.5 equiv PRIGOL-440 13
Entry Semiconductor Conversion [%]° 13 [%]°
1 TiO: 1 n.d.
2 CN-OA-m 2 n.d.
3 mpg-CN 29 25
4 Ru-TiO> 3 n.d.
5 Bi20Os 3 n.d.
6 Bi>O3 nanopowder 3 n.d.
7 Cds 3 n.d.

8Reaction conditions: 4-bromobenzonitrile (0.2 mmol), potassium benzyl
trifluoroborate (0.3 mmol), NiBr2-glyme (5 mol%), dpbpy (6 mol%), 2,6-lutidine
(0.25 mmol) and semiconductor (30 mg) in MeCN (anhydrous, 1 mL), , 440 nm
LED (50% power), 24h. ®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.
BIPA = N-tert-butylisopropylamine. dpbpy = [2,2-bipyridine]-4,4'-
diyldiphosphonic acid. n.d. = not detected. deg = degassed.
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C-C (BF3K): Recycling with mpg-CN

Table S6.27. C-S recycling study with mpg-CN as a semiconductor using the 440 nm LED setup.?

!

mpg-CN (30 mg)
NiBry glyme (5 mol%)
CN dpbpy (6 mol%)
@/ @/\BF3K lutidine (1.25 equiv)
+ >
Br MeCN (deg), 24 h cN

PR160L-440
02M 1.5 equiv 13

Entry Conversion [%]° 13 [%]°

1 27 25

2 2 0

8Reaction conditions: 4-bromobenzonitrile (0.2 mmol),
potassium benzyl trifluoroborate (0.3 mmol), NiBr,-glyme
(5 mol%) and dpbpy (6 mol%), 2,6-lutidine (0.25 mmol)
and CN (30 mg) in MeCN (anhydrous, 1 mL), 440 nm LED
(50% power), 24h. "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. dpbpy = [2,2'-bipyridine]-
4,4'-diyldiphosphonic acid. n.d. = not detected. deg =
degassed. quant. = quantitative.

The reaction mixture turned black after the second cycle and no product formation could be

observed.
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Carbon dot/TiO2 nanocomposites as photocatalysts
for metallaphotocatalytic carbon-heteroatom

cross-couplings

Zhao Z., Reischauer, S.; Pieber, B., Delbianco M.
Green Chem., 2021, 23, 4524-4530.
https://doi.org/10.1039/D1GC01284C
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7.5 Supporting information

7.5.1 General materials and methods

All substrates, reagents, and solvents were obtained from commercial suppliers and were
used without further purification unless otherwise noted. All light-emitting diode (LED)
lamps were purchased from Kessil Lighting (https://www.kessil.com/science/index.php).
Analytical thin layer chromatography (TLC) was performed on pre-coated TLC-sheets,
ALUGRAM Xitra 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 pm silica gel. Silica 60 M (0.04-0.063 mm) silica gel
(Sigma Aldrich) was used for dry loading of the crude compounds on the flash
chromatography system. Carbon dots (CDs) were synthesized using a domestic microwave
(SEVERIN). Centrifugation of CDs and CD/titanium dioxide (TiO2 P25) nanocomposites
were carried out using an Eppendorf 5810R centrifuge and an Eppendorf 5430 centrifuge,
respectively. NMR spectra were recorded on an Ascend™ 400 (400 MHz, Bruker)
spectrometer, 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. Infrared (IR) spectra were recorded on a Perkin-Elmer FT-IR
spectrometer (Spectrum 100). The morphologies of CDs were observed using transmission
electron microscopy (TEM, Zeiss EM 912Q). The prepared CDs were diluted with distilled
water to suitable concentrations and then deposited onto carbon-coated copper grids. After
drying at room temperature, the samples were imaged. The morphologies and elemental
composition of CD/TiO, P25 nanocomposites were measured using scanning electron
microscopy and energy dispersive X-ray spectroscopy (SEM-EDX, LEO 1550 system). The
freeze-dried CD/TiO2 P25 nanocomposites were suspended in distilled water and sonicated
for 5 min. The resulting suspension was deposited on the silicon substrate and coated with
Au. After drying at room temperature, the samples were imaged. Fluorescence spectra of
CDs were measured using a microplate reader (SpectraMax M5, Molecular Devices).
Absorption spectra of CDs and CD/TiO2> P25 nanocomposites were collected using a
Shimadzu UV-1900 (solutions), or a Shimadzu UV-2600 spectrometer equipped with an
integrating sphere (solids). X-ray diffraction (XRD) spectrum was measured with a Bruker
D8 Advanced X-ray diffractometer with Cu Ka radiation. Zeta potential was measured with
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a dynamic light scattering instrument (DLS, Zetasizer Nano, Malvern). Photoluminescence
lifetime was measured using the time-correlated single photon counting technique (TCSPC,
FluoTime 250, fluorescence lifetime spectrometer). Inductively coupled plasma - optical
emission spectrometry (ICP-OES) was carried out using a Horiba Ultra 2 instrument

equipped with a photomultiplier tube detection system.
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7.5.2 Synthesis of CDs

The carbohydrate carbon source was dissolved in ultrapure H20 (20 mL) in a conical flask
(300 mL). The doping agent was added and the mixture was agitated to yield a homogenous
solution. The flask was transferred into a domestic microwave in a fume hood and heated at
700 W for the respective time. The crude mixture was cooled for 10 min before ultrapure
H20 (40 mL) was added. The resulting solution was filtered through a filter paper and
centrifuged at 8000 rpm for 0.5 h through Amicon® Ultra-15 centrifugal filter units. The
filtrate was lyophilized to yield the desired CDs.

Table S7.1. Summary of the conditions used for the synthesis of the CDs.

oot G i
Lo e 015 :
2 CD2? GIEONiSH)CI 1,3-Diazgm%benzene 3
3 CD3 (IOC;E/_)S) 3
IR A S
5 CD5 (g%) 3
6 cDe o) 45
7 CD7 G('OC_’I'ZA)C 45
o 012 s 45
9 CDY ((ﬁ;) 45
10 cpIo (21;11;11;}?3_) 5

@The doping agent was first dissolved in MeOH (10 mL) and then added to the aqueous solution (20
mL) of carbon source. GIcN-HCI = glucosamine hydrochloride. Glc = glucose. GIcNAc = N-acetyl-
glucosamine. Gal = galactose. Lac = D-lactose. B-Ala = B-alanine. I-Cys = I-cysteine. PEG =
poly(ethylene glycol) (average M, 400). Gly = glycine.
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Figure S7.1. Chemical structures of carbon sources and doping agents used for CD synthesis.

7.5.3 Preparation of CD/TiO2 P25 nanocomposites

TiO2 P25 (120 mg) was dispersed in ultrapure H.O (80 mL) in a round-bottom flask. The
respective amount of CDs was added to prepare nanocomposites with different CD-to-TiO>
P25 mass ratios. The mixture was shielded from light and stirred for 24 h at room
temperature. The resulting CD/TiO2 nanocomposites were centrifuged at 5000 rpm for 15
min and further washed two times with ultrapure H>O. The nanocomposites were lyophilized

to afford a light brown powder. The amount of CDs immobilized on the TiO2 P25 surface

was determined using UV-Vis absorption spectroscopy.

Table S7.2. Conditions used for the preparation of the CD/TiO, nanocomposites.

CD-to-TiO2 P25 mass

CD Immobilization

Entry  CD ratio (weight % (CD/nanocomposite))
1 1:20 15
2 1:10 1.8
3 1:4 2.4
4 CD1 1-1 5.0
5 4:1 8.1
6 1: 1 (CD-to-Si0y) 1.6
7 CD2 1:1 -
8 CD3 1:1 2.5
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9 CD4 1:1 13.6
10 CD5 1:1 3.4
11 CD6 1:1 3.7
12 CD7 1:1 11.9
13 CDs8 1:1 3.0
14 CD9 1:1 114
15 CD10 1:1 27.2

8Quantification by UV-Vis was not possible due to the formation of side-products in the solution that

affected the measurements.

7.5.4 Characterization of CDs

7.54.1CD1

Figure S7.2. TEM image of CD1.
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Figure S7.3. Photographs of an aqueous solution of CD1 in daylight (left) and under UV light irradiation (Aex
=366 nm, right).

Fluorescence Intensity

Figure S7.4. Excitation (Aem = 460 nm) and emission spectra of CD1 recorded upon excitation with different
excitation wavelengths (H.0, 298 K).
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Figure S7.5. Absorption spectrum of CD1 (H20, 298 K).

e S

Figure S7.6. *H NMR spectrum of CD1 in DO (400 MHz). The spectrum is in agreement with previously
reported data,’ indicating the presence of the B-alanine on CD1 surface.
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Figure S7.7. IR spectrum of CD1. Key features: 2927 cm™ (O-H); 1715 cm™* (C=0).
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Figure S7.8. Zeta potential of CD1 (-11.1 to +18.7 mV, H20, 298 K).
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Figure S7.9. Powder XRD profile of CD1 confirming its amorphous nature.
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Figure S7.10. Photoluminescence lifetime of CD1 (H20, 298 K).
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7.5.4.2 Characterization of CD2-CD10
CD2 CD3

CD4 CD5

CDé6 CD7
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CD8 CD9

CD10

Figure S7.11. TEM images of CD2, CD3, CD4, CD5, CD6, CD7, CD8, CD9 and CD10.
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Figure S7.12. Photographs of aqueous solutions of CD2, CD3, CD4, CD5, CD6, CD7, CD8, CD9 and

CD2
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Figure S7.13. Excitation and emission spectra of CD2, CD3, CD4, CD5, CD6, CD7, CD8, CD9 and CD10
recorded upon excitation with different excitation wavelengths (H.O, 298 K).
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Figure S7.14. Absorption spectra of CD2, CD3, CD4, CD5, CD6, CD7, CD8, CD9 and CD10 (H:0, 298

K).
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7.5.5 Characterization of CD/TiO2 hanocomposites
7.5.5.1 CD1/TiO2

Sample C (0) Ti Ni
CD1/TiO2 23.86 59.04 17.15 0
CD1/TiO; (after) 32.75 60.79 6.26 0.23

Figure S7.15. SEM image and elemental composition of CD1/TiO, P25 nanocomposite (A) and CD1/TiO;
P25 nanocomposite after the catalytic reaction (B). All values are given as atomic %.

Table S7.3. ICP-OES measurements of the nickel content of CD1/TiO, P25 nanocomposite and CD1/TiO;
P25 nanocomposite after the catalytic reaction.

Sample Ni (mg/g)
CD1/TiOz 0.016
CD1/TiO; (after) 24.8
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Figure S7.17. Absorption spectra (solid state) of CD1/TiO, and CD1/SiO, nanocomposites (mass ratio =

1:1).
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7.5.5.2 Characterization of nanocomposites prepared using CD2-CD10
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Figure S7.18. Absorption spectra (solid state) of CD2/TiO,, CD3/TiO,, CD4/TiO2, CD5/TiO,, CD6/TIO,,
CD7/TiO,, CD8/TiO2, CD9/TiO, and CD10/TiO, nanocomposites.
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7.5.6 Cross-coupling reaction

Setup for blue light experiments.* Two vials were placed in the middle of the stirring plate
(4.5 cm away from single lamp). The reaction was irradiated with a single blue LED lamp
(Kessil PR160L-440). The fan was used to avoid possible heating of the reaction mixture.

Figure S7.19. Image of the setup using a single blue LED lamp.
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Setup for green light experiments.® Two vials were placed in the middle of the stirring
plate (4.5 cm away from each lamp). The reaction was irradiated with two green LED lamps

(Kessil PR160L-525). The fan was used to avoid the possible heating of the reaction mixture.

Figure S7.20. Image of the setup using two green LED lamps.
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7.5.6.1 C-O arylation of Boc-Pro-OH

CD/TiO,
o dcbpy (0.1 equiv)

co,Me NiCl,6H,0 (0.1 equiv) o /©/
C%OH . /©/ BIPA (3.0 equiv) C/)ko
N | N
Boc
1

CO,Me

“Boc DMSO (deg.), 24 h
440 nm /525 nm
190.3 pmol (1.5 equiv)

General experimental procedure. Boc-Pro-OH (N-(tert-butoxycarbonyl)-L-proline, 41.0
mg, 190.3 umol), methyl 4-iodobenzoate (74.8 mg, 285.4 umol) and the respective CD/TiO>
nanocomposite (Table S7.4) were added to an oven-dried glass vial equipped with a stir bar.
Subsequently, a DMSO solution (3 mL) of dcbpy (2,2’-bipyridine-4,4°-dicarboxylic acid,
4.7 mg, 19.0 umol), NiCl2-6H20 (nickel(Il) chloride hexahydrate, 4.5 mg, 19.0 umol), and
BIPA (N-tert-butylisopropylamine, 90.5 pL, 570.8 umol) were added. The glass vial was
sealed with a septum and Parafilm. The reaction mixture was stirred and sonicated for 10
min to obtain a fine dispersion and subsequently degassed with Argon for 10 min. The vial
was then irradiated with the respective LED lamps at room temperature for the respective
time. 1,3,5-Trimethoxybenzene (32.0 mg, 190.3 umol) was added as internal standard to
determine NMR yields. An aliquot of the resulting mixture (~250 pL) was filtered through
a syringe filter, diluted with DMSO-ds (~250 uL) and subjected to *H-NMR analysis.

H Lo
H €O Me o COMe |
HO H d)LO (o
- H N [
“ : Boc \

8.2 8.0 7.8 76 74 7.2 7.0 6.8 6.6 6.4 6.0 5.8 56 54 5.2 5.0 4.8 4.6 44 4.2

6.2
ft (ppm)

Figure S7.21. Representative *H-NMR spectrum of the crude reaction mixture to determine yields by *H-
NMR analysis using 1,3,5-trimethoxybenzene as internal standard (DMSO-ds, 400 MHz).
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Table S7.3. Summary of the CD/TiO nanocomposites used in the photocatalyzed C-O cross-coupling of
Boc-Pro-OH with methyl 4-iodobenzoate.

Entry  Nanocomposite Initial CD-to-TiOz | CD Immobilization!®! | Amount(]

P25 mass ratiol  (weight % (CD/nanocomposite))  / mg
1 TiO2 P25 - - 30.0
2 CD1 - - 30.0
3 1:20 15 30.5
4 1:10 1.8 30.5
5 1:4 24 30.8
6 couTio: 1:1 5.0 31.6
7 4:1 8.1 32.6
8 1:1 (CD-to-SiOy) 16 30.5
9 CD2/TiO2 1:1 - 30.0
10 CD3/TiO2 1:1 2.5 30.8
11 CD4/TiO2 1:1 13.6 34.7
12 CD5/TiO2 1:1 34 31.1
13 CD6/TiO2 1:1 3.7 31.1
14 CD7/TiO2 1:1 11.9 34.1
15 CD8/TiO2 1:1 3.0 30.9
16 CDY/TIO> 1:1 11.4 33.9
17 CD10/TiO2 1:1 27.2 41.2

[a] CD-to-TiO, P25 mass ratio used for the preparation of the nanocomposite. [b] Weight % of CD immaobilized
on TiO; as calculated by UV-Vis spectroscopy. [c] Amount of nanocomposite used in the C-O arylation of Boc-

Pro-OH.
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Procedure to obtain the isolated yield. An oven-dried vial (19 x 100 mm) equipped with a
stir bar was charged with CD1/TiO2 (63.2 mg), Boc-Pro-OH (82 mg, 380.6 umol, 1.0 equiv),
methyl 4-iodobenzoate (149.6 mg, 571 pumol, 1.5 equiv), NiClz-6H20 (9 mg, 38 umol, 10
mol%) and dcbpy (9.3 mg, 38 pumol, 10 mol%). Subsequently, DMSO (anhydrous, 6 mL)
and BIPA (180.9 pL, 1.14 mmol, 3.0 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 440 nm setup with rapid stirring (1400 rpm).
After 40 h, one equivalent of 1,3,5-trimethoxybenzene (internal standard, 64 mg, 380 pmol)
was added and the mixture was stirred for 5 min. An aliquot of the reaction mixture (~200
uL) was filtered, diluted with DMSO-dg and subjected to *H-NMR analysis to determine the
NMR vyield (90%). Thereafter, the NMR sample was combined with the reaction mixture.
The reaction mixture was 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 Na2SO4
and concentrated. The product was purified by flash column chromatography (SiOg,
Hexane/EtOAc elution gradient of 0-20%) on a Grace Reveleris system using a 12 ¢
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.

Isolated yield: 84% (111.5 mg, 319 pumol)

1-(tert-butyl) 2-(4-(methoxycarbonyl)phenyl) pyrrolidine-1,2-dicarboxylate 1: *H NMR
(400 MHz, CDCl3) rotameric mixture, 6 8.04 (m, 2H), 7.16 (m, 2H), 4.49 (dd, J = 8.6, 4.4
Hz, 0.4H), 4.43 (dd, J = 8.7, 4.3 Hz, 0.6H), 3.87 (m, 3H), 3.66 — 3.39 (m, 2H), 2.42 — 2.26
(m, 1H), 2.19 — 2.09 (m, 1H), 2.07 — 1.86 (m, 2H), 1.44 (m, 9H). **C NMR (151 MHz,
CDCl3) rotameric mixture, signals for minor rotamer are enclosed in parenthesis 6 (171.21)
171.16, (166.37) 166.23, 154.51 (154.23), 153.68, 131.29 (131.15), 127.87 (127.71),
(121.57) 121.20, 80.36, (80.16), 59.23 (59.14), 52.28 (52.21), (46.69) 46.50, 31.06 (30.01),
28.45, (24.60) 23.77.

The data are in full agreement with those previously published in the literature?.
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Figure S7.23. *.C-NMR spectrum of compound 1 (CDCls, 151 MHz).
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Table S7.4. Screening of CD1/TiO, nanocomposites prepared using different CD1-to-TiO, P25 mass ratios
for the metallaphotocatalytic C-O arlyation of Boc-Pro-OH with methyl 4-iodobenzoate.

CD1/TiO,
o dcbpy (0.1 equiv)

CO,Me NiCl,-6H,0 (0.1 equiv) /©/
C,AOH + /©/ BIPA (3.0 equiv) CHK
N\Boc ! DMSO (deg.), 24 h
440 nm /525 nm

COZMS

190.3 pymol (1.5 equiv)
Entry CD1-to-TiO2 P25 mass ratiol® 1 [%]] 1 [%]
1 1:20 52 8
2 1:10 64 10
3 1:4 80 19
4 1:1 83 22
5 1: 1M 84 -

6 4:1 70 14

[a] CD-to-TiO2 P25 mass ratio used for the preparation of the nanocomposite. Reaction
conditions: methyl 4-iodobenzoate (285.4 umol), Boc-Pro-OH (190.3 umol), NiCl,-6H,0 (19.0
pnmol) and dcbpy (19.0 umol) in DMSO (anhydrous, 3 mL), BIPA (570.8 umol), CD1/TiO,
24 h. NMR vyields were determined by *H-NMR using 1,3,5-trimethoxybenzene as internal
standard. [b] 440 nm LED lamp (50% power). [c] 525 nm LED lamp (200% power). [d]
CD1/TiO, stored at room temperature for 26 weeks. deg. = degassed.

419



Supporting Information - Chapter 7

Table S7.5. Screening of different amount of CD1/TiO; nanocomposites for the metallaphotocatalytic C-O
arylation of Boc-Pro-OH with methyl 4-iodobenzoate.

CDA/TiO,
0 dcbpy (0.1 equiv) CO,Me
CO,Me NiCl,-6H,0 (0.1 equiv) 0 ,©/
Cy)koH + /©/ BIPA (3.0 equiv) C/)ko
N Boc ' DMSO (deg.), 24 h N,
440 nm Boc
190.3 pmol (1.5 equiv) 1
Entry CD1/TiO2/ mg 1 [%)]
1 20 85
2 10 70
3 5 63
4 1 49
5 0 7

Reaction conditions: methyl 4-iodobenzoate (285.4 umol), Boc-
Pro-OH (190.3 pmol), NiClz:6H20 (19.0 umol) and dcbpy (19.0
pmol) in DMSO (anhydrous, 3 mL), BIPA (570.8 pmol),
CD1/TiOg, 440 nm LED lamp (50% power), 24 h. NMR vyields
were determined by *H-NMR using 1,3,5-trimethoxybenzene as
internal standard. deg. = degassed.
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7.5.6.2 C-O arylation of MeOH

An oven-dried vial (19 x 100 mm) equipped with a stir bar was charged with CD1/TiO2 (15.8
mg), methyl 4-bromobenzoate (20.47 mg, 95.2 umol, 1.0 equiv), NiBr2-3H20 (nickel(Il)
bromide trihydrate, 2.6 mg, 9.5 pmol, 10 mol%) and mcbpy (4’-methyl-2,2’-bipyridine-4-
carboxylic acid, 2.1 mg, 9.5 pmol, 10 mol%). Subsequently, MeOH (anhydrous, 1.5 mL)
and BIPA (45 pL, 285.6 umol, 3.0 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 440 nm LED setup with rapid stirring (1400 rpm).
After 14 h, one equivalent of 1,3,5-trimethoxybenzene (internal standard, 16 mg, 95.2 umol)
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. The product
was identified by spiking the crude reaction mixture with a pure sample of the desired
product.

The data are in full agreement with those previously published in the literature.’

Table S7.6. C-O arylation of methanol using CD1/TiO2 and the 440 nm LED setup.

CD1/TiO, (10.5 mg/mL)
mcbpy (0.1 equiv)
NiBry-3H,0 (0.1 equiv)

COMe BIPA (3.0 equiv) COMe
+ MeOH -
Br 14h e

Ivent
(solvent) 440 nm 2

Entry Conversion [%][@ 2 [%]
1 quant. 93

Reaction conditions: methyl 4-bromobenzoate (95.2 umol), NiBrz-3H,0 (9.5
pmol), mcbpy (9.5 pmol) and BIPA (285.6 pumol) in MeOH (1.5 mL),
CD1/TiO (15.8 mg), 440 nm LED lamp (100% power), 14 h. NMR yields
determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard.
[a] Conversion of methyl 4-bromobenzoate determined by *H-NMR using
1,3,5-trimethoxybenzene as internal standard. quant. = quantitative.
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Figure S7.24. Representative *H-NMR spectrum of a crude reaction mixture for determining NMR yields in
the C-O arylation of methanol (DMSO-dg, 400 MHZz).
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7.5.6.3 C-S arylation of methyl 3-mercaptopropionate

An oven-dried vial (19 x 100 mm) equipped with a stir bar was charged with CD1/TiO-
(31.6 mg), methyl 4-iodobenzoate (49.87 mg, 190.3 pmol, 1.0 equiv), methyl 3-
mercaptopropionate (45.2 pL, 380.5 umol, 2.0 equiv), NiBrz-3H20 (5.2 mg, 19 umol, 10
mol%) and mcbpy (4.2 mg, 19 umol, 10 mol%). Subsequently, MeCN (anhydrous, 3 mL)
and BIPA (150.8 uL, 951.5 umol, 5.0 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 440 nm LED setup with rapid stirring (1400
rpm). After 17 h, one equivalent of 1,3,5-trimethoxybenzene (internal standard, 32 mg, 190.3
pmol) 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. The
product was identified by spiking the crude reaction mixture with a pure sample of the
desired product.

The data are in full agreement with those previously published in the literature.®

Table S7.7. C-S arylation of methyl 3-mercaptopropionate using CD1/TiO; and the 440 nm LED setup.

CD1/TiO, (10.5 mg/mL)
mcbpy (0.1 equiv)
NiBr,-3H,0 (0.1 equiv)

CO.Me HS\/\[(OMG BIPA (5.0 equiv) 0 COMe
* )J\/\

(2.0 equiv) 440 nm 3
Entry Conversion [%] 3 [%0]
1 quant. 98

Reaction conditions: methyl 4-iodobenzoate (190.3 pmol), methyl 3-
mercaptopropionate (380.5 pumol), NiBr2-3H20 (19.0 umol), mcbpy (19.0
pmol) and BIPA (951.5 pmol) in MeCN (3 mL), CD1/TiO; (31.6 mg), 440
nm LED lamp (50% power), 17 h. NMR yields determined by *H-NMR
using 1,3,5-trimethoxybenzene as internal standard. [a] Conversion of
methyl  4-iodobenzoate determined by !H-NMR using 1,3,5-
trimethoxybenzene as internal standard. deg. = degassed. quant. =
quantitative.
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Figure S7.25. Representative *H-NMR spectrum of a crude reaction mixture for determining NMR yields in
the C-S arylation of methyl 3-mercaptopropionate (DMSO-ds, 400 MHz).
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7.5.6.4 C-S arylation of sodium p-toluensulfinate

An oven-dried vial (19 x 100 mm) equipped with a stir bar was charged with CD1/TiO-
(31.6 mg), 4-iodobenzotrifluoride (14.7 pL, 100 umol, 1.0 equiv), sodium p-toluensulfinate
(38.8 mg, 200 pmol, 2.0 equiv), NiCl2-glyme (nickel(Il) chloride ethylene glycol dimethyl
ether complex, 2.2 mg, 10 pmol, 10 mol%) and mcbpy (2.1 mg, 10 pumol, 10 mol%).
Subsequently, DMAc (dimethylacetamide, anhydrous, 2 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 440 nm LED setup with
rapid stirring (1400 rpm). After 72 h, one equivalent of 1,3,5-trimethoxybenzene (internal
standard, 16.8 mg, 100 umol) 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. The product was identified by spiking the crude reaction mixture with a pure
sample of the desired product.

The data are in full agreement with those previously published in the literature.*

Table S7.8. C-S arylation of sodium p-toluensulfinate using CD1/TiO; and the 440 nm LED setup.

CD1/TiO, (15.8 mg/mL)
mcbpy (0.1 equiv)
CF3 SOzNa  NiCl,-glyme (0.1 equiv) o
+ —< >—s—< >—CF3
| DMACc (deg.), 72 h bo)
440 nm 4

(2.0 equiv)

Entry Conversion [%]™ 4 [%]
1 quant. 55

Reaction conditions: 4-iodobenzotrifluoride (100 pmol), sodium p-toluensulfinate
(200 pmol), NiClz-glyme (10 pmol) and mcbpy (10 pumol) in DMAc (2 mL),
CD1/TiO, (31.6 mg), 440 nm blue LED lamp (100% power), 72 h. NMR vyields
determined by *H-NMR using 1,3,5-trimethoxybenzene as internal standard. [a]
Conversion of 4-iodobenzotrifluoride determined by !H-NMR using 1,3,5-
trimethoxybenzene as internal standard. deg. = degassed. quant. = quantitative.
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Figure S7.26. Representative tH-NMR spectrum of a crude reaction mixture for determining NMR yields in

the C-S arylation of sodium p-toluensulfinate (DMSO-ds, 400 MHz).
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7.5.6.5 C-N arylation of p-toluensulfonamide

An oven-dried vial (19 x 100 mm) equipped with a stir bar was charged with CD1/TiO-
(31.6 mg), 4-iodobenzotrifluoride (14.7 pL, 100 pumol, 1.0 equiv), p-toluensulfonamide
(34.2 mg, 200 pmol, 2.0 equiv), NiBr2-3H20 (2.7 mg, 10 pumol, 10 mol%), mcbpy (2.1 mg,
10 pmol, 10 mol%) and DBU (1,8-diazabicyclo[5.4.0Jundec-7-en, 22.4 pL, 150 pmol, 1.5
equiv). Subsequently, DMSO (anhydrous, 2 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 440 nm LED setup with rapid stirring (1400
rpm). After 14 h, one equivalent of 1,3,5-trimethoxybenzene (internal standard, 16.8 mg,
100 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.The product was identified by spiking the crude reaction mixture with a pure sample
of the desired product.

The data are in full agreement with those previously published in the literature.®

Table S7.9. C-N arylation of p-toluensulfonamide using CD1/TiO2 and the 440 nm LED setup.
CD1/TiO, (15.8 mg/mL)

mcbpy (0.1 equiv) CF,
NiBry-3H,0 (0.1 equiv)
/©/0F3 SO2NH; DBU (1.5 equiv)
.
| /O/ DMSO (deg.), 14 h Q
440 nm S—NH
I 5
(2.0 equiv)
Entry Conversion [%]™ 5 [%0]
1 quant. 90

Reaction conditions: 4-iodobenzotrifluoride (100 pmol), p-toluensulfonamide
(200 pmol), NiBrz-3H20 (10 pmol), mcbpy (10 pmol) and DBU (150 pmol)
in DMSO (2 mL), CDL1/TiO, (31.6 mg), 440 nm blue LED lamp (100%
power), 14 h. NMR vyields determined by !H-NMR using 1,3,5-
trimethoxybenzene as internal standard. [a] Conversion of 4-
iodobenzotrifluoride determined by *H-NMR using 1,3,5-trimethoxybenzene
as internal standard. deg. = degassed. quant. = quantitative.
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Figure S7.27. Representative *H-NMR spectrum of a crude reaction mixture for determining NMR yields in

the C-N arylation of p-toluensulfonamide (DMSO-dg, 400 MHz).
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7.5.7 Photobleaching experiments

The photocatalyst (CD1/TiO», 31.6 mg; Fluo (fluorescein)/TiO2, 0.54 mg of Fluo and 30 mg
of TiO) was added to an oven-dried glass vial equipped with a stir bar.2 DMSO (1.5 mL)
was added and the reaction mixture was stirred and sonicated for 10 min to obtain a fine
dispersion. The vial equipped with an air balloon was then transferred into a dark fume hood
and irradiated with a blue LED lamp (440 nm LED lamp, 50% power) at room temperature.
After the respective time, Boc-Pro-OH (41.0 mg, 190.3 umol), methyl 4-iodobenzoate (74.8
mg, 285.4 pmol), a DMSO solution (1.5 mL) of dcbpy (4.7 mg, 19.0 pumol), NiCl2-6H.0
(4.5mg, 19.0 pmol), and BIPA (90.5 pL, 570.8 pmol) were added. The glass vial was sealed
with a septum and Parafilm. The reaction mixture was stirred and sonicated for 10 min to
obtain a fine dispersion and subsequently degassed with Argon for 10 min. The vial was then
irradiated with a blue LED lamp (440 nm LED lamp, 50% power) at room temperature for
24 h. 1,3,5-Trimethoxybenzene (32.0 mg, 190.3 pmol) was added as internal standard to
determine NMR yields. An aliquot of the resulting mixture (~250 pL) was filtered through
a syringe filter, diluted with DMSO-ds (~250 uL) and subjected to *H-NMR analysis.
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7.5.8 Recycling experiments

Boc-Pro-OH (41.0 mg, 190.3 pmol), methyl 4-iodobenzoate (74.8 mg, 285.4 pmol) and
CD1/TiO2 nanocomposite (31.6 mg) were added to an oven-dried glass vial equipped with
astir bar. Subsequently, a DMSO solution (3 mL) of dcbpy (4.7 mg, 19.0 umol), NiCl-6H20
(4.5mg, 19.0 pmol), and BIPA (90.5 pL, 570.8 umol) were added. The glass vial was sealed
with a septum and Parafilm. The reaction mixture was stirred and sonicated for 10 min to
obtain a fine dispersion and subsequently degassed with Argon for 10 min. The vial was then
irradiated with a blue LED lamp (440 nm LED lamp, 50% power) at room temperature. After
24 h, the reaction mixture was centrifuged and washed twice with DMSO (3 mL). The
remaining nanocomposite was lyophilized overnight and reused in the next reaction. For the
controlled studies, NiCl,-6H.O (4.5 mg, 19.0 pmol) or NiCl2-6H.0 (4.5 mg, 19.0

pmol)/dcbpy (4.7 mg, 19.0 umol) were added to the new reaction mixture.

Figure S7.28. Photograph of the reaction mixture (+ none group, left; + NiCl,:6H,0 group, middle; +
NiCl,-6H,O/dcbpy, right) after C-O cross-coupling reaction (cycle 4).
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List of abbreviations

B-Ala

10,
SMLCT

4-CzIPN
A

A

acac
AaeUPO
Acr

An
ADH-A

API

ARS

ATRA
BET
BINAP
BIPA

Boc-Pro-OH

Photon efficiency

Excited state lifetime
Wavelength

Quantum yield

molar extinction coefficient
B-Alanine

Singlet oxygen

Triplet excited state resulting from a metal-to-ligand
charge transfer transition

1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
Electron acceptor

Absorbance

Acetylacetonate

A. aegerita

Acridiniums

Annihilator

Alcohol dehydrogenase

Active pharmaceutical ingredient

Alizarin red s (3,4-Dihydroxy-9,10-dioxo-9,10-dihydroanthracene
-2-sulfonic acid)

Atom transfer radical addition
Brunauer-Emmett-Teller (surface area)
2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl
N-tert-Butylisopropylamine

N-(tert-Butoxycarbonyl)proline
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BODIPY
BPI
bpy
bpz

BTMG

CB
CD

CMB-CN

CMP
CN
CN-OA-m
COF
ConPET
CSTR
CTF

CVv
czbpy
D

d
DABCO
DBU
DCE
DCM

dcbpy

Boron dipyyromethenes
Benzo[ghi]perylene monoimide
2,2'-Bipyridine

2,2'-Bipyrazine
2-tert-Butyl-1,1,3,3-tetramethylguanidine
Concentration

Conduction band

Carbon dots

Carbon nitride material from cyanuric acid, melamine
and barbituric acid

Conjugated microporous polymer

Carbon nitride

Carbon nitride based on urea and oxamide, synthesized in molten salt
Covalent organic framework

Consecutive photoinduced electron transfer
continuous stirred tank reactor

Covalent triazine network

Cyclic voltammetry
5,5’-Dicarbazolyl-2,2’-bipyridyl

Electron donor

Doublet

1,4-Diazabicyclo[2.2. 2]octane
1,8-Diazabicyclo[5.4.0Jundec-7-ene
Dichloroethane

Dichloromethane

2,2'-bipyridine-4,4'-dicarboxylic acid
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dF(CFs)ppy
diglyme
DHIMQ
DIPEA
DMA or DMAc
DMAP

dme

DMF

dmg

DMSO
donor*
DDQ
DMPU
DSP

DSMP
DSSC
dtbbpy

EDA
EdX
El
EnT
EPR
ESI
ET

EY

2-(2,4-Difluorophenyl)-5-(trifluoromethyl)pyridine
Diethylene glycol dimethyl ether
6,7-dihydroxy-2-methylisoquinolinium
N,N-diisopropylethylamine
N,N-Dimethylacetamide
N,N-Dimethylaminopyridine

Dimethyl ether

N,N-Dimethylformamide

Dimethylglyoxime

Dimethylsulfoxide

Excited state partecipating in energy transfers
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
N,N’-Dimethylpropyleneurea

Dye-sensitized photocatalyst

Dye-sensitized metallaphotocatalysts
Dye-sensitized solar cell
4,4’-Di-tert-butyl-2,2’-bipyridine

Energy

Electron-donor acceptor (complex)
Energy-dispersive X-ray

Electronic ionization

Energy transfer

Electron paramagnetic resonance spectroscopy
Electrospray ionization

Electron transfer

Eosin Y
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FDPP Furanyldiketopyrrolopyrrole

FTIR Fourier-transform infrared spectroscopy

g-CN Graphitic carbon nitride

glyme 1,2-Dimethoxyethane

HAADF High-angle annular dark-field

HAT Hydrogen atom transfer

HMDS Gexamethyldisilazane

HOMO Highest occupied molecular orbital

HPLC High-performance liquid chromatography

HR-MS High resolution mass spectrometry

ICP-OES Inductively coupled plasma - optical emission spectroscopy
ISC Intersystem crossing

Irsppy fac-tris[2-(5’-sulfonatophenyl)pyridine]iridate(l11) pentahydrate
Kd Diffusion konstant

K-PHI Potassium poly(heptazinie imide)

I Ooptical path length of the light

LD Laser diffraction

LED Light emitting diode

LSC Luminescent solar concentrators

LUMO Lowest unoccupied molecular orbital

m Multiplet

mcbpy 4'-methyl-2,2'-bipyridine-4-carboxylic acid
MeCN Acetonitrile

MeOH Methanol

MLCT Metal-to-ligand charge transfer

MMA Methyl methacrylate
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MO Metal oxide

MOF Metal organic framework

mpg-CN Mesoporous graphitic carbon nitride
MTBD 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-en
n.d. Not detected

n.d.o. Not determined due to overlapping peaks
Nafluo Fluorescein sodium

Ni Nickel

NIR Near-infrared

NMR Nuclear magnetic resonance spectroscopy
NP Nanoparticle

OA Oxidative Addition

OMs Methanesulfonate

OTf Trifluoromethanesulfonate

OTs para-Toluensulfonate

PAH Polycyclic aromatic hydrocarbons

PC Photocatalyst

PC* Excited state of the photocatalyst

PC-* Photocatalyst after oxidative quenching
PC-" Photocatalyst after reductive quenching
PDI N,N-bis(2,6-diisopropylphenyl(perylene-3,4,9,10-bis(dicarboximide)
PdPc Palladium(l1l) octabutoxyphthalocyanine
PET Photoinduced electron tranfer

PL Photoluminescence

PRC Photoredox catalysis

PSD Particle size distribution
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p-TSA
Pt

PtTBTNB

q

QD
quinuclidine
RE
Rhodamine B
Rh-6G

ROS

S

So

S1

SCE

SEM

sens

SET

SMBR

STEM

T1
TBADT
TEM
THF
TLC

TMEDA

para-Toluensulfonic acid

Palladium

Platinum(I1) tertraphenyltetranaphthoporphyrin
Quartet

Quantum dot

1-Azabicyclo[2.2.2]octane

Reductive Elimination
9-(2-Carboxyphenyl)-3,6-bis(diethylamino)xanthyliumchlorid
Rhodamine 6G

Reactive oxygen species

Singlet

Singlet state

Singlet excited state

Saturated calomel electrode

Scanning electron microscopy

Sensitizer

Single electron transfer

Serial micro-batch reactor

Scanning transmission electron microscopy
Triplet

Triplet excited state
tetrabutylammoniumdecatungstate
Transmission electron microscopy
Tetrahydrofurane

Thin layer chromatography

N,N,N’,N’-tetramethylethylenediamine
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TMP 2,2,6,6-tetramethylpiperidin

TMG 1,1,3,3-Tetramethylguanidine
TMSCN Trimethylsilyl cyanide

Tol Toluene

Ts para-Toluensulfonyl

UPO unspecific peroxygenase

uv Ultraviolet

Vis Visible

VB Valence band

XPS X-ray photoelectron spectroscopy
XRD X-ray powder diffraction

Zn Zink
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