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Abstract

Radicals play a pivotal role in nature and are involved in many biochemical processes.
However, until the late 20" century only minor attention was given to single electron
processes in synthetic organic chemistry, due to the persistent notion of being difficult to
control. With the development of new synthetic approaches to access such reactive open-
shell intermediates in a practical fashion, radical chemistry has gained renewed interest.
Photoredox catalysis (PRC) has emerged as the cornerstone in accessing these reactive open-
shell intermediates under mild conditions. Key to the success of these strategies is the ability
of chromophores to harvest visible light and reach long-lived excited states. Subsequently,
the excited photocatalytic species can activate intermediates or reagents via single electron
transfer (SET), energy transfer (ET), or hydrogen atom transfer (HAT) to yield radicals and
enable chemical transformations. The mechanism of such photocatalytic systems often
includes multiple catalytic species and reagents, which are actively involved in the catalytic
cycle and render mechanistic investigations complicated. State-of-the-art methodologies to
investigate photocatalytic systems mainly focus on the properties of the excited state species
and consecutive quenching interaction with reagents, catalysts or intermediates. A more
holistic picture of the overall process can be acquired via in situ monitoring techniques

(Chapter 4).

The value of real-time monitoring for gaining mechanistic insights was demonstrated during
the development of a photocatalytic benzyl ether cleavage (Chapter 9). Due to their high
stability, benzyl ethers are commonly used protecting groups in carbohydrate and natural
product syntheses, though commonly utilized harsh deprotection strategies with poor
functional group tolerance render them typically unattractive for multistep organic synthesis.
Upon visible light irradiation, 2,3-dichlor-5,6-dicyano-1,4-benzoquinone (DDQ) reaches a
highly oxidizing, long-lived excited triplet state (DDQ%*), capable of oxidative cleavage of
benzyl ethers.



A combination of DDQ and fert-butyl nitrite (TBN) cleaved benzyl groups from
monosaccharides under ambient atmosphere and visible light irradiation with high functional
group tolerance. Real-time monitoring using LED-NMR spectroscopy gave insights in the
crucial role of TBN and light. The scale-up of light promoted reactions is typically
detrimental to the efficiency of photocatalytic reactions, due to poor light penetration.
Careful optimization of the reaction conditions for photooxidative debenzylations was

required to access a deprotection methodology applicable on the gram scale (Chapter 6).

The facile access to reactive open-shell intermediates enabled by photocatalysis has led to a
myriad of new synthetic approaches, including photoredox catalyzed cross-coupling
reactions. This is achieved using a combination of nickel and noble metal photocatalysts
(PC). A more sustainable alternative to commonly used expensive and homogeneous
iridium- and ruthenium polypyridyl complexes was found in graphitic carbon nitrides (gCN).
The ability of CN-OA-m in combination with a nickel complex was showcased in an
etherification and extended to the coupling of aryl iodides with thiols (Chapter 8). In situ IR-
monitoring was applied for detailed kinetic analysis of the developed semi-heterogeneous
system and the state-of-the-art photocatalyst tris(2-phenylpyridine)iridium(IIl) on a model
O-arylation reaction. This indicated that different photocatalysts can result in different

mechanistic scenarios, that result in the same product (Chapter 7).

Incorporating fluorine into organic scaffolds increases the compounds physicochemical
properties, such as lipophilicity and metabolic stability, resulting in improved active
pharmaceutical ingredients and agrochemicals. Hence, the development of new safe and
simple fluorination methodologies is of interest. A divergent benzylic radical fluorination
reaction, initiated via a charge transfer complex that does not require visible-light activation,
selectively yielded either benzyl fluorides or a-fluorophenylacetic acids depending on the
conditions (Chapter 5). Charge transfer complex mediated in situ generation of a highly
reactive radical species enabled hydrogen atom transfer (HAT) as well as single electron

transfer (SET), solely depending on the pKa of the phenylacetic acid starting material.



Zusammenfassung

Radikale spielen eine zentrale Rolle in der Natur und sind an einer Vielzahl biochemischer
Prozesse beteiligt. Bis Ende des 20. Jahrhunderts wurden Einzelelektronenprozesse in der
synthetischen organischen Chemie jedoch nur wenig Aufmerksamkeit zuteil, da sie lange

Zeit als schwer kontrollierbar galten.

Die Entwicklung neuer Synthesestrategien fiir den praktischen Zugang zu reaktiven open-
shell-Intermediaten hat das Interesse an er Radikalchemie wieder geweckt.
Photoredoxkatalyse hat sich als Eckpfeiler fiir den Zugang zu diesen reaktiven
Zwischenstufen unter milden Bedingungen herausgestellt. Der Schliissel zum Erfolg dieser
Strategien ist die Fihigkeit von Chromophoren, sichtbares Licht zu absorbieren und
langlebige angeregte Zustinde zu erreichen. AnschlieBend kann der angeregte
Photokatalysator =~ sowohl  Zwischenstufen, als auch  Reagenzien  iiber
Einzelelektronentransfer, Energietransfer oder Wasserstoffatomtransfer aktivieren, um
Radikale zu bilden und chemische Umwandlungen zu ermoglichen. Der Mechanismus
solcher photokatalytischer Systeme umfasst oft mehrere katalytische Spezies und
Reagenzien, die aktiv am Katalysezyklus beteiligt sind und mechanistische Untersuchungen
erschweren. Hochmoderne Methoden zur Untersuchung photokatalytischer Reaktionen
beschéftigen sich hauptsdchlich mit den Eigenschaften der Spezies im angeregten Zustand
und auf die darauffolgende quenching-Wechselwirkung mit anderen Reagenzien,
Katalysatoren oder Zwischenprodukten. Ein ganzheitlicheres Bild des Gesamtprozesses

kann durch In-situ-Monitoring gewonnen werden (Kapitel 4).

Der Wert von In-situ-Monitoring zum Erlangen mechanistischer Einblicke wurde anhand
einer entwickelten photokatalysierten Abspaltung von Benzylethern demonstriert (Kapitel
9). Aufgrund ihrer hohen Stabilitit sind Benzylether hiufig verwendete Schutzgruppen in
Kohlenhydrat- und Naturstoffsynthese. Typische Entschiitzungsstrategien basieren jedoch
auf harschen Reaktionsbedingungen und weisen eine geringe Toleranz gegeniiber

funktionellen Gruppen auf, was sie unattraktiv fiir mehrstufige organische Synthesen macht.



Die Bestrahlung von 2,3-Dichlor-5,6-dicyano-1,4-benzochinon (DDQ) mit sichtbarem Licht
dieses in einen stark oxidierenden, langlebigen angeregten Triplett-Zustand (DDQ*) anregt,
der zur oxidativen Abspaltung von Benzylether befdhigt ist. Eine Kombination aus DDQ
und tert-Butylnitrit (TBN) spaltete Benzylgruppen von Monosacchariden unter
Umgebungsatmosphire durch Bestrahlung mit sichtbarem Licht und mit hoher Toleranz
gegeniiber funktionellen Gruppen. Echtzeit-Monitoring mittels LED-NMR-Spektroskopie
lieferte wichtige mechanistische Erkenntnisse, wie die entscheidende Rolle von Licht und
TBN. Die Durchfiihrung photochemischer Reaktionen in grof8eren MaBstében ist aufgrund
schlechter Lichtdurchdringung oft ineffizienter. Sorgfiltige Optimierung der
Reaktionsbedingungen der photooxidativen Debenzylierungen konnte jedoch eine Methode

entwickelt werden, die im GrammmaBstab anwendbar ist (Kapitel 6).

Der durch Photokatalyse ermdglichte einfache Zugang zu reaktiven open-shell-
Intermediaten hat zu einer Vielzahl neuer Syntheseansétze gefiihrt, einschlieBlich
photoredox-katalysierte Kreuzkupplungsreaktionen. Diese werden durch die Kombination
von Nickel und Edelmetall-Photokatalysatoren (PC) ermdglicht. Eine nachhaltigere
Alternative zu den iiblicherweise verwendeten teuren und homogenen Iridium- und
Ruthenium-Polypyridylkomplexen wurde in graphitischen Kohlenstoffnitriden (gCN)
gefunden. Die Effizienz von CN-OA-m in Kombination mit einem Nickelkomplex wurde
anhand einer Veretherung demonstriert und auf die Kupplung von Aryliodiden mit Thiolen
erweitert (Kapitel 8). Eine detaillierte kinetische Analyse mittels In-Situ IR Monitoring des
entwickelten semi-heterogenen Systems und des iblicherweise verwendeten
Photokatalysators Tris(2-phenylpyridin)iridium(III) wurde an einer O-Arylierungsreaktion
durchgefiihrt. Diese indizierte, dass die Verwendung unterschiedlicher Photokatalysatoren
zu verschiedene mechanistische Szenarien, jedoch dem selben Produkt fiihren kann (Kapitel

7).

Der Einbau von Fluor in organische Grundgeriiste verbessert die physikalisch-chemischen
Eigenschaften der Verbindungen, wie Lipophilie und Stoffwechselstabilitit, was zu
optimierten pharmazeutischen Wirkstoffen und Agrochemikalien fiihrt. Daher ist die

Entwicklung neuer sicherer und einfacher Fluorierungsmethoden von groBem Interesse.



Eine divergente benzylische radikalische Fluorierungsreaktion wurde entwickelt, die {iber
einen charge-transfer-Komplex initiiert wird, welcher nicht durch sichtbares Licht aktiviert
werden muss und je nach den Reaktionsbedingungen selektiv entweder Benzylfluoride oder
a-Fluorphenylessigsduren ergibt (Kapitel 5). In Abhdngigkeit vom pKs Wert der
Phenyessigsduren findet entweder eine Wasserstoffatomtransfer (HAT) oder
Einzelelektronentransfer (SET) vermittelter Mechanismus durch in situ geneierten radikalen

statt.






Chapter 1

Chapter 1
Introduction

This chapter provides the scientific concepts and notions necessary to understand the content
of this thesis. Chapters 4 to 9 report the publications listed on page xi. For each publication,
supporting information containing experimental details is found in the appendix. Copies of
the NMR spectra of isolated compounds are excluded and available through the website of

the respective journal.

1.1 Charge-Transfer Complex Mediated Initiation of Radical

Reactions

Single electron transfer (SET) processes have a long history in organic synthesis that dates
back to 1848, when Kolbe reported the electrochemical dimerization of carboxylic acids via
radical intermediates.! Since then, numerous examples, such as the Borodin-Hunsdiecker
and the Hoffmann-Loffler-Freytag reaction have followed.? However, harnessing reactive
open-shell intermediates in a controlled fashion remains challenging.> Open-shell
intermediates are common in nature due to their high reactivity that enables low energy
barrier transformations. Electron transfer processes mediated by electron donor-acceptor
(EDA) complexes are of interest since their discovery in 1952.%* Recently, strategies
exploiting EDA-complex-mediated generation of radical intermediates have emerged as a
useful tool in synthetic organic chemistry. EDA complexes are ground-state aggregates of
donor- (D) and acceptor (A) molecules, associated via dipole-dipole interactions (Figure 1.1
A).? Overlapping frontier orbitals (HOMO/LUMO) of donor and acceptor molecules lead to
new molecule orbitals in the EDA entity, resulting in physical properties, different from
those of the starting materials. The isolated acceptor and donor compounds may, for example
not absorb light, while the resulting EDA complex does.

Upon excitation with a suitable wavelength, an intramolecular single electron transfer from

the donor to the acceptor results reactive radical intermediates.



Chapter 1

Often the electronic transition between ground-state (Wgs) and excited-state (Wgs) lies within
the visible range of the electromagnetic spectrum, rendering EDA complexes useful
synthetic tools in visible light photochemistry.® Complexes formed between excited donor
(D*) and ground-state acceptor (A) molecules are called exciplexes (Figure 1.1 B).
Reversible back electron transfer (BET) between the radical ion pair restores the starting

donor-acceptor complex.

A
t
D kepa D
A Kkeoa ‘A
EDA
‘ complex
kp
| —> Products
B radical ion pair
oA
<
* &)
D kEX D* \% <
\ &
Keyx \ A
exciplex

Figure 1.1 Schematic pathway of A the bimolecular EDA complex and B exciplex-mediated outer sphere

electron transfer.’

In order to enhance the applicability of EDA complex activation in synthetic organic
chemistry, strategies to circumvent unproductive back electron transfer had been developed
(Figure 1.2). Cleavage of a suitable leaving group (LG) installed in the donor or acceptor
moiety, can promote an irreversible fragmentation of the radical ion pair. If that process is
rapid enough to outcompete the BET, synthetically useful reactive open-shell intermediates

can be gained.
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e LG
D D D D'
kepa ; k / k
g SET P . Products
A Kkeoa 5 \ keet A A
LG
EDA radical ion pair radical
complex formation

Figure 1.2 Schematic pathway of the photoinduced EDA complex activation, followed by the cleavage of an
acceptor embedded leaving group (LG).

Many different types of interactions can drive the formation of these EDA complexes, such
as anion-j, cation-i, lone-pair-i and -1 stacking.® A common example of a n-stacking-
driven formation is the EDA complex between the electron-poor 2,3-dichlor-5,6-dicyano-
1,4-benzoquinone (DDQ) and electron rich para-methoxybenzene ether (PMB) that
facilitates the single electron transfer (SET) and deprotonation events, resulting in C-O
cleavage and liberation of a free alcohol (Figure 1.3).°
/©/\OR DDAQ (1.1 equiv.) /©/\OH
MeO DCM:H,0 (18:1),  MeO

r.t, 20 min

OH

s
5L ome | reT
R-0 i

charge-transfer
complex

H,0

m( (OH

H
@/\ " Q)/R« ’ /©/\o
+ H + MeO
MeO -H

MeCl/

Figure 1.3 Oxidative C-O cleavage of para-methoxybenzyl ether via charge-transfer—complex-mediated.

Since the 1950s, the photophysical properties of EDA complexes had been studied

intensively.
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Recently their potential in synthetic organic chemistry has gained more attention. Seminal
examples demonstrated the potential of EDA complexes in photochemistry to promote
synthetically useful radical processes under mild conditions (Figure 1.4).%

For example, a thermally inaccessible arylation and alkylation of carbonyl compounds and
imines was achieved via EDA complex formation of enamines and enolates with aryl -and
perfluoralkyl iodides (A) (Figure 1.4 A).!° Cleavage of the iodide moiety upon excitation
fosters fragmentation of the radical ion pair, preventing synthetically unproductive back
electron transfer.

The electron transfer substitution was further extended by Russell and co-workers,
showcasing the ability of benzyl chlorides (A) to form an EDA aggregate with N-donors,
such as sodium azide (Figure 1.4 B).!! The group of Kornblum demonstrated the formation
of a photoactive EDA complex of an electron-poor arene acceptor with an N-centered
enamin donor moiety.!? Further, electron-rich arenes (D) were found to form EDA
complexes with tetranitromethane (A), ultimately leading to nitration of the aromatic system
(Figure 1.4 C).!® These examples rely on the cleavage of a leaving group, embedded in the
acceptors scaffold, to prevent BET. In contrast, the group around Kochi developed a reaction
proceeding via an EDA complex formed, between an organostannanes (D) and an electron-

poor alkene (A), where both fragments are embedded in the final product (Figure 1.4 C).!4
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Bunnett / Cantacuzene
A
X

R« R
X: OK, NR, R"—I I
R":Ar,Rg
Russell / Kornblum
t
Me
RpmN.: Me RomN- Me 16 Me,
a5 /@Xm _ /E>)<NRn,m
L
O2N O,N ;_ O,N
Cl
R,N: NaNj
Ry N:Quinuclidine
c $
OMe OMe
/©/ Me QZN NO, | —
Me O,N. NO, R N :‘
. 2
0,N” NO, HC(NO,);
t
CN R'—Sn
NC
7 cN SN . Jsn
'— — —_— —_—
CN R'—Sn NC. .~ cN | . CN
CN CN

Figure 1.4 Seminal examples of photoinduced chemical transformations mediated via EDA complex between
A aryl- and perfluoroalkyl iodides (Rr) acceptors with enamines and enolates (D) B N-centered donors with
electron-poor benzyl chlorides (A) in nucleophilic substitution reactions C electron-rich arene donors with
tetranitromethane (A) in a Srnl reaction and an organostannene (D) with an electron-deficient ethylene

acceptor (A).

A charge-transfer complex was used to generate a reactive N-centered radical, that acts as
hydrogen atom transfer (HAT) reagent to facilitate the direct C(sp*)-H functionalization of
unactivated aliphatic bonds. The direct fluorination reported by Tan uses a combination of
Selectfluor™ and anthraquinone (AQN) under visible light irradiation.!> The proposed
mechanism suggested the initial formation of an exciplex between AQN and Selectfluor™
via C-F--aryl interactions (Figure 1.5). An outer-sphere electron transfer (OSET) from
AQN* to Selectfluor™ yields the N-centered radical, TEDA?", which undergoes hydrogen
atom transfer (HAT) with the aliphatic substrate to result the key radical intermediate.

Subsequent fluorine transfer from Selectfluor™ results the alkyl fluoride and N-

(chloromethyl)triethylenediamine (TEDA?*") as a chain carrier species.
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(\/—CI
H ., ‘NZ AQN (2 mol%) F
R N LR
R™ 'R F * MeCN, r.t, 24 h R °R'
hv
R, R, R":alkyl, H 1.5 equiv. 4 examples,
34 -68%

— clI *
|
(0]
(M,—CI L
LD 47— — ;
/ + g
F
! C

AQN*-Selectfluor™ exciplex

(o K
e L7 e |

. KR HF
R R’ chain-carrier R R'
XAT HAT
,—Cl
* ™ +
AQN*-Selectfluor R" \7
exciplex )\ N-
R” R H

T

Figure 1.5 Reaction scheme and proposed mechanistic pathway of the direct C(sp*)-H functionalization,

mediated via an AQN*-Selectfluor™ exciplex.

1.2 Photocatalysis

Visible light is an inexhaustible, traceless source of energy and driving force of various
biochemical processes.'® Inspired by nature, synthetic photochemistry uses the energy
delivered by light to promote chemical reactions.!” Such transformations were traditionally
UV-light-driven, since many organic molecules absorb in that region of the electromagnetic
spectrum.'® However, the direct excitation of reagents with such high energy light comes at
the cost of selectivity, due to undesired side reactions.

Alternatively, chromophoric species can harvest visible light to access an excited state
species.

The absorbed energy can then be transferred to another molecule to create a reactive

intermediate to perform a variety of transformations.'”
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Upon irradiation with a suitable wavelength, light-absorbing molecules in the ground state
(So) can be promoted to an excited state (Si, Sz or higher ) of the same spin multiplicity
(Figure 1.6).° Once the electron is excited, vibrational relaxation (107'* - 10! s)
redistributes vibrational energy into kinetic energy, leaving the excited electron in the lowest
vibrational level of the singlet excited state.?! The subsequent relaxation to the ground state
(e.g S1 — So) can occur in a radiative or non-radiative fashion. Internal conversion from the
ground level of S; to a high energetic vibrational level of the electronic ground state (So) can
result in non-radiative deactivation via vibrational relaxation. Spin-allowed radiative
transition (fluorescence, S1 — So) can occur readily (< 1071 to 10”7 s), limiting the lifetime
of the excited state. However, another radiative relaxation path is available for molecules
with a large spin-orbit coupling. The electron in the S level can non-radiatively pass to an
excited triplet state (Ti). This intersystem crossing (ISC) process is followed by
phosphorescence, leading back to the ground state (T1— So). Transitions between electronic
states with different spin multiplicities are spin-forbidden, which results in extended excited

state lifetimes (> 100 ns) for molecules that have a large spin-orbit coupling.

Vibrational relaxation

81 j

- Intersytem crossing

|- | -|-

- T

. ! Ty
Y
: Fluorescence /
v Phosphorescence
3
H
Y

Energy

! Absorption

Quenching
S

; ’ 3 SO

|- } -[- 1 -|-|-F

Figure 1.6 Perrin-Jablonski diagram, illustrating the electronic transitions.

Extended lifetimes are a fundamental feature in photocatalysis and allow the excited

photocatalytic species to engage in bimolecular processes (quenching) (Figure 1.7).22
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In the presence of a suitable acceptor molecule (A), such as a reagent or co-catalyst, the
excited light absorbing molecule (PC*) can transfer energy to an otherwise inert ground state
species, triggering a chemical transformation.

Upon absorption of light, the photocatalytic species (PC) enters an excited state PC*, via
collision with an acceptor molecule (A), energy- or single electron transfer activates the
acceptor molecule (A*), relaxing the PC back to the ground state (vide supra). The excitation
of the acceptor (A) by PC* can proceed via different modes of activation. Amongst the most

common pathways are energy transfer (EnT) catalysis and photoredox catalysis (PRC).

U
Kepa k.set

Figure 1.7 Schematic illustration of a bimolecular photochemical reaction proceeding via an electron donor

ko

acceptor (EDA) complex.

1.2.1 Accessing Open-Shell Intermediates via Photoredox

Catalysis

In photoredox catalysis (PRC), the excited photocatalytic species is quenched by an acceptor
molecule via single electron transfer (SET) events.?* 2* Excitation of the photon-absorbing
species and ISC results in a long-lived excited triplet state (T1, vide supra), which is both
more reducing and oxidizing then the ground state species. Consequently, quenching can
proceed via donating or accepting a single electron, depending on the type of quencher and
the redox potential of the excited state of the photocatalyst. Reductive quenching cycles
proceed via a single electron oxidation of a donor molecule (D), resulting in a radical cationic
species D" and the counterpart PC*~ (Figure 1.8). A subsequent single electron reduction by
a suitable acceptor (A) species closes the catalytic cycle, restoring the ground state PC. In

an oxidative quenching cycle, the events occur vice versa after excitation of the PC.
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Figure 1.8 Schematic illustration of reductive and oxidative quenching cycles.

The Stephenson group utilized an oxidative quenching cycle for the photocatalyzed cleavage
of para-methoxybenzyl (PMB) ether with an iridium complex (Ir[dF(CF3)ppy]2(dtbbpy)PFs)
in combination with a sacrificial oxidant (BrCCls).?> The proposed mechanism is reported

to proceed via an initial excitation of the Ir!!!

photocatalyst, followed by oxidative quenching
with BrCCls to afford Ir' alongside the trichloromethyl radical (Figure 1.9). The oxidation
of the PMB ether moiety closes the photocatalytic cycle, yielding an arene radical cation.
Subsequent hydrogen atom transfer (HAT) by the trichloromethyl radical results an

oxocarbenium ion, which is hydrolyzed to produce the alcohol.
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Figure 1.9 Reaction scheme and proposed mechanistic pathway of the iridium-complex-catalyzed

photooxidative cleavage of PMB ether protective group.

Stephenson and colleagues also recently reported a photocatalyzed aza-Henry reaction,
which proceeds via the corollary reductive quenching cycle.?® The mechanistic proposal
involves the initial reductive quenching of the excited photocatalytic species (Ir''*) by the
a—amine to afford the reducing agent Ir'! and the N-centered radical cationic species (Figure
1.10). The following reduction of either oxygen or nitromethane turns over the photocatalyst
and closes the photocatalytic cycle. Hydrogen atom abstraction by the thereby generated
oxygen located radical anionic intermediate yields the desired iminium ion. The subsequent

addition of the nitronate affords the final product.
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Figure 1.10 Reaction scheme and mechanistic proposal of the photocatalyzed a-amine functionalization.

Photocatalysis is a versatile tool for substrate activation, yielding reactive open-shell
intermediates. Moreover, modern cross-coupling reactions rely on the merging of
photoredox catalysis and traditional transition-metal catalysis. Such transformations

commonly rely on initial SET by an excited photocatalyst to activate the pre-catalyst.

1.2.2 Photoredox-Enabled Activation of Co-Catalysts

Transition metal (TM) catalysis has a rich history in synthetic chemistry, enabling the
making and breaking of carbon-heteroatom and carbon-carbon bonds to access valuable
organic compounds.?’ Palladium-catalyzed cross-couplings are amongst the most prominent
TM-catalyzed transformations.?® However, the shift towards sustainability has led efforts
that aim to replace this rare and expensive metal. The higher abundance and consequently
lower price of nickel, in combination with its ability to achieve multiple oxidation states
(particularly Ni®VW) - crycial for cross-coupling reactions, renders it a promising

alternative.?” Nevertheless, the usage of nickel in cross-coupling reactions holds challenges.
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Thermal cross-coupling reactions with nickel proceed via a thermodynamically stable Ni'!

intermediate, formed by the oxidative addition of an aryl halide to the in situ generated Ni°
species.’® Reductive elimination demands the application of increased temperatures, strong
bases or a dedicated ligand system. The merger of nickel and photocatalysis has opened up
a new straightforward approach that was originally proposed to proceed through the
destabilization of the Ni'! intermediate via energy- or single electron transfer, depending on
the photocatalytic species and redox potentials.*! Reduction of the Ni'! to Ni® catalyst is
followed by the oxidative addition of the aryl halide and ligand exchange with the
nucleophile (Figure 1.11 A). Single electron transfer (SET) by the excited photocatalytic
species (PC*) yields the Ni''' complex, which readily undergoes the reductive elimination,
resulting the product. Reductive quenching of Ni! to Ni® closes both catalytic cycles.
Recently, evidence for the photocatalysts involvement in the activation of the aryl halide

was reported, suggesting an alternative mechanistic proposal (Figure 1.11 B).

Photoredox catalysis
B

A Ar—X
r}\ Ar—X

in ?’—\

Nill + PC - NIII +PC - — Ni° Ni'
L L

Nil! P(E. Nu
Nil N

Ar—Nu Nill >/

Figure 1.11 Representative mechanistic proposals for dual nickel- and photocatalyzed cross-coupling
reactions, proceeding via A single electron reduction of the Nil pre-catalyst, followed by the oxidative addition
of the aryl halide to the catalytic active Ni° species. After ligand exchange with the coupling partner, single
electron oxidation to Ni'l by the excited PC* triggers the reductive elimination, yielding the product and
closing the catalytic cycle.?? Alternatively, a mechanistic pathway B involving the photocatalysts involvement
in the activation of the nucleophile via single electron oxidation was proposed. Upon the activation of the pre-
catalyst resulting in Ni% oxidative addition of the aryl halide outturns a thermodynamically stable Nil!

111

intermediate. The addition of a nucleophile radical yields a Ni™" complex, capable of the product forming

reductive elimination step.
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More recently, the mechanism and especially role of the photocatalyst in dual nickel- and
photoredox catalyzed carbon-heteroatom (C-X) cross-coupling reactions has been
reconsidered.

Upon initial reduction of the Nil! pre-catalyst to an active Ni! species, C-X cross-coupling

reactions is likely to proceed via a Nil/Ni'! cycle (Figure 1.12).34 3%

NuH

Ni"+PC- " — Ni NTLL

Ar-Nu

Figure 1.12 Revised mechanistic proposal of a dual nickel and photocatalyzed C-X cross-coupling reaction

via Ni/Ni™! sequence.*

1.2.3 Photocatalyst

The success of a photoredox catalysis relies on its ability to harvest visible light and
transform it into chemical energy. Organic dyes, heterogeneous semiconductors, and metal-
polypyridyl complexes are the main classes of photocatalysts currently used.

Amongst the most popular photocatalysts are iridium- and ruthenium-polypyridyl
complexes, due to their ability to generate long-lived excited states, capable of engaging in
bimolecular EnT and SET. Upon absorption of visible light, a metal-to-ligand charge transfer
(MLCT) occurs, promoting an electron from a metal-based ground state orbital (tz,) to a
ligand-centered n* orbital (Figure 1.13).2* The subsequent intersystem crossing (ISC) yields
an excited triplet state with a relatively long lifetime (t ~ 1000 ns). The excitation of an
electron consequently generates a vacancy in the metal-located t2g orbital, rendering the
excited photocatalytic species an oxidant and reductant at the same time. The redox
properties of such complexes can be manipulated via ligand and metal modification.
However, the use of these powerful photocatalysts is hampered due to the low abundance

and high costs of ruthenium and iridium.
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Figure 1.13 Visible light mediated excitation of the Ir(ppy)s, followed by MLCT and ISC, resulting a long-
lived exited triplet state (t ~ 1900 ns), capable of oxidative (E"*"=-1.73 V vs SCE) and reductive (E"V""" = +
0.31 V vs SCE) quenching.

A more sustainable alternative to noble metal-based photocatalysts (vide infra) are
semiconductors. The interaction of light with valence electrons of semiconductors
possessing a suitable band gap results in an exited photocatalytic species (Figure 1.14).3
The absorption of light promotes electrons from the valence band (VB) to the conduction
band (CB), generating a redox-active electron-hole-pair. Electrons occupying the CB can
participate in single electron transfer events, reducing suitable acceptors, while the
simultancously formed holes (h*) in the VB act as oxidants. However, undesired

recombination of the charge carriers often limits photocatalytic performance.

= 4'7CB

Figure 1.14 Schematic illustration of a semiconductor photocatalyst in the ground state and after light-induced

charge separation.

Commonly used semiconducting materials are metal oxides, such as TiO, and ZnO.
However, their large band gap (~ 3.2 eV) requires excitation with UV light, limiting their

application in organic chemistry.
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Other inorganic semiconductors such as cadmium sulfide (~ 2.50 eV) and cadmium selenide
(~ 1.74 eV) readily undergo visible-light-induced charge separation. An attractive alternative
is carbon nitrides, which are metal-free polymers prepared from simple and cheap bulk
chemicals like urea and oxamide.>” The porous material possesses a medium band gap (~
2.7 eV) allowing for the absorption of visible-light. Another class of substances capable of
absorbing light to promote chemical transformations are organic dyes. The structural variety
ranges from acridinium-based photocatalysts, diaryl ketones, flavins and xanthenes to boron

dipyrromethenes (BODIPY) (Figure 1.15).%8

BODIPY
0
S N\

B
Y
FF

Riboflavin

HO

- OH
HO'

OH
Tl
- NH
N
6}
Figure 1.15 Selected examples of typical organic dyes used in photocatalytic transformations.

Organic dyes are well-studied and readily available compounds with easily tunable
spectroscopical redox properties. Unfortunately, the applicability of these photocatalysts is
limited due to short exited-state lifetimes.*”

Upon excitation, the majority of organic dyes only reach excited single states (S1) and relax
via fluorescence (< 107'° to 1077 s), a process occurring too fast to engage in bimolecular

energy- or single electron transfer processes.
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1.3 Visual Kinetic Analysis

Though much work has been accomplished (vide supra), the increasing interest in the
development and optimization of new photochemical reactions has created a demand of
understanding the underlying mechanisms and interdependencies of the reaction parameters.
Most state-of-the-art techniques to investigate such transformations are based on steady-state
experiments, focusing on the interaction between the excited photocatalyst and co-catalyst
or substrate. Commonly, excited-state kinetics are investigated via luminescence quenching
studies to understand the dynamics of photocatalytic process.

Such a process was utilized in the study of a dual nickel- and photocatalyzed C—S cross-
coupling reaction of aryl iodides and thiols was developed and investigated by Johannes and
colleagues in 2016 (Figure 1.16).>* The proposed mechanistic pathway starts with the
reductive quenching of the excited photocatalyst (Ir''*) by the thiol, resulting a thiol radical
cationic intermediate, which gets deprotonated by pyridine to yield the key radical species.
Concomitantly, a single electron
reduction of the Ni'! precatalyst by the Ir' species delivers the active Ni! halide. Trapping of
the thiyl radical by the Ni' halide results a Ni'' species. Subsequent reduction of Ni'! by Ir!!

111

results a Ni' sulfide intermediate and the ground state Ir'"! complex, closing the photocatalytic

I

cycle. Oxidative addition of the aryl halide to Ni! yields a Ni'" complex. Subsequent

reductive elimination yields the product and closes the catalytic cycle.
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Figure 1.16 Mechanistic proposal of the photoredox mediated C-S cross-coupling.

The mechanistic proposal was rationalized based on Stern-Volmer analysis, confirming the
quenching of the long-lived excited state (2.25 ps) Ir'™* by 4-methoxybenzyl thiol. Further,
redox potentials obtained via cyclic voltammetry allowed the estimation of thermodynamical
and kinetical favorability of the redox events involved. However, investigating isolated
events of complex systems can have limited informative value, given that (thermal) follow-
up events occur on a comparatively longer time scale.

Real-time monitoring of chemical transformations allows extraction of meaningful
mechanistic information by continuously monitoring the concentration evolution of key
reactive species. Following a reaction over its whole course allows for the detection and
identification of transient species and offers a qualitative overview of the overall process.
Real-time monitoring enabled kinetic analysis facilitates the visual interrogation of kinetic
information via overlay experiments.*’ Historically, kinetic analysis has been used to
identify concentration dependencies and differentiate between types of enzyme inhibition by

interpreting the slope and intercepts of linearized plots (Figure 1.17).
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A popular example is the double-reciprocal plot for the interpretation of reaction rates of

enzymatic reactions, developed by Lineweaver and Burke in 1934.

Michaelis-Menten kinetics
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Figure 1.17 A Michaelis-Menten equation and diagram for enzyme kinetics and B Lineweaver-Burke

linearization.

More traditional kinetic analysis methodologies are based on ex situ initial rate studies under
pseudo-first order conditions, applying an excess of one or more reagents, relative to the
reagent of interest.*! Significant advances in reaction monitoring technology and computer
analysis tools have led to the development of more accurate kinetic analysis techniques.

In 2005, Blackmond and co-workers formalized reaction progress kinetic analysis (RPKA)
to interrogate kinetic information from entire reaction progress profiles obtained under
synthetically relevant conditions.*?

Based on the construction of graphical rate equations, overlay experiments facilitate two key
reaction behaviors and parameters: a) the identification of catalyst deactivation or product

inhibition; and b) the elucidation of catalyst and reagent orders.
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To investigate the former, the rates of reactions are plotted with different starting points
versus substrate concentration [A] (Figure 1.18 A). The reactions start at different initial
concentrations, however the difference between the concentartion of the reagents is the same
(“same excess” experiment), so that a certain point the reactions have the same concentration
in starting material. Given the different product concentration and number of turnovers
completed by the catalyst, a mismatched overlay of the curves indicates catalyst deactivation
or product inhibition. The experiment designed to determine reagent orders compares the
progress profiles of reactions with varying concentrations of the reagent of interest (B). The
resulting progress profiles are plotted as rate/[B]P versus [A]. To elucidate the order of [B],
the exponent [ is altered until the progress profiles overlay, indicating the reagent’s order

(Figure 1.18 B).

A+B -t . o ‘
A B
[Alo [Blo [cat]o [Alo [cat]o =[A]o [cat]o
rate rate rate [Blo# [Blo rate
4 p
(B]
------------------- &® [Alr (Bl [catlr = o
[Alr [Bl [cat]r ° [Alo [B [cat]o ° ®
(]
e @0 9 *°
a®
[A] [A] (Al (A]

Figure 1.18 Reaction progress kinetic analysis of a catalyzed, bimolecular reaction of A and B. A Same excess

plot to detect catalyst deactivation and B different excess plot for obtaining reagents orders.

However, reaction progress kinetic analysis uses reaction rates, which are mainly acquired
via reaction calorimetry and incompatible with many reactions. Further, the raw data output
of many analytical tools used for in situ monitoring (vide infra) display the reactions
concentration, requiring conversion to rate.

To overcome these limitations, variable time normalization analysis (VTNA) was developed
which uses concentration profiles, that are readily obtained by commonly used analysis
techniques, such as FTIR, NMR, UV/Vis, HPLC and GC. The concept, introduced by Bures
in 2016 visually determines reagent orders adjusting the time-axis.*

The same reaction behaviors and parameters that are observable with RPKA are obtainable

with VINA, only through different visual and mathematical manipulations.
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The same excess experiment plots concentration profile of two reactions with different initial
concentrations (Ao # Ao) as concentration versus time (Figure 1.19 A). Time-shifting the
curve of the lower-concentrated reaction resulting in overlay (At = Ao) signifies the absence
of catalyst deactivation or product inhibition. As in RPKA, the reagent and catalyst orders
are obtained carrying out excess-based experiments, varying the concentration of the reagent
of interest (Figure 1.19 B). Substituting the time-axis by the time integral of the respective
reagents’ concentration taken to an arbitrary power a (Eq 1), normalizes the time between
the data points. The value of a resulting an overlay of the concentration profiles represents

the reagent order.

cat
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[Alo # [Alo

(Al

> [A]* A time

t=n n
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Figure 1.19 Variable time normalization analysis of a bimolecular reaction. A Same excess plot for the
evaluation of the catalyst’s robustness and B different excess diagram, plotting concentration versus
normalized time, to determine reagents and catalysts order. C VINA formula, normalizing the time-axis in

reagent A to remove the kinetic effects.
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1.4 Aim of this Thesis

The aim of my doctoral studies was the development and mechanistic investigation of

organic transformations that proceed via reactive open-shell intermediates.

A particular interest was given to the development of a new and simple approach for benzylic
radical fluorinations. I developed a divergent strategy for the direct benzylic C(sp®)-H
fluorination, as well as a decarboxylative fluorination of phenylacetic acids, using
Selectfluor™ in combination with a N-heterocyclic additive. Key to the success was the
charge-transfer complex mediated generation of TEDA?", a versatile transient species,
capable of hydrogen atom transfer and single electron oxidation. Controlled by the pKa of
the substrate, this highly reactive intermediate triggers both reaction pathways with excellent
selectivity. A mechanistic proposal was outlined, based on in- and ex situ mechanistic

investigations.

Another major focus of my doctoral studies was dedicated to the development of photoredox
cross-coupling reactions and the in situ monitoring-based investigation of the underlying
mechanisms. A protocol for a photocatalyzed cross-coupling reaction of an aryl halide with
a variety of thiols under visible light irradiation. A mixture of a homogeneous nickel catalyst
in combination with a graphitic carbon nitride (CN-OA-m) was used as the catalytic cocktail.
The organic polymer, readily prepared from bulk chemicals, offers a cheap and sustainable
alternative to commonly used transition metal photocatalysts. However, dual nickel- and
photocatalyzed systems often suffer from catalyst deactivation, limiting the efficacy of the
reaction. In order to investigate the underlying mechanism of such transformations, an in
situ IR based kinetic study of an O-arylation using the same catalytic system was conducted
and compared to the state-of the art homogeneous congener. Kinetic information of both
catalytic systems in different concentration regimes were extracted using in situ FTIR-
enabled variable time normalization analysis (VTNA). Mechanistic scenarios, based on the
determined rate laws, were proposed, revealing the photocatalyst’s involvement in the

activation of the aryl halide, prior the oxidative addition to the nickel catalyst.
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The last part of my thesis evaluates the mechanism of the oxidative debenzylation of
monosaccharides using a customized LED-based illumination NMR setup. A time-resolved
'"H NMR study of the blue light irradiated deprotection of acetyl 2,4,6-tri-O-acetyl-p-D-
glucopyranose, using a combination of DDQ and tert-butyl nitrite (TBN) in aqueous media.
Chopped illumination- and delayed addition experiments provided valuable mechanistic

insights, ultimately supporting our mechanistic hypothesis.

Further, the previously described visible light mediated debenzylation protocol was applied
on the gram scale, using 3-O-benzyl-1,2:5,6-di-O-isopropylidene-a-D-glucofuranose as a
model substrate. Limitations arising from poor light penetration were overcome adjusting

the experimental procedure.
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Chapter 2

Synopsis

Throughout my doctoral research I contributed to five research projects which are published
or currently under revision and wrote one minireview. I was a major contributor to three of

the projects and a minor contributor to two, all of which are listed below.
2.1 Major contributions

1. Madani A.; Anghileri L.; Heydenreich M.; Méller H. M.; Pieber B. Benzylic Fluorination
Induced by a Charge-Transfer Complex with a Solvent-Dependent Selectivity Switch. Org.
Lett. 2022, 24, 5376-5380.

The prominence of organofluorine compounds amongst pharmaceutical and agrochemicals
has led to a tremendous increase in interest in fluorination reactions.!" Nucleophilic and
electrophilic fluorination strategies are at the forefront; however, recent developments of
non-hazardous radical fluorinating agents unlocked the development of new methodologies,
harvesting the unparalleled reactivity of radical chemistry in a safe and selective fashion.*
Using a charge-transfer complex between a bench-stable electrophilic fluorinating agent and
4-dimethylamino pyridine (DMAP), I developed a novel benzylic radical fluorination
strategy for phenylacetic acids. The user-friendly protocol offers short reaction times (1-30
min) and a solvent controlled selectivity-switch. Polar aprotic solvents cleanly result in o-
fluorophenylacetic acids, whereas in aqueous media the decarboxylative benzylic
fluorination reaction, resulting in benzyl fluorides, is dominant. Mechanistic investigations
suggest a single electron transfer (SET) mechanism for the decarboxylative fluorination,
whereas the direct C(sp®)-H fluorination to o-fluorophenylacetic acids is proposed to

proceed via hydrogen atom transfer (HAT) pathway.
2. Madani A.;t Sletten E. T.;+ Cavedon C.; Seeberger P. H.; Pieber, B. Visible-light-

mediated oxidative debenzylation of 3-O-benzyl-1,2:5,6-di-O-isopropylidene-a-D-
glucofuranose. Org. Synth. 2023, 100, 271.
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After our protocol for the photooxidative debenzylation (Visible-Light-Mediated Oxidative
Debenzylation Enables the Use of Benzyl Ethers as Temporary Protecting Groups, Chapter
9) was well received by the community and found application in several multistep syntheses
of complex biomolecules, the Organic Syntheses journal requested us to probe the upscaling
of the methodology.>” The work described in Chapter 6 presents my effort in applying our
previously developed photooxidative debenzylation protocol on the gram scale (>2 g of
product), while overcoming limitations arising from inefficient light penetration. Careful
optimization and adjusting of reaction parameters, such as orientation and position of the
light sources, glassware, reaction time and reagent quantities, ultimately resulted a
reproducible protocol for the photooxidative benzyl ether cleavage on large-scale and

opening the doors to new applications of the methodology.

3. Malik J. A.; Madani, A.; Seeberger, P. H.; Pieber, B. Evidence for Photocatalyst
Involvement in Oxidative Additions of Nickel-Catalyzed Carboxylate O-Arylations. J. Am.
Chem. Soc. 2020, 142, 11042-11049.

The merger of nickel- with photoredox catalysis has led to a renaissance in radical chemistry
and enabled the development of new cross-coupling reactions.® Unravelling the underlying
mechanism of these transformations conveys valuable information, which can ultimately
help with upscaling, reaction development and optimization. While state-of-the-art
techniques to investigate such systems focus on steady-state measurements, such as
quenching studies and DFT calculations, real-time monitoring offers to complete the
picture.” Chapter 7 presents my efforts in the first in-depth kinetic analysis of dual photo-
and nickel catalyzed cross-coupling reactions. Using in situ ATR-IR spectroscopy, we
monitored a model esterification reaction, using two different photocatalytic systems: the
state-of-the-art iridium-based photocatalyst Ir(ppy)s3, and a graphitic carbon nitride (CN-OA-
m). In situ monitoring enabled visual kinetic analysis of both systems which resulted in rate
laws indicative for different mechanistic proposals ultimately revealed a hitherto-

undisclosed role of the photocatalyst in the oxidative addition.
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The conclusions from this study have been influential on further kinetics studies in the field
of nickel metallaphotoredox catalysis from established groups in academia, including recent
in situ kinetics reports by Lloyd-Jones and Yoon, where their findings are discussed in

detailed comparison to ours.!% !

2.2 Minor contributions

4. Cavedon, C.; Madani, A.; Seeberger, P. H.; Pieber, B. Semiheterogenecous Dual
Nickel/Photocatalytic (Thio)etherification Using Carbon Nitrides. Org. Lett. 2019, 21, 5331-
5334.

Inspired by nature, photocatalysis uses light, a sustainable and traceless "reagent", to trigger
chemical transformations. Combining nickel-catalysis with visible-light photocatalysis has
enabled the development of cross-coupling reactions, replacing palladium, rendering these
transformations more sustainable. However, these methodologies are mainly based on
homogeneous iridium- or ruthenium polypyridyl complexes as photocatalysts. Chapter 8
reports our research efforts to replace a state-of-the-art homogeneous photocatalyst
(Ir(ppy)s) with a heterogenous semi-conductor in a dual photo- and nickel catalyzed cross-
coupling reaction. A semi-heterogenous protocol for C—O cross-coupling reaction was

developed, and I extended the reaction’s scope to include thioethers.

5. Cavedon, C.; Sletten, E. T.; Madani, A.; Niemeyer, O.; Seeberger, P. H.; Pieber, B.
Visible- Light-Mediated Oxidative Debenzylation Enables the Use of Benzyl Ethers as
Temporary Protecting Groups. Org. Lett. 2021, 23, 514-518.

Selective installation and removal of protective groups (PG) for hydroxyl groups is of
particular importance in carbohydrate chemistry.!> 13 Benzyl ethers are easily installed and
stable over most reaction conditions, however their removal requires harsh conditions
limiting their applicability. Developing a mild strategy to remove benzyl ethers, we enabled
their usage as temporary PG during oligosaccharide assembly and expanded their

applicability in carbohydrate building block synthesis.
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Using an LED-illuminated NMR spectroscopy setup, I monitored the reaction in real-time

and gained mechanistic insights that later helped me to prepare the reaction for scale-up.

2.3 References
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Summaries

3.1 In situ Reaction Monitoring in Photocatalytic Organic

Synthesis (Chapter 4)

Throughout the past decade, photocatalysis has emerged as a fundamental process in
synthetic organic chemistry, that provides facile access to reactive open-shell intermediates
under mild conditions.! The further pursuit of photocatalytic reaction development and
optimization demands an understanding of underlying reaction mechanisms and
interdependencies of reaction conditions and parameters. Unfortunately, investigating
complex catalytic systems, which include multiple reactive species remains a challenge.
State-of-the-art techniques to investigate such transformations commonly rely on static
experiments that characterize only interactions between excited state- and ground state
species, while avoiding the reactive intermediates.? To complete the picture, in situ
monitoring techniques have been established to track the reaction and allow the observation
of key species and intermediates. This work highlights recent efforts in development and
design of setups capable of real-time monitoring of photocatalytic reactions in synthetic
organic chemistry and displays examples, emphasizing the importance of mechanistic
investigations.

I collected state-of-the-art literature existing on that topic at that time (December 2022).
Together with Dr. Bartholomdus Pieber, I organized the literature and outlined the mini
review. I wrote the first draft of the manuscript, and Dr. Bartholoméus Pieber revised and

corrected the manuscript.
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3.2 Benzylic Fluorination Induced by a Charge-Transfer
Complex with a Solvent-dependent Selectivity Switch
(Chapter 5)

The improved physicochemical properties of fluorinated organic compounds influences the
development of active pharmaceutical ingredients and agrochemicals, and hence creates a
demand for efficient and selective fluorination reactions.>> Nucleophilic and electrophilic
fluorinations are at the forefront, but recent developments of non-hazardous and selective
radical fluorinating agents have increased the utility of these strategies. Amino-based N—F
fluorinating reagents had previously only been used as electrophilic fluorine sources, but
recently their ability to transfer fluorine to carbon-centered radicals was discovered.b

We developed a divergent strategy for benzylic C(sp?)-H radical fluorination reactions,
triggered by an in situ formed charge-transfer complex between a pyridine derivative and
Selectfluor™. Together with Dr. Bartholomdus Pieber, listed as corresponding author, I
conceived the idea behind the project and investigated the feasibility. Carefully optimizing
the reaction conditions, I found that the reaction’s outcome can be controlled by the reaction
media. In aqueous media, the decarboxylative benzylic fluorination was dominant, whereas
polar aprotic solvents cleanly result in a-fluorophenylacetic acids. I investigated the scope
and limitations of the direct C(sp?)-H fluorination reaction. Lucia Anghileri optimized the
decarboxylative benzylic fluorination reaction and investigated the scope and limitations of
this transformation. Using in situ ATR-IR spectroscopy, I monitored the direct benzylic
fluorination of 4-fert-butylphenylacetic acid, the highlight was the high reactivity of the
charge-transfer complex, which instantaneously leads to product formation after the
fluorinating agent is added to a stirring solution of the phenylacetic acid and 4-
dimethylamino pyridine (DMAP) in acetonitrile. Absence of the substrate in the reaction
mixture resulted in fast consumption of Selectfluor™, supporting our mechanistic proposal
stating the in situ formation of a charge-transfer complex. Further, this experiment revealed
that the order of reagent addition is essential for a successful reaction. Investigating the
degradation products arising from mixing Selectfluor™ with the pyridine additive, Matthias
Heydenreich and Heiko Moeller identified DMAP-HF adducts in a series of 'H NMR studies,

using Teflon inserts.
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Further, I undertook competitive experiments between phenylacetic acids with different
electronic properties, supporting a mechanism, which proceeds via hydrogen atom transfer
(HAT) to result the carbon-centered radical intermediate, rather than the initiation via single
electron transfer (SET). The enediolate was not observed treating phenylacetic acid with
DMAP in MeCN-ds, speaking against a polar reaction mechanism. Addition of a radical trap
(TEMPO) to the reaction mixture resulted a complex reaction mixture and no product
formation, indicating a radical reaction. Ultimately, a mechanism was proposed that
proceeds via a HAT pathway in non-aquous solvent, whereas in aqueous media a SET
pathway is dominant.

I wrote the first draft of the mansucript and supporting information. Lucia Anghileri
contributed to the supporting information. Dr. Bartholoméus Pieber revised and corrected

the manuscript.
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3.3 Visible-Light-Mediated Oxidative Debenzylation of 3-O-
Benzyl-1,2:5,6-di-O-isopropylidene-a-D-glucofuranose
(Chapter 6)

Protecting groups play a pivotal role in multistep organic synthesis ensuring regio-, chemo-
and stereoselectivity.” They are especially vital in carbohydrate synthesis, which relies on
the temporal and permanent manipulation of multiple hydroxyl groups. A key feature of such
entities is their stability under given reaction conditions and their orthogonal cleavage.
Benzyl ethers provide a versatile means of protection for hydroxyl moieties, being that they
are installed under neutral or basic conditions and stable to a wide range of reaction
conditions. While their stability renders benzyl ethers ideal candidates to mask hydroxyl
groups through multistep syntheses, their removal requires harsh conditions, such as a Birch
reduction, catalytic hydrogenolysis, or oxidation with ozone, all of which suffer from low
functional group tolerance. Using photoredox catalysis, we developed a mild strategy to
cleave benzyl ether protective groups from carbohydrates in high chemoselectivity.®

After several well-known academic groups utilized our protocol in the synthesis of complex
molecules, we were asked to scale-up our protocol to be published in Organic Syntheses.*
19 This journal specializes in reporting large-scale, reproducible procedures of different
methodologies. In our original manuscript, we published two different protocols, one that
was fully catalytic, using a combination of 2,3-dichlor-5,6-dicyano-1,4-benzoquinone
(DDQ) as photocatalyst and fert-butyl nitrite (TBN) as terminal oxidant, and one which
required a stoichiometric amount of DDQ. Dr. Eric T. Sletten, listed as co 1% author, probed
the debenzylation of 3-O-benzyl-1,2:5,6-di-O-isopropylidene-a-D-glucofuranose on a 4 g
scale, using the catalytic protocol and four Kessil™ lamps. After the revision, the journal
requested the reaction was to be carried out in a pressure-rated flask, using only two lamps.
I probed the deprotection on large-scale using two Kessil™ lamps and the pressure-rated
flask, which resulted poor yields (< 30%) and reproducibility issues, using a catalytic
protocol. As dictated by the Beer—Lambert’s law, light penetration can be a critical issue,
inhibiting large-scale applicability of photochemical transformations. Hence, I trialed

different orientation of the lights to maximize the yield, with no significant improvement.
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The mechanistic knowledge 1 previously gained through real-time monitoring of the
transformation allowed me to identify the cocatalyst (TBN) to be responsible of inefficient
product formation. Low photon flux and narrow headspace of the requested flask, limiting
O supply, hampered efficient NO> generation. Consequently, insufficient turnover of
DDQH: resulted its precipitation along with incomplete reactions. Further, decomposition
of the starting material was observed. I overcame these limitations using stoichiometric
amounts of DDQ (1.2 equiv.), which resulted in good yields and in a reproducible fashion
on a 11.4 mmol scale using two LED lamps.

I wrote the first draft of the manuscript and precisely documented it with pictures of every
step of the procedure. Dr. Eric T. Sletten, Dr. Bartholomdus Pieber and Prof. Dr. Dr. h. c.
Peter Seeberger revised and corrected the manuscript.

The manuscript is currently under revision, as an unaffiliated lab is confirming the

reproducibility of our protocol.
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3.4 Evidence for Photocatalyst Involvement in Oxidative
Additions of Nickel-Catalyzed Carboxylate O-Arylations
(Chapter 7)

The synthetic advances possible with nickel metallaphotoredox catalysis are easily apparent,
presenting a potential alternative to palladium chemistry, which is likely unsustainable long-
term. However, only little is understood about the underlying mechanisms of these
transformations, and open questions remain. Until recently, common techniques to study the
mechansim of dual nickel- and photocatalyzed reactions were limited to approaches such as
Stern—Volmer quenching studies, transient absorption spectroscopy, and computational
studies.!! Such techniques can impart useful information but usually focus on potential
interactions between the photocatalyst and metal catalyst under static conditions, outside of
the reality of a dynamic catalytic process. In contrast, in situ monitoring allows the
observation of reaction progress in real time and under synthetically relevant conditions.
Recent development of graphical approaches, that are able to visually interrogate kinetic
information from data-rich progress profiles, provide facile access to rate laws.!% 13

During the development of a nickel metallaphotoredox reaction which used a graphitic
carbon nitride (CN-OA-m) as a heterogeneous photocatalyst, our group had previously
developed a setup with which to observe a photocatalytic cross-coupling in real time using
in situ ATR-IR spectroscopy.'* However, in depth kinetic analysis of such systems requires
meticulous experimental planning and consideration. Data obtained under typical synthetic
conditions (referred to as native reaction conditions) offers information that may be useful
to discovery-scale or academic chemists wishing to probe reactivity. However, such
conditions may mask the intrinsic reactivity of the system, as it may be obscured by turnover-
limiting processes occurring between the photocatalyst and nickel catalyst.

Given that we were the first to perform detailed kinetics studies on this class of reactions,
we therefore sought to obtain four comprehensive data sets: 1) native reaction conditions,

with CN-OA-m photocatalyst;
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2) native reaction conditions, with a homogeneous iridium catalyst (Ir(ppy)3), commonly
used in the field 3) data obtained in a concentration regime where nickel catalyst is saturated
with excited-state CN-OA-m photocatalyst (“intrinsic reactivity regime”); and 4) an
analogous regime where the nickel catalyst is saturated with excited-state Ir photocatalyst.

I conducted half of the experiments to identify these “intrinsic reactivity regimes” for data
sets 3 and 4, which required numerous initial-rate studies and extensive troubleshooting to
ensure reproducibility. I ran the majority of experiments for data sets 2 and 4, which
included: experiments to determine the nickel catalyst order, “same-excess” experiments to
probe potential catalyst deactivation or product inhibition, “different-excess” experiments to
determine reagent orders of the aryl halide substrate and its cross-coupling partner, and
different-excess experiments to analyze the impact of the Brensted base (N-tert-
butylisopropylamine). I further investigated in influence of the CN-OA-m concentration on
the reaction. During the revision process, we decided to standardize the metal catalyst
concentrations across all data sets, so one of these data sets was collected multiple times to
support the integrity of our data. I also conducted a minor portion of experiments for data
sets 1 and 3, using an identical experimental approach.

We discovered that the iridium photocatalyst leads to significant amounts of dehalogenated
substrate, which suggests some mechanistic commonalities between the graphitic carbon
nitride- and iridium catalyzed systems. Further, catalyst deactivation was found when the
iridium photocatalyst was used. Last, the data obtained for the iridium photocatalyst
supported the hypothesis that reductive elimination is turnover-limiting.

Dr. Jamal A. Malik wrote the manuscript. I contributed to the supporting information. Dr.
Bartholoméus Pieber and Prof. Dr. Dr. h. c. Peter H. Seeberger revised and corrected the

manuscript.
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3.5 Semi-Heterogeneous Dual Nickel/Photocatalytic
(Thio)Etherification using Carbon Nitrides (Chapter 8)

Photocatalysis is a powerful synthetic tool, using photons as a traceless "reagent" to trigger
chemical transformations. In particular, the merging of photoredox- with nickel catalysis has
emerged as a valuable strategy, enabling carbon-heteroatom and carbon-carbon bond
formations under mild conditions.!®> However, these transformations commonly rely on
expensive homogeneous iridium- or ruthenium-polypyridyl complexes as photocatalyst.!!
Combining nickel catalysis with a semi-heterogeneous graphitic carbon nitride (gCN)
photocatalyst, we showed that the noble metal complexes can be replaced and still able to
successfully perform C-O and C-S cross-coupling. Graphitic carbon nitrides are
heterogeneous semiconductors that can absorb light in the visible part of the spectrum.!® We
prepared the material used in this project (CN-OA-m) from oxamide and urea via calcination
and characterized via UV/Vis spectroscopy.

Cristian Cavedon, listed as 1% author, investigated the feasibility of the C—O cross-coupling
and optimized the reaction conditions. Investigation of the scope limitations showed that
electron-poor aryl bromides were readily coupled with primary and secondary alcohols in
good to excellent yields. Further, the applicability in API synthesis was showcased.

I extended the reaction scope, investigating the method’s applicability to the coupling of
thiols with an aryl halide. Primary, secondary, and tertiary thiols were successfully coupled
with 4-iodobenzoate.

Cristian Cavedon wrote the first draft of the manuscript. I contributed to the supporting
information and revised the manuscript. Dr. Bartholoméus Pieber and Prof. Dr. Dr. h. c.

Peter H. Seeberger revised and corrected the manuscript.
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3.6 Visible Light-Mediated Oxidative Debenzylation Enables the
Use of Benzyl Ethers as Temporary Protecting Groups
(Chapter 9)

Protective groups are commonly used to ensure chemo-, regio- and stereoselectivity
throughout multistep organic synthesis. Especially the synthesis of complex
oligosaccharides, which are densely functionalized, relies on orthogonal installation and
cleavage strategies.” !7- 8 Highly stable benzyl ethers are amongst the most commonly used
permanent protective groups for hydroxyl moieties.'® Their stability, however, often limits
their utility since harsh reductive/oxidative conditions are required for their removal.!® Mild
deprotection strategies for para-methoxybenzyl ethers (PMB) had been developed, using
photoredoxcatalysis, however, scission of benzyl ethers requires a sufficiently stronger
oxidant.?°

This work addresses the limitation by developing a photocatalytic debenzylation protocol,
which uses a combination of DDQ and a sacrificial oxidant fert-butyl nitrite (TBN) under
green light irradiation.

Up to two benzyl ether moieties were able to be simultaneously removed from carbohydrates
moieties, while other commonly used protective groups were tolerated, such as acetyl-,
isopropylidene- or benzoyl groups.

Cristian Cavedon, listed as first author, optimized the reaction conditions and investigated
the scope and limitations of the reaction. The reaction’s applicability under flow conditions
was investigated by Dr. Eric T. Sletten.

To gain mechanistic insights into the newly developed deprotection strategy I developed a
LED-illumination setup suitable for in situ monitoring of photochemical transformations via
NMR spectroscopy.?! T designed and conducted experiments to investigate the
interdependencies of reagents and the reaction’s light-dependency. Analysis and
interpretation of the obtained data ultimately helped me to support our mechanistic
hypothesis.

Cristian Cavedon and Dr. Eric T. Sletten wrote the first draft of the manuscript. I contributed
to the manuscript and the supporting information. Dr. Bartholoméus Pieber and Prof. Dr. Dr.

h. ¢ Peter H. Seeberger revised and corrected the manuscript.
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Visible-light photocatalysis provides numerous useful method-
ologies for synthetic organic chemistry. However, the mecha-
nisms of these reactions are often not fully understood.
Common mechanistic experiments mainly aim to characterize
excited state properties of photocatalysts and their interaction
with other species. Recently, in situ reaction monitoring using

1. Introduction

Visible-light photocatalysis has become a cornerstone of
modern organic synthesis." Key to success is the ability of
certain chromophores, including organometallic complexes,”
organic dyes” and semiconducting materials® to reach long-
lived excited states that can act as single electron oxidants/
reductants (photoredox catalysis, PRC),"” transfer energy to
substrates or reagents (energy transfer catalysis, EnT),” or serve
as hydrogen atom transfer catalysts (HAT).” These events
provide straightforward access to reactive open-shell intermedi-
ates under mild conditions and resulted in the development of
a myriad of new reaction methodologies."

Unraveling the mechanisms of these transformations is
challenging, because many state-of-the-art photocatalytic trans-
formations include more than one catalytic species and several
reagents that are necessary to complete catalytic cycles.
Further, certain photocatalysts can act as SET, HAT and EnT
catalysts, undergo consecutive photoinduced electron transfer
events,® or access different reactivity depending on the photon
energy/intensity leading to complex mechanistic scenarios.”’ It
is therefore not surprising that more than one mechanism can
be used to plausibly explain the outcome of photocatalytic
transformations. Indeed, proposed mechanisms are critically
discussed,"” and were revised after careful investigations."!

The vast majority of mechanistic studies of photocatalytic
reactions rely on experiments that aim to characterize the
excited state properties of photocatalysts and their interaction
with substrates, reagents and co-catalysts under idealized
conditions."” These include computational and electrochemical
methods, static optical spectroscopy, quantum yield analysis,
quenching experiments, (ultra)fast spectroscopy and the identi-
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dedicated techniques was shown to be well-suited for the
identification of intermediates and to obtain kinetic insights,
thereby providing more holistic pictures of the reactions of
interest. This minireview surveys these technologies and
discusses selected examples where reaction monitoring was
used to elucidate the mechanism of photocatalytic reactions.

fication of radical intermediates using trapping agents and
radical clock experiments, as well as electron paramagnetic
resonance (EPR) spectroscopy.'” These experiments undoubt-
edly provide essential insights that build the foundation for
mechanistic proposals.

However, more holistic pictures of photocatalytic reactions
are highly desirable and require the determination of rate laws
and studies on (thermal) follow-up events that typically occur
on a comparably longer time scale than the initial photo-
catalytic activation steps. As such, real-time monitoring of
reactions is a complementary analysis method that allows
obtaining quantitative reaction profiles and identifying relevant
species in solution, including catalysts, substrates, reagents,
intermediates, products, as well as side- and byproducts."® The
obtained profiles can be further processed using, for example,
reaction kinetic progress analysis (RKPA) or variable time
normalization analysis (VTNA) to extract valuable kinetic
information." Further, reaction monitoring provides important
data to design and operate large scale reactions in a safe,
controllable and reproducible manner."¥

Although common for thermal reactions, real-time reaction
monitoring has been only sparingly applied in synthetic photo-
catalysis, which likely results from the (slightly) higher complex-
ity of setups capable of such analysis. Moreover, kinetic data of
photochemical reactions is somewhat difficult to reproduce due
to the strong dependence on the exact photochemical setup."™
The spectral output (wavelength distribution, photon equiv-
alents, etc.) of the light source and other factors, such as the
distance between the light source and the reaction vessel, the
reaction vessel itself (i.e. material and thickness), or temper-
ature effects can directly impact reaction profiles."

This minireview surveys insitu reaction monitoring ap-
proaches for photocatalytic reactions. The first part aims to
provide a general overview over techniques that are used by
synthetic organic chemists to monitor reaction profiles and
intermediates in real-time. The second part discusses selected
examples from the scientific literature, where these monitoring
techniques shed light on the mechanism of photocatalytic
reactions.

2. Techniques for reaction monitoring in
photocatalysis

An ideal technique for reaction monitoring of photocatalytic
reactions should provide information of all relevant species
within a reaction mixture under synthetically relevant condi-
tions with high sensitivity and sufficient temporal resolution. In

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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practice, no technology that fulfills all requirements for the
broad range of photocatalytic methods is available to date. The
practitioner has to choose between different approaches on a
case-by-case basis depending on the specific needs of the
reaction of interest.

In addition to design criteria that are specific to light-
mediated reactions (light source, vessel materials, etc.), other
factors have to be taken into consideration. For example, many
homogeneous solution-phase reactions can be carried out
reliably in a nuclear magnetic resonance (NMR) spectrometer,'®
whereas heterogeneous (solid-liquid, gas-liquid, gas-liquid-sol-
id) transformations typically require other techniques due to
problems associated with mixing. Moreover, paramagnetic
species complicate NMR measurements and data interpretation,
specifically for quantitative analysis."”

In general, all nondestructive analytical methods, including
NMR spectroscopy and vibrational spectroscopy (FTIR, Raman)
are suitable for reaction monitoring. Depending on the
technique, the reaction has to be carried out inside of the
analytical instrument or by using a dedicated probe that can be
inserted into a reaction vessel. Alternatively, destructive
methods, such as mass spectrometry (MS), that continuously
analyze small aliquots of the reaction mixture in an automated
fashion, without significantly altering its chemical composition
and scale, can be used."® However, quantification is limited and
MS techniques are typically not used for monitoring the
concentration of specific species over time. Nevertheless, MS
analysis is ideally suited for the identification of (reactive)
intermediates, which can be important for elucidating reaction
mechanisms. As such, we have included relevant technologies
and examples in this minireview.

2.1. NMR spectroscopy

NMR spectroscopy is a non-destructive and non-invasive
technique that is routinely used in synthetic organic chemistry

Amiera Madani completed her undergraduate
studies in chemistry at the University of
Tlbingen (Germany). In 2019 she joined the
Max-Planck-Institute of Colloids and Interfaces
in Potsdam (Germany) as a PhD student. Her
research focuses on the development and
mechanistic investigation of reactions involv-
ing reactive open-shell intermediates.
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for the identification and quantification of products, substrates,
reagents as well asintermediates . A particular strength is the
complementary structural information of dissolved molecules
that can be gained by multi-nuclear detection ('H, "*C, '°F, °'P,
"B, etc.) and two-dimensional NMR techniques (DOSY, NOESY,
HSQC, HMBC, etc.). Reaction monitoring using in situ NMR
measurements is also commonly applied to obtain kinetic
insights.” Illluminating solutions inside NMR spectrometers
mainly relies on setups that use waveguides to transport
photons from the respective light source into the NMR vial 2"
The most common approach used for real-time monitoring of
photocatalytic reactions is the fiber optic LED-NMR illumination
setup that was developed by Gschwind and co-workers.?™
Here, light from a high power LED is guided into the sample by
an optical fiber. Uniform irradiation is achieved by roughening
the fiber tip that is immersed into the reaction mixture through
a coaxial insert (Figure 1, A). Fiber optic LED-NMR was also
combined with optical spectroscopy to simultaneously acquire
UV/Vis and NMR spectra.?"

A related illumination setup uses the NMR tube itself as
waveguide (Figure 1, B).?? Here, the LED is positioned directly
at the top of the NMR tube rather than outside of the
spectrometer. Good sample illumination is achieved through
abrasive etching of the exterior surface of NMR tubes in the
sample area.

Although powerful, these waveguide-based setups use a
single LED and therefore only provide relatively low light
intensities. Roughening of the fiber tip as well as the abrasive
etching of the NMR tube might cause reproducibility problems.
Furthermore, these approaches do not enable the use of
pressurized NMR tubes. A recently developed LED irradiation
insert for NMR probes overcomes these problems (Figure 1,
C).[B]

It is, however, important to note that reaction monitoring
using NMR is limited to homogeneous reactions, because
heterogeneous reaction mixtures require vigorous stirring to
achieve reproducible and synthetically relevant results. Solid

Bartholoméaus (Bart) Pieber studied chemistry
at the University of Graz (Austria), where he
completed his PhD in the group of C. Oliver
Kappe in 2015. Following his doctoral work,
Bart moved to Peter Seeberger's lab in
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at the Max Planck Institute of Colloids and
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pointed as a lecturer at the University of
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scholar at the California Institute of Technol-
ogy (Pasadena, USA, Host: Prof. Greg Fu). In
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Institute of Science and Technology Austria
(ISTA), where he is joining faculty as an
Assistant Professor (tenure track). The research
of his team focuses on catalytic methods for
organic synthesis using visible-light as energy
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Figure 1. LED-NMR setups for in situ reaction monitoring of photochemical
reactions. Irradiation is realized using a fiber optic (A) and the NMR tube
itself as waveguide (B), or using a LED insert for NMR probes (C). Reproduced
from ref. [20c], [22] and [23] with permission from Elsevier and Springer
Nature.

catalysts or reagents settle without proper mixing, which has
detrimental effects on the quality of the data obtained. In
special cases, depositing heterogeneous photocatalysts on the
inner wall of NMR tubes might be an option to address this
limitation.>"

ChemCatChem 2023, 15, €202201583 (4 of 13)

than immersing the reaction vessel into an analytical device.”
These methods are not limited to homogeneous reactions and
small scales. Fourier-transform infrared spectroscopy (FTIR) is
among the most convenient and simultaneously broadly
applicable methods for monitoring organic transformations.?®
It provides a molecular fingerprint of the chemical composition
of compounds in solution and the change of signal intensity of
a functional group of substrates or products can be related to
their concentration. Attenuated total reflectance (ATR) is the
most widely used technology for devices that enable static and
time-correlated FTIR studies. In brief, this technique is based on
multiple reflection of an IR beam within a crystal (i.e. silicon, or
diamond) that is in contact with the sample. The interaction of
the beam with the sample leads to detectable changes that can
be processed to result in a typical infrared spectrum. ATR
enabled the design of commercially available probes that can
be directly dipped into a reaction vessel to continuously record
FTIR spectra of (photocatalytic) transformations (Figure 2).2°¥
The same technology is used for UV/Vis and fluorescence
probes. However, the absorption and emission of photo-
catalysts dominates UV/Vis and fluorescence spectroscopy
spectra, limiting the applicability of these techniques for
reaction monitoring of photocatalytic reactions.”>®

Raman spectroscopy allows to monitor gases, substances in
solution and undissolved particles using fiber optic probes and
is therefore broadly applicable in chemical analysis.****) Raman
probes are either immersed into the reaction mixture (invasive),
or placed outside of a transparent reaction vessel (non-
invasive).*7 In general, invasive probes, including the ATR-FTIR

Figure 2. Setup for in situ reaction monitoring of photocatalytic reactions
using an ATR-FTIR probe.

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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and FTIR-UV/Vis devices described above, impact the irradiation
characteristics (smaller path length, reflection phenomena, etc.).
This can lead to different time-profiles compared to a reaction
carried out without a probe. Thus, non-invasive Raman probes
are advantageous, because reaction monitoring can be carried
out using completely unaltered setups. Another advantage of
Raman spectroscopy over other techniques is that signals do
not typically interfere with water vibrational modes, allowing its
use in aqueous reactions.” However, for photocatalytic
applications the light source and the fluorescence of a
chromophore may interfere, resulting in a lowering of the
signal-to-noise  ratio, which limits its application in
photochemistry.?*®

2.3. Mass spectrometry

The high sensitivity of modern mass spectrometry instruments
allows to detect species that are present in very low concen-
trations in reaction mixtures.””” More importantly, MS allows to
identify reactive intermediates that are otherwise only (indi-
rectly) accessible using trapping and radical clock
experiments."? This can result in mechanistic hints that are
hard to obtain using other techniques. However, analyzing
(photo)chemical reactions via mass spectrometry in a batch
setup requires an interface that constantly delivers small
aliquots of the reaction mixture to a mass spectrometer (ex
situ). A prototype setup using a probe electrospray ionization
mass spectrometer (PESI-MS) was recently developed for such
purposes (Figure 3).%% This technology is based on a stainless
steel acupuncture needle that repeatedly transfers small
aliquots of the reaction mixture directly to the ion source with
an estimated time of 575 ms per sampling cycle. The reactor
consists of a stirred reaction vessel with a sampling orifice and
a light source. Importantly, the probe surface conditions were
reported to play a key role in the signal consecutiveness in
PESI-MS experiments. An untreated acupuncture needle gave
inconsistent results, which was attributed to the attachment of
photocatalyst particles (TiO,) on the probe tip. Surface
modification of the tip with TiO, eliminated these problems.

Ms inlet> MS inle>f

——orifice _—orifice

Figure 3. Monitoring photocatalytic reactions using PESI-MS.
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2.4. Reaction monitoring using flow techniques

In continuous flow chemistry, non-destructive analytical meth-
ods that enable real-time analysis are directly integrated after a
(photo)reactor unit via an analytical flow-through cell (termed
in-line analysis). Common techniques include FTIR,** Raman,”
UV/Vis, 2" or (benchtop) NMR spectroscopy® and are nowadays
regularly applied due to their “plug-and-play” nature (Figure 4,
A). Reaction monitoring at preparative scales using destructive
analytical methods, such as mass spectrometry, requires setups
that periodically sample aliquots or split the flow stream
(termed on-line analysis) (Figure 4, B).*® Analysis of flow
chemical reactions using such process analytical techniques is
fundamentally different to reaction monitoring in batch reac-
tions for two reasons. First, batch reactions require monitoring
techniques that analyze a chemical transformation directly in
(or sample continuously from) the reaction vessel, whereas
monitoring of flow reactions is spatially decoupled from the
reactor unit.*? Second, in batch the substrate concentration is
uniformly distributed throughout the flask and decreases
exponentially over time. In a flow reaction, the concentration of
the starting material decreases along the reactor unit reaching
a minimum at its end. Consequently, monitoring a flow reaction
under steady state conditions gives continuous feedback of a
reaction at a fixed reaction time, which is, for example, used to
evaluate the stability of heterogeneous photocatalysts in
packed-bed reactors.®* Tracking the time course in flow, on the
contrary, requires a multitude of experiments with varied flow
rates under steady state conditions®® and is therefore not
discussed in this minireview.

More relevant approaches in the context of this minireview
are flow techniques that directly feed a reaction mixture into a
mass spectrometer and irradiate the catalytic cocktail either
before, or only at the tip of an ESI-MS spray capillary (Fig-
ure 5).57 This approach (termed “photoflow ESI-MS” throughout
this minireview) allows to identify (short-lived) reactive inter-
mediates that are generated during photochemical processes
and can therefore give important mechanistic insights. For

A light

source

crude
reaction
mixture

substrate(s)
reagent(s)
catalyst(s)

solvent

FTIR, Raman,
UV/Vis or NMR
flow cell

B light

source

splitting/
sampling

crude
reaction
mixture

substrate(s)
reagent(s)
catalyst(s)

solvent

MS

Figure 4. Reaction monitoring in flow photocatalysis. Nondestructive ana-
lytical tools are directly integrated in the flow path (A), whereas destructive
methods require splitting or sampling techniques (B).
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Figure 5. Monitoring (short-lived) intermediates in photocatalysis by directly
feeding the reaction mixture into an ESI-MS device (photoflow ESI-MS).
Irradiation can be carried out in the flask or syringe (A), in the capillary (B);
on the tip of the capillary and plume at the needle tip (C), or on the tip of a
nanospray-ESI (nESI) device (D). Reproduced from ref. [37e] with permission
from John Wiley and Sons.

detailed discussions on these techniques, we refer to speci-
alized, we refer to specialized reviews by the groups of
Ananikov®® and Roithova.?

3. Mechanistic insights gained through
reaction monitoring

3.1. Identification of intermediates

The flavin catalyzed photooxidation of 4-methoxybenzyl alcohol
(MBA) was among the first photocatalytic reactions that was
studied using a fiber optic LED-NMR setup (Figure 6, A).*®
Reaction monitoring under anaerobic conditions was carried
out in combination with chemically induced dynamic nuclear
polarization (CIDNP) experiments, which allow the detection of
short-lived radical species.*” These studies provided evidence
that different mechanisms are operating depending on the
reaction medium. A slow reaction that likely proceeds via a
formal two-electron-transfer mechanism on the NMR timescale
was observed in CD,CN. The same reaction proceeded signifi-
cantly faster in a CD;CN:D,O mixture. More importantly, line
broadening of the NMR signals under aqueous conditions was
indicative for a long-lived semiquinone radical species (RFTA™*,
confirmed by UV/VIS spectroscopy), suggesting a single-
electron transfer mechanism. The authors concluded that this
results from the stabilization and separation of the radical
counterions in presence of D,0, whereas non-aqueous con-
ditions lead to contact ion pairs that facilitate back electron
transfer.

Another oxidative flavin catalyzed reaction was investigated
using photoflow ESI-MS monitoring (Figure 6, B).*” More
specifically, the authors studied the aerobic oxidation of toluene
derivatives using a chiral ethylene-bridged flavinium salt that
leads to the corresponding benzyl alcohols and benzaldehydes.
Various reaction times were simulated by irradiating the
reaction mixture in a flow reactor before entering the mass

ChemCatChem 2023, 15, €202201583 (6 of 13)

LED-NMR monitoring in CD3CN/D,0 (anaerobic): 16" pathway

m
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Catalytic intermediates detected by photoflow ESI-MS monitoring
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Figure 6. Reaction monitoring in flavin photocatalysis. LED-NMR studies
revealed that the solvent impacts the reaction mechanism (A). Photoflow
ESI-MS monitoring provided evidence for several catalytic intermediates (B).

spectrometer, or only at the tip of the spray capillary. Several
short-lived species were identified that agree with postulated
intermediates of a plausible catalytic cycle. In addition, a series
of side-products, including arylated flavinium ions, were
detected and attributed to result from undesired off-cycle
events. It is worth noting that all detected intermediates were
further confirmed by isotope labelling studies, as well as IR and
UV/Vis spectroscopy.

Tetrahydroisoquinolines (THIQs) are amongst the most
studied substrates that are activated through photoredox
catalysis. These reactions are typically proposed to involve the
initial formation of the corresponding radical cation via single
electron oxidation that opens opportunities for several follow-
up reactions.”™ A classic example is the photocatalyzed aza-
Henry reaction of THIQs and MeNO, that was originally reported
by the Stephenson laboratory.*? The groups of Kénig and
Gschwind reported an extensive mechanistic study of this

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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transformation that included reaction monitoring using a fiber
optic LED-NMR setup under anaerobic conditions.** In addition
to the substrate (1) and product (2), the authors were able to
identify and monitor the formation and consumption of a
dimeric species (3) and nitrone 4 (Figure 7). Further, iminium
jon (5) as well as THIQ-OOH (6) that results from reaction with
residual oxygen were identified in low concentrations during
the initial phase of the reaction. Additional experiments under
aerobic conditions were carried out by analyzing aliquots of a
batch reaction via ex situ NMR. Here, a significantly faster
reaction rate was observed and THIQ-OOH (6) was identified as
main intermediate. Based on these observations, the authors
carefully studied the formation and fate of these species. These
investigations resulted in a complex mechanistic picture of the
photocatalytic aza-Henry reaction that consists of several path-
ways that lead to the formation of the desired product. In brief,
photocatalytic initiation generates the key radical cation that
leads to the desired product under aerobic conditions via 5, or
a a-amino radical. The a-amino radical was also proposed to
trigger formation of dimer 3 and nitrone 4 under anaerobic
conditions via two different pathways. Both species are
converted to the desired product. The authors also provided
evidence for two productive background reactions that do not
involve the photocatalyst.

Photoredox catalysis can be used to convert 1,2,3,4-
tetrahydroquinoline into quinoline under aerobic conditions

O N-ph |2)N‘Ph
N-Ph LN
4
3

OOH
Reaction profile by LED-NMR monitoring (anaerobic)
200 T T T T T T T T -
180 |-= JRPPITIL,
. Y L
160 . EI:N\H‘ E
140 | g ..-'. Nepn 4
- *
120 ., NOZ .
- ."
100 " .
.
o L P
40 . N "o, .
. / LT T
L TS 4N
i i (1 Aoniiifesssssasssssssaan

4 6 8 10 12 14 16 18

illumination time [h]

Figure 7. Monitoring of the photocatalytic aza-Henry reaction by LED-NMR
identified several productive intermediates. Reproduced from ref. [43] with
permission from the American Chemical Society.
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(Figure 8, A).? This reaction was discovered using a photoflow
ESI-MS approach as reaction screening tool that also identified
a radical cation intermediate and the reduced photocatalyst
(Ru(bpy); ™). Similar intermediates were detected during a
photoflow ESI-MS study of the photocatalytic [3 + 2] annulation
of N-cyclopropyl aniline and styrene (Figure 8, B).**

The groups of Ananikov and Kénig developed a photoredox
catalyzed Markovnikov-type thiol-yne reaction of terminal
alkynes and thiophenol derivatives.” To support their mecha-
nistic rationale, an alkyne with an ionizable sulfate group (7)
was synthesized to study the formation of the desired product
(8) and an undesired side product (9) via photoflow ESI-MS
reaction monitoring (Figure 9, A). More recently, the same
groups extended this photocatalytic method to an intermolec-
ular thiol-yne-ene reaction.* The reaction was studied using
alkyne 7, 2-fluorothiophenol (10) and vinylsulfide 11 in
presence of (tert-butyl)-N-(perfluorobiphenyl-4-yl)oxylamine
(12) as radical trap with a high resolution photoflow ESI-UHRMS
monitoring setup (Figure 9, B). In presence of green light,
radical adduct 13 was detected, indicating that 14 is a reactive
intermediate.

O,

Intermediates detected by photoflow ESI-MS

Q) Ru(bpy)s* PH D Ph’.’é\@ Ru(bpz);*
N %

Intermediates detected by photoflow ESI-MS

Figure 8. ESI-MS monitoring of photocatalytic reactions of amines identified
radical cation intermediates and reduced photocatalyst species.
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Figure 9. Photoflow ESI-(UHR)MS reaction monitoring of a photocatalytic
thiol-yne (A) and a thiol-yne-ene reaction (B).
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Photoflow ESI-MS monitoring was also applied to identify
intermediates in the photocatalytic Meerwein arylation of
pyrazin-2-amine with 4-methoxybenzenediazonium tetrafluoro-
borate (Figure 10, A).*” This study provided evidence that the
reaction proceeds through the formation of radical cation 15.

Schultz and coworkers used decatungstate photocatalysis
for the oxygenation of amines in presence of hydrogen
peroxide under acidic conditions.”® Using LED-NMR and photo-
flow ESI-MS monitoring, 16 was identified as key intermediate
when pyrrolidine was used as substrate (Figure 10, B). This
observation suggested that oxygen might also serve as a
suitable oxidant and the authors subsequently showed that an
aerobic oxidation is indeed feasible.

Reaction monitoring further gave key insights in the photo-
catalytic C(sp’)-F bond cleavage of trifluoromethylarenes to
produce aryldifluoromethyl compounds using stoichiometric
amounts of pinacolborane (HBpin) and 2,2,6,6-tetrameth-

MeoOm@
Ru(bpy)s?* (cat) Nx
.
NN ”
T
N

OMe

B NaDT (cat.) T Hy Lo ©

H H,SO0, He so N- HSO4

N H,0, N 4
( ) —c7f . ® ! detected by :
i 0-gd photoflow ESI-MS ;
o CH 16 &LED-NMR

s
C A :

Ar—CF3 Ir(ppy); (cat.)

F
4 Ar o]
+ HBpin F : \
N T™P : BN®
R N : O H
= | : :
N (¢} ﬁ RT o detected by !
g, T LED-NMR

Figure 10. Intermediates identified through reaction monitoring of the
photocatalytic Meerwein arylation (A) the photocatalytic oxygenation of
amines (B), and the photocatalytic C(sp®)-F bond cleavage of trifluorometh-
ylarenes (C).
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Figure 11. Intermediates and side products in the photocatalytic arylation of
white phosphorous identified through reaction monitoring using LED-NMR.
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ylpiperidine (TMP). (Figure 10, C).*?' Using a LED-NMR setup the
authors tracked the reaction via ""B-NMR and observed the
formation of borenium cation 17. Subsequent mechanistic
experiments indicated that this Lewis acidic species, which is
formed insitu from protonated TMP and HBpin, plays an
important role in the key C—F bond abstraction.

In a collaborative effort, the groups of Gschwind and Wolf
showed that [Ir(dtbbpy)(bpy),]PFs can trigger the reaction of
white phosphorous (P,) and aryl iodides to yield valuable
triarylphosphines and tetraarylphosphonium salts in presence
of blue light and triethylamine as sacrificial electron donor.®”
Time resolved *'P-NMR analysis of the reaction between P, and
iodobenzene using a LED-NMR setup was used to track the
reaction. These experiments visualized the evolution and
consumption of primary, secondary and tertiary monophos-
phine intermediates, and identified traces of Ph,P,, benzene
and Et,NH as minor side-products (Figure 11). A follow-up study
using an organic photocatalyst (3DAFIPN) revealed numerous
additional intermediates and side-products that are derived
from a non-innocent behavior of Et;N.®" Of specific interest was
the identification of PH,;, which prompted the authors to
develop an alternative strategy that can directly convert this
industrial P, precursor to several Ar;P and Ar,P" products using
a similar photocatalytic protocol.

3.2. Kinetic analysis

Reaction monitoring enables detailed kinetic analysis to gain a
holistic understanding of chemical reactions under native
reaction conditions. In the case of photocatalytic reactions, care
has to be taken, as kinetic studies may give data obfuscated by
turnover-limiting processes derived from interaction between
the excited photocatalyst and the respective quencher. In other
words, the practitioner has to keep in mind that, depending on
the conditions, the reaction of interest may be “photon-limited”
or “photon-unlimited”. Under photon-limited conditions, reac-
tion rates depend on the absorption of photons and are
typically zero-order in the photocatalyst. Photon-unlimited
regimes refer to a situation where the quencher is constantly
saturated with excited photocatalyst species. Under such
conditions, the excited photocatalyst can be essentially treated
as a reagent in high excess.

Yoon and colleagues studied the kinetics of an enantiose-
lective intramolecular [2 + 2] cycloaddition that is catalyzed by a
chiral iridium photocatalyst (Figure 12).? The authors initially
monitored the concentration of substrate and product over
time using an LED-NMR setup, which showed that the reaction
is complete within less than three minutes. Initial rate studies
by several LED-NMR experiments showed a first order depend-
ency in photocatalyst concentration and light intensity (Fig-
ure 12) as well as zero-order in substrate. Consequently, the
authors concluded that the model reaction operates in a
photon-unlimited regime under these monitoring conditions.

More recently, the same group reported a detailed kinetic
analysis of a related intermolecular [2+2] cycloaddition using
the same chiral photocatalyst.®® Visual kinetic analysis techni-

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 12. Initial rate kinetic analysis using LED-NMR of an enantioselective
photocatalytic intramolecular [2 4 2] cycloaddition. Reproduced from ref.
[52] with permission from John Wiley and Sons.

ques using data obtained from LED-NMR monitoring experi-
ments were used to extract kinetic information. A “same excess”
experiment was carried out. Here, the initial concentration of
starting materials for two reactions using LED-NMR monitoring
was different, but chosen in a way that the experiments allow
comparison of sections of the reaction profiles that have same
concentration of reactants, but different concentration of
product. These experiments mimic different turnovers of the
catalyst to determine if the reaction suffers from product
inhibition or catalyst deactivation. Non-overlaying reaction
profiles are indicative for product inhibition or catalyst
deactivation and require further experiments for clarification.
The same excess experiment of the [2+ 2] cycloaddition of 18
and maleimide indeed showed that the profiles do not overlay
(Figure 13, bottom left). The authors carried out additional
experiments in presence of the enantioenriched product and
the matched and mismatched chiral photocatalyst, which
provided evidence that product inhibition by the major
enantiomer is responsible for the outcome of the same excess
experiment (Figure 13, bottom right).

Next, rate laws for the title reaction at different temper-
atures were constructed from reaction profiles using variable
time normalization analysis (VTNA).®¥ Therefore, multiple reac-
tion profiles are collected by strategically changing the
concentration of a single ingredient of the reaction mixture
(“different excess” experiments). Normalizing the time between
each pair of data points using the VTNA approach enables to
determine the order in each parameter through a graphical
overlay comparison. Therefore, the time-scale is substituted by
the time integral of the reagent concentration, taken to an
arbitrary power a [Eq. (1)]. The value for a that leads to an
overlay of the graphs, is the order of the respective reagent.

t=n

/ [A“dt = Z (%) u(t,» —ti4) m

i=1
t=0 !
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Same excess experiments using LED-NMR monitoring
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Figure 13. Same excess experiments of a photocatalytic intermolecular [2

+ 2] cycloaddition. Left: Same excess comparison between standard
condition and conditions that mimic 40 % conversion. Right: Comparison of
standard conditions to conditions approximating 30-50% conversion with
the addition of the expected concentration of the product. Blue =matched Ir
and product chirality; green =mismatched Ir and product chirality. Repro-
duced from ref. [53] with permission from the American Chemical Society.

Interestingly, VTNA of the cycloaddition resulted in different
rate laws at different temperatures (Figure 14). Under both
conditions the rate is first-order in light intensity and zero-order
in photocatalyst concentration, which is indicative of a photon-
limited regime. The dependency on the substrates, on the
contrary, changes depending on the temperature. This suggests
that the mechanism of asymmetric product formation varies as
a function of temperature. The rate law obtained under
cryogenic conditions agrees with a bimolecular energy transfer
mechanism that was previously postulated based on DFT
calculations,®” whereas the rate law at room temperature is
more indicative for an intramolecular energy transfer mecha-
nism.
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Figure 14. Rate laws of a photocatalytic intermolecular [2 4 2] cycloaddition
determined at different temperatures using LED-NMR monitoring and VTNA.
Bottom right: VTNA overlay for [Ir] at 24 °C. Reproduced from ref. [53] with
permission from the American Chemical Society.
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VTNA was also applied to study the metallaphotocatalytic
C—O0 arylation of methyl 4-iodobenzoate (21) with N-Boc-proline
(22) using a nickel catalyst in combination with either Ir(ppy);
or a graphitic carbon nitride (CN-OA-m) as photocatalyst
(Figure 15).*¥ Due to the heterogeneous nature of CN-OA-m,
an ATR-FTIR probe was the reaction monitoring tool of choice
for this comparative study. The reaction was studied with both
photocatalysts under photon-limited and photon-unlimited
conditions. The photon-unlimited regime was postulated to be
of specific interest, because under such conditions the photo-
catalyst drops out of the rate law enabling a direct comparison
of both methods. Interestingly, the authors found that the
kinetics of the two catalytic systems are not identical. In case of
the carbon nitride catalyst, a fractional order of aryl iodide 21

Ir(ppy); or CN-OA-m (cat.) Boc,

! MeO,C” :21 Ni(dtbbpy)Cl (cat.) NTN
: MeO,C

Rate laws determined using VTNA by ATR-FTIR monitoring

CN-OA-m Ir(ppy)s
Photon-unlimited: rate = k [Ni]' [21]°3 Photon-unlimited: rate = k [Ni]'
Photon-limited: ~ rate = k [21]°3 Photon-limited: ~ rate = k [Ni]'

Figure 15. Rate laws of a metallaphotocatalytic C—O arylation obtained using
ATR-FTIR monitoring and VTNA using two different photocatalysts under
photon-limited and photon-unlimited reaction regimes.
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Figure 16. Metallaphotocatalytic cross-electrophile-coupling studied via LED-
NMR reaction monitoring identified a photochemical exchange phenomen-
on (A). This provided evidence that intermediate 25 is responsible for
product formation (B). Reproduced from ref. [56] with permission from the
American Chemical Society.
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was determined, indicating that the photocatalyst activates 21
before it enters the nickel catalytic cycle. The authors further
found that the iridium photocatalyst is less selective under
photon-unlimited conditions and identified a significant
amount of the corresponding protodehalogenation side prod-
uct. Moreover, same excess experiments indicated catalyst
deactivation, which was later shown to be likely resulting from
the formation of nickel-black.”

A metallaphotocatalytic cross-electrophile-coupling of aryl
bromide 23 and alkyl bromide 24 was investigated using online
monitoring with a LED-NMR setup (Figure 16).°® The initial
reaction profile (*F-NMR) showed not only the generation of
the desired product, but also led to the identification of two
minor side products arising from a coupling reaction of the aryl
bromide with the solvent (Ar-solv) and protodehalogenation of
24 (Ar—H). More importantly, a transient Ni' species (25) was
identified. Isotope entrainment experiments using 25 in pres-
ence of 26, the photocatalyst and light unveiled a hitherto
unreported exchange phenomenon (Figure 16, A). Based on
that finding, further investigations were carried out, which
provided evidence for a mechanistic scenario in which product
formation occurs directly through 25 (Figure 16, B).

With that finding in hand, the authors performed a detailed
visual kinetic analysis that included alterations of all seven
components of the catalytic cocktail (40 different sets of
conditions). These investigations led to a series of important
insights into this transformation under LED-NMR conditions. For
example, the rate of the aryl bromide consumption was shown
to be controlled by the concentration of the Ni catalyst, the
photocatalyst, the photon flux and the aryl bromide (23). The
rate of turnover approaches concentration independence (=
saturation) in 23. Excess of (TMS);SiH and 24 are responsible for
the high selectivity of this C—C coupling. Changes in catalyst
loadings do not necessarily translate directly into changes in
the rate of productive catalysis. Moreover, complex 25 and the
photocatalyst compete for incident photons. With these data in
hand, the authors constructed a minimal kinetic model for the
title reaction (Figure 17, A). The flow diagram shows five
discrete events that control the rate of product formation
(fractionations f,-f;). A series of simulations using this model
resulted in kinetic behavior that is reconciled with two plausible
mechanisms, which only differ in the interaction between the
photo- and the nickel catalyst (single electron transfer versus
energy transfer) (Figure 17, B).

3.3. Miscellaneous

Reaction monitoring is not only a powerful tool to identify
intermediates and gain kinetic information, but also allows to
gain insights into other aspects of photocatalytic reactions. For
example, a LED-NMR setup was used to visualize that tert-butyl
nitrite (TBN) is key to realize the light-mediated cleavage of
benzyl ether protective groups using 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) as photocatalyst (Figure 18, A).5” In
the absence of TBN, the reaction stopped after a single turnover
of the photocatalyst. Delayed injection of excess TBN immedi-

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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absence of light does not conclusively rule out radical chain

A
24 "
Ir* 25 <2 Ni| . 1581
kK
hv . Jkr , A Kee ABr ) Ar-solv K Ar-H Ar-R involvement.
! K 0 Nevertheless, light on/off experiments can lead to important
Ir Q JArNi| |ANi|
fs ke fy Ksi s krer

discoveries. An interesting example was reported by Lenherr, Ji

B turnover-rate . : turnover-rate and coworkers during their development of a cycloisomeriza-
determining € State H determining resting state . . . . . .
Pt ol Ni o (il AN'(I1yBr tion of alkynols using an iron pre-catalyst that is activated using
X lk’ ot ko X w Yor, o visible-light (Figure 19).°% In addition to qualitative observations
P “,ul/\ ABr+ (NP - i AcB 4 (NP that showed.an. induction p.erllod, |n|t|§I rate studies to |dent|f.y
k : the photon-limited and unlimited regime, same-excess experi-
seT | : fenr v ments that indicated catalyst deactivation and reaction progress
\ ) kinetic analysis, the authors observed an unexpected behavior
[+ [APQLYEr ) ('] + (AN (LB during light on/off experiments using a LED-NMR setup (Fig-
sefectiviy |~ TMS,Si-H : selectivity [~ S ure 19, A). When the light source was switched off, the reaction
determining \‘L H determining fa . . . :
HBr : HBr did not stop immediately, but the rate of product formation
[Ir'] + [ANI(L)(TMSSi)] [ANI(L)(TMS3SiH)] significantly decreased. Subsequently, experiments using a
_ R-Br , R-Br catalyst with "*C-enriched CO ligands and LED-">*C-NMR monitor-
selectivity f/ | selectivity (¢ . . . f f
determining \®_ e determining \° ing were carried out to study if the light-mediated CO
K AR TMSSSBr) ATRETMSSB lexation that initiat talysis i ible. Th
SET 1+ NI : ANITLR ecomplexation that initiates catalysis is reversible. These

monitoring experiments showed a decrease of dissolved *CO

Figure 17. Minimal kinetic model for simulations of the metallaphotocata- and a simultaneous increase of Fe-bound "“CO upon switching
lytic cross-electrophile coupling (A). These simulations agree with two off the light source (Figure 19, B). Constant illumination, on the
mechanistic proposals (B). contrary, results quickly in a steady state of both species that
lasts until the substrate is fully consumed (Figure 19, C). This is

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr N indicative for an equilibrium between the catalytically inactive
i pre-catalyst 27 and the active Fe species 28 that can be
externally controlled by light (Figure 19, D). It is important to
note that the authors also found that removal of CO from the
: reaction mixture by sparging leads to catalyst deactivation,
''''''''''''''''''''''''''''''''''''''''''''''''' ' presumably due to the loss of another CO molecule from 27. As

100 9 A
s

z f"
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i 5 o :
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Figure 18. Reaction monitoring of a photocatalytic benzyl ether cleavage. 1CO (Free)
Only one turnover of the photocatalyst is observed before addition of TBN

(A), because TBN is required to close the catalytic cycle (B). Reproduced from

e
=)

ref. [57] with permission from the American Chemical Society. 0.0
0 1 3 4 6 7 4] 1 3 4 6 7
c Time (h) D Time (h)
30 0O
o 0130 (Fe-bound)
° " L L
A A mg o, ©'°CO (Free) T light [
ately started further product formation and the reaction 720 00% _ o o Fe =——= Fe +CO
. . . . . 2 090700%%0 oc”l >co dak oc” |
proceeded until completion. This provides evidence that TBN s o Saed o} co
. . . . .. . () 090%0
photochemically releases NO, which is ultimately oxidized to ~ 3'° ©®ee®ce” ®o"° 27 27
. . . ° precatalyst catalyst
NO, by dissolved O, (Figure 18, B). The potent gaseous oxidant 0o e inactive active
converts 2,3-dichloro-5,6-dicyano-1,4-dihydroquinone (DDQH,) 0 2
Time (h)

to DDQ to close the catalytic cycle.

The authors further carried out a light on/off experiment Figure 19. Reaction monitoring of a light induced cycloisomerization. The
using the LED-NMR setup that showed that no product is  reaction proceeds quickly in presence of constant irradiation (blue) and does
formed when the light source is switched off. Such experiments ~ not stop when light is switched off (red) (A). LED-"*C-NMR shows light-

. . . . mediated CO complexation in the dark (B) that does not occur upon
are carried out to study if chain processes are active or not. constant irradiation (C) indicating that light mediated catalyst activation is
However, care has to be taken when conclusions are drawn reversible (D). Reproduced from ref. [59] with permission from the American

from such experiments, because no product formation in the  Chemical Society.
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such, best results were obtained using constant irradiation and
a closed system with minimal headspace.

4. Conclusion

Reaction monitoring is slowly evolving as a valuable technique
to acquire a better understanding of photocatalytic reactions.
As shown in this minireview, such approaches are powerful
tools that allow identifying reactive intermediates and access
detailed kinetic information when combined with visual kinetic
analysis. In addition, other aspects of photocatalytic reactions
can be easily visualized. Together with other experiments,
reaction monitoring paves the way towards a detailed mecha-
nistic understanding of complex photocatalytic reactions.
However, the field is still in its infancy and such methods are
only rarely used, especially when compared to the plethora of
new photocatalytic methodologies that appear in the literature
on a daily basis.

To choose a suitable method, the type of mechanistic
information required and the nature of the photochemical
reaction of interest needs to be considered. Photoflow ESI-MS
approaches allow qualitative analysis of intermediates, includ-
ing short lived open-shell species. LED-NMR setups can also be
used to track intermediates and additionally offer the oppor-
tunity for kinetic analysis. The small scale of LED-NMR experi-
ments is characterized by short photon-path lengths, which
facilitates photochemical experiments. Similarly, these dimen-
sions ensure efficient heat-transfer and are ideally suited for
investigating temperature effects in photocatalytic reactions.
However, in case of multiphasic reactions, such as heteroge-
neous photocatalysis and reactions involving solid or gaseous
reagents, efficient mixing is required to enable reliable and
reproducible kinetic analysis. In such cases, FTIR probes are the
technology of choice. This technique allows to run photo-
catalytic reactions under synthetically relevant conditions and is
generally applicable for obtaining kinetic data, but does only
provide limited structural information of intermediates and
side-products. These individual limitations can be potentially
addressed through combining two (or more) monitoring
techniques. The combination of vibrational and optical spectro-
scopy probes is technically most straightforward.**® Moreover,
fiber optic LED-NMR was combined with optical spectroscopy
to simultaneously acquire UV/Vis and NMR spectra to monitor
and quantify paramagnetic and diamagnetic species simulta-
neously in a time-resolved manner.?” Combining ESI-MS with
other monitoring techniques in a single device was, to the best
of our knowledge, not yet realized for photocatalytic reactions.
We anticipate that future efforts will overcome technical hurdles
associated with combining multiple monitoring techniques to
streamline mechanistic analysis of light-mediated transforma-
tions.
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ABSTRACT: We present a divergent strategy for the fluorination : :
q q g 9 g H 7\ / : al F
of phenylacetic acid derivatives that is induced by a charge-transfer + NC}N — & Gl

complex between Selectfluor and 4-(dimethylamino)pyridine. A SHC Ot \ [NNJ A7 oA

comprehensive investigation of the conditions revealed a critical role .0 | mecn S

of the solvent on the reaction outcome. In the presence of water, ? NS

decarboxylative fluorination through a single-electron oxidation is H I\ : Q H

dominant. Non-aqueous conditions result in the clean formation of )\COG & W S T S )\F

a-fluoro-a-arylcarboxylic acids. 2 T I !
luorination increases the lipophilicity and metabolic Scheme 1. Benzylic C(sp*)—F Bond Formation Using
stability of organic molecules, resulting in imli)roved active Selectfluor through Radical Intermediates

Pharmaceutical ingredients and agrOChemicals' - Position A) Formation of benzylic radicals using catalysts/reagents followed by fluorination

emission tomography (PET) of '*F-labeled radiopharmaceu- 0o

ticals is important for studying biochemical pathways and Cat @ °f® f

physiological processes.” Consequently, the development of RELYY R — R@g R — = R@* R
o -CO, = H- >

efficient and selective protocols for constructing C—F bonds is

. 6 1 . 1 . &
desirable.” Nucleophilic fluorination and electrophilic fluori- ) o N®

. . . . K Single electron oxidation (SET) [NJ Hydrogen atom transfer (HAT)
nation dominate the field, but radical fluorinations recently ) S )

. .. 6 . Photoredox catalysis (Ref. 15-18) F Photoredox catalysis (Ref. 22)
gained sxgmﬁcant momentum for two reasons.” First, the Silver catalysis (Ref. 19-21) E Metal catalysis (Ref. 23)

c s h d dical fl . h XeF Organocatalysis (Ref. 24)
restriction to hazardous radical tluorine sources, such as Xek, N R HAT reagent (Ref. 25)
. o1 i

and F,, was overcome by the discovery that electrophilic N—F RT

reagents transfer fluorine atoms to carbon-centered radicals.”
Second, the increasing interest in synthetic radical chemistry
resulted in attractive methods for generating C-centered
radicals using dedicated catalysts and reagents.®

F
The formation of benzylic C(sp*)—F bonds using 1- Ar/J\COZH

(chloromethyl)-4-fluoro-1,4-diazabicyclo[2.2.2]octane-1,4-

diilum ditetrafluoroborate (Selectfluor)’ is among the most

studied C—F bond formations that proceed via a radical "

mechanism.*”*°~** These transformations are promising tools Ar)\F

for modifying drug candidates for preventing undesired
benzylic oxidation by cytochrome P450 oxidases."* Common
strategies are decarboxylative fluorinations that use photo-
catalysts'>~'® or silver catalysts to induce single-electron-
transfer (SET) oxidation'®™>" and the direct fluorination of
benzylic C(sp®)—H bonds using catalysts or reagents that
enable hydrogen atom transfer (HAT) (Scheme 1A).2726 1t
must be noted that the a-fluorination of phenylacetic acids can
also be carried out using Selectfluor via a silyl ketene acetal that
is formed using a strong base*">”** or with the aid of catalytic
amounts of a strong Lewis acid and an organic base to generate
an enediolate intermediate.””

A dedicated catalyst or reagent is regularly used to generate
the key benzylic radical, which ultimately undergoes F atom

transfer with Selectfluor to yield the desired product. Such
benzylic fluorinations may also proceed through electron
transfer or proton-coupled electron transfer rather than
HAT.* Catalyst-free benzylic fluorination of aza-heterocycles
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was reported to proceed through the formation of a charge-
transfer (CT) complex between N-heterocyclic substrates and
Selectfluor. This induces a stepwise electron/proton transfer or
a concerted proton-coupled electron-transfer process.”® Nitro-
gen—fluorine halogen bonding between Selectfluor and
pyridine additives was proposed to facilitate silver-catalyzed
radical fluorinations, but no product was observed in the
absence of the metal catalyst.>

We envisioned that a CT complex between Selectfluor and
an aromatic N-heterocyclic compound could generate the N-
(chloromethyl)triethylenediamine radical dication (TEDA2**),
a potent single-electron oxidant and hydrogen atom-transfer
reagent.”® This would access an operationally simple and
divergent strategy for the generation of benzylic carbon-
centered radicals that could ultimately engage with Selectfluor
to form C—F bonds. Here we present that this mechanistic
blueprint can indeed be applied to achieve the direct
fluorination of benzylic C(sp*)—H bonds that likely proceeds
via a HAT mechanism and the decarboxylative formation of
benzylic C(sp®)—F bonds through a SET process (Scheme
1B).

We started our investigations by studying whether a
combination of Selectfluor and 4-(dimethylamino)pyridine
(DMAP) triggers decarboxylative C—F bond formation or
direct fluorination of benzylic C(sp*)—H bonds. We chose 2-
(4-fluorophenyl)acetic acid as model substrate that serves as an
ideal probe for both scenarios (Scheme 2A). To our delight,
we indeed observed a mixture of both fluorination products at
room temperature with good selectivity toward the decarbox-
ylative product in an acetonitrile/water mixture. Under non-
aqueous conditions, a-fluorination occurred selectively.

After considerable experimentation (see the Supporting
Information), we found that the decarboxylative fluorination
works best in an acetone/water (1:1) mixture using 2 equiv of
DMAP and an excess of Selectfluor (3 equiv) (Scheme 2B).
Also, the addition of sodium fluoride (2 equiv) and an
increased temperature (70 °C) were beneficial for converting a
series of phenylacetic acid derivatives to the corresponding,
volatile SET products (1—10) within 30 min in moderate to
good NMR yields. Unreacted starting material was observed in
many cases, and no major side product could be identified (see
the Supporting Information).

A combination of 2 equiv of DMAP and 1.2 equiv of
Selectfluor in acetonitrile produced the a-fluorination products
(11-30) at room temperature in good to excellent NMR
yields (Scheme 2B). Phenylacetic acid derivatives with
electron-rich and electron-deficient substituents were cleanly
converted to the respective a-fluoro-a-arylacetic acids. Small
amounts of unreacted starting material were detected in all
cases, which were difficult to separate by column chromatog-
raphy and resulted in modest isolated yields in certain cases. A
reaction time of 1 h was used for practical reasons, but detailed
investigations revealed that the fluorination occurs in <§ min
(Tables S14 and S15). Interestingly, the carboxylic acid
functionality is crucial for a-fluorination. No reaction was
observed using other functional groups, such as ketones, esters,
amides, boronic acid esters, or boronates (see the Supporting
Information).

We propose that a mixture of DMAP and Selectfluor
spontaneously produces TEDA2*®, which acts as a chain
carrier in a SET or HAT process (Scheme 3). The radical
chain is efficient for the HAT route (1.2 equiv of Selectfluor
under optimized conditions), whereas the SET pathway seems
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Scheme 2. Initial Results and Scope of the Benzylic C(sp*)—
F Bond Formation Using Selectfluor and DMAP“

A) Initial experiments
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“Yields were determined by '"H NMR using dimethyl maleate as the
internal standard. Isolated yields are in parentheses.

to suffer from a significant amount of undesired termination
events (3 equiv of Selectfluor under optimized conditions).
The switch between the SET and HAT pathway is a
consequence of different pK, values of phenylacetic acids and
DMAP under the applied conditions. The organic base
deprotonates the carboxylic acid in an aqueous environment,
enabling single-electron oxidation of the carboxylate by
TEDA>**. SET oxidation triggers decarboxylation to produce
a C-centered radical that ultimately reacts with Selectfluor to
yield the desired product and TEDA>**. Phenylacetic acid
derivatives have low acidity in aprotic polar solvents (pK, of
phenylacetic acid in MeNO, > 19).>* The pK, of the
conjugated acid of pyridine derivatives in MeCN is lower.>
As a result, the amount of carboxylate under these conditions is

https://doi.org/10.1021/acs.orglett.2c02050
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Scheme 3. Proposed Mechanism for the Formation of
Benzylic C(sp®)—F Bonds via the Activation of Selectfluor
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negligible. This reduces the likelihood of decarboxylative SET
and HAT becoming the dominant pathway.

While there are no plausible alternatives to the SET
mechanism, a-fluoro-a-arylacetic acid formation may occur
through a more traditional “electrophilic” fluorination
mechanism rather than HAT. Surprisingly, we also observed
product formation using NFSI (N-fluorobenzenesulfonimide)
instead of Selectfluor (Table S10), which was, to the best of
our knowledge, never reported to produce a radical chain
carrier. We therefore carried out a series of experiments to
shed some light on the mechanism. An enediolate species was
not observed upon treatment of phenylacetic acid with DMAP
in MeCN-d; (Figure S3). This is in agreement with a study
that shows that the formation of such species using organic
bases requires strong Lewis acids as activators.”® However, a
radical clock experiment did not prove the formation of the
proposed benzylic radical intermediate (Scheme S2). The
addition of the radical scavenger TEMPO resulted in the
consumption of the substrate, but no trace of the fluorination
product was formed, indicative of a radical mechanism
(Scheme S3). Competition experiments involving deuterium-
labeled substrates indicate that C—H bond cleavage is the rate-
determining step (Scheme S4). In addition, competitive
experiments between phenylacetic acids with different
substituents on the aromatic ring showed that electron-rich
aromatic systems react slower (Scheme SS). These experi-
ments suggest that the reaction does not proceed through a
SET oxidation followed by deprotonation.

The simple preparation of a-fluoro-a-arylcarboxylic acids
through our method is attractive compared to the most
common approach for synthesizing such scaffolds that requires
formation of a silyl ketene acetal using a strong base, followed
by treatment with Selectfluor.”"*”** Our a-fluorination is not
sensitive to air or moisture, works with bench-stable reagents,
and produces the desired products in up to quantitative yields
as determined by "’F NMR (isolated yields range from 32% to
86%). This operational simplicity is promising for the synthesis
of ®F-labeled radiopharmaceuticals using ['*F]Selectfluor. In
particular, the short reaction times are ideally suited for such
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applications, due to the short halflives of 'SF-labeled
radionuclides (110 min).> Monitoring the fluorination of 4-
tert-butylphenylacetic acid using in situ FTIR spectroscopy
showed that the reaction forms the desired product
instantaneously once Selectfluor is added to a solution of
DMAP and the substrate in MeCN (Figure 1A). Fast

A) Reaction monitoring

cl
OH [@ DMAP (2 equiv) 1 OH
+
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4 m ’N® 2BFs MeCN
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B) "Delayed addition" experiments
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2 SelectFluor >98 >98

3 DMAP 88 88

Figure 1. Practical aspects of the HAT protocol. (A) Reaction
monitoring using in situ FTIR spectroscopy. (B) Delayed addition
experiments.

consumption of the fluorination reagent was also monitored
in the absence of the substrate (Figure S6). This supports our
mechanistic proposal that the fluorine source and the organic
base form a reactive, labile species that leads to productive
fluorination or, if no substrate is present in the reaction
mixture, to degradation products. '"H NMR experiments using
Teflon inserts showed the formation of a DMAP-HF adduct
upon mixing DMAP and Selectfluor along with several
unidentified compounds that are likely N-fluorinated DMAP
derivatives.>” We carried out a series of “delayed addition”
experiments to clarify if the order of reagent addition is crucial
for successful fluorination (Figure 1B). When Selectfluor and
DMAP were mixed in MeCN and the substrate was added
after 30 min, no reaction was observed. Premixing the substrate
with Selectfluor or DMAP is possible.

Finally, we sought to study if a strong electron-donating
substituent on the pyridine base is crucial for reactivity.
Exchanging DMAP with 4-aminopyridine or 4-methoxypyr-
idine reduced the efficacy of this reaction (Table 1). Modest

https://doi.org/10.1021/acs.orglett.2c02050
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Organic Letters

pubs.acs.org/OrglLett

Chapter 5

conversions were obtained with pyridine, emphasizing that a
strong Lewis basicity is key for the generation of TEDA**.

Table 1. Influence of Lewis Basicity on N—F Bond
Activation of Selectfluor®

F

Cl
OH A{@i Activator (2 equiv) OH
SO R RV v
F o N5~ 2BF, MeCN, rt, 1 h o
F F
1.2 equiv
Entry Activator Conversion [%]® Yield [%]¢
1 N 97 97
NN
2 82 82
HoN \ /N
3 66 66
MeO \ /N

“Reaction conditions: 4-fluorophenylacetlc acid (0.3 mmol), Select-
fluor (0.36 mmol), DMAP (0.6 mmol), MeCN (1.5 mL), rt, 4 h.
bConveraion of 4-fluorophenylacetic acid determined by 'H NMR
using dimethyl maleate as an internal standard. “NMR yield
determined by '"H NMR using dimethyl maleate as an internal
standard.

In summary, we developed a new strategy for the formation
of benzylic C(sp®)—F bonds that is proposed to proceed via
the formation of TEDA?*** from Selectfluor and 4-
(dimethylamino)pyridine. Controlling the pK, of phenylacetic
acid derivatives via the reaction media enables switching
between reaction mechanisms that enables the selective
formation of different products. Under aqueous conditions, a
decarboxylative fluorination was observed, whereas non-
aqueous conditions allow for direct fluorination of benzylic
C(sp*)—H bonds. This enables a facile and clean formation of
a-fluoro-a-arylacetic acids within a few minutes at room
temperature.
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Chapter 5

5.1 Specific Contribution

Considering a recently described direct benzylic C(sp*)-H fluorination that was initiated by
a charge-transfer complex involving N-heterocyclic substrates and Selectfluor™, I
envisioned that a similar mode of activation could be used for the benzylic radical
fluorination of phenylacetic acids, yielding a-fluorophenylacetic acids.!

My initial experiments using 4-dimethylaminopyridine (4-DMAP) and Selectfluor™ in
aqueous media resulted in a mixture of both fluorinated products with selectivity towards
the decarboxylated benzyl fluoride. Considerable optimization experiments revealed the
selective formation of the decarboxylated product was possible in a mixture of acetone and
water (1:1) at elevated temperatures. Carefully optimizing all reaction parameters, I
established the ideal conditions, selectively resulting in a-fluorophenylacetic acids.
Investigating the scope and limitations of the direct C(sp*)-H fluorination reaction, I found
that the reaction results in good to excellent yields for phenylacetic acid derivatives with
electron-deficient and electron-rich benzene moieties, with no preferences regarding ortho-,
meta- and para-substitution. Lucia Anghileri optimized the decarboxylative protocol and
investigated the scope and limitations of this transformation. We proposed that the
mechanism proceeds through generation of TEDA2"", generated in situ by a charge-transfer
complex between Selectfluor™ and the electron-rich additive (Figure 5.1). We hypothesize
that the radical dicationic species acts as a chain carrier in a single electron transfer (SET)
process, triggering the decarboxylation under aqueous conditions. In polar aprotic solvents,
however, hydrogen atom transfer (HAT), cleaving the benzylic C(sp*)-H resulting the key
radical species. The switch between the two mechanistic pathways is a consequence of the
pKa values of the phenylacetic acids under the given reaction conditions. In polar aprotic
solvents phenylacetic acids show a low acidity, whereas under aqueous conditions the

carboxylate species is predominant, increasing the likelihood of the SET pathway.
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Figure 5.1 Charge transfer complex mediated A direct benzylic C(sp®)-H fluorination reaction and B
decarboxylative benzylic fluorination of phenylacetic acid derivatives. *NMR Yield, determined via 'H NMR

spectroscopy, using dimethyl maleate as internal standard.

To gain mechanistic insights, I used in situ ATR-IR to track the direct C—H fluorination,
revealing immediate product formation upon addition of all three reagents. Further,
consumption of Selectfluor™ in the absence of the substrate underlines the hypothesis of the
formation of a reactive species between the fluorinating agent and the pyridine additive.
Conducting a competition experiment involving deuterium labelled phenylacetic acid, I
identified the C—H cleavage to be the rate determining step.

Finally, I undertook competition experiments using phenylacetic acids with different
electronic properties. Analyzing the product distribution, I found that electron-rich
phenylacetic acids react slower, rendering a SET event followed by deprotonation to the

benzylic radical as unlikely.

5.2 References

(1) Danahy, K. E.; Cooper, J. C.; Van Humbeck, J. F. Benzylic Fluorination of Aza-Heterocycles
Induced by Single-Electron Transfer to Selectfluor. Angew. Chem. Int. Ed. 2018, 57 (18), 5134-5138.
DOI: https://doi.org/10.1002/anie.201801280.

70


https://doi.org/10.1002/anie.201801280

Chapter 6

Chapter 6

Visible-Light-Mediated Oxidative Debenzylation of 3-O-Benzyl-
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Visible-light-mediated oxidative debenzylation of 3-0-
benzyl-1,2:5,6-di-0-isopropylidene-a-D-glucofuranose
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Seeberger,* Bartholomdus Pieber*

Department of Biomolecular Systems, Max-Planck-Institute of Colloids and
Interfaces, Am Miihlenberg 1, 14476 Potsdam, Germany
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Checked by Jane Doe and Max Mustermann

0 0/\© . o=\ 9
0 DDQ (1.2 equiv) 0
o PBS Buffer (0.1% viv, pH=7.4) }O
OO CH,Cl, (200 mL) ] OO
525 nm, rt, 12 h

Procedure (Note 1)

1,2:5,6-Di-O-isopropylidene-a-D-glucofuranose (1). An oven-dried, single-
necked side-armed Schlenk tube (250 mL, 23x4.5 cm) equipped with a
football-shaped Teflon-coated magnetic stir bar (2.5 cm) is charged
sequentially with 3-O-benzyl-1,2:5,6-di-O-isopropylidene-a-D-
glucofuranose (4.0 g, 11.4 mmol, 1 equiv) (Note 2) and dichloromethane (200
mL, 57 mM) (Note 3). Under ambient atmosphere, 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ, 3.12 g, 13.6 mmol, 1.2 equiv) (Note 4) and PBS
buffer (0.2 mL, 0.1%vo, pH 7.4) (Note 5) is added and the flask is sealed with
a rubber septum (Figure 1B). The reaction mixture is stirred at 1400 ppm and
irradiated using two green LED lamps (525 nm) (Note 6) at full power while
stirring at 1400 rpm (Figure 1C).

Org. Synth. 201X, vol, page-page 1 Published on the Web XX/XX/201X
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Reaction Reaction

Figure 1. Reaction mixture before (A) and after (B) addition of DDQ, during
irradiation (C) and after the reaction (D).

The reaction progress is monitored by TLC analysis (Figure 2B) (Note 7),
taking samples (ca. 50 UL) of the crude mixture with a syringe through the
rubber septum.

Elution with mixtures of
ethyl acetate and hexane
O Pure starting material, SM
QO Product, 1
(3 Sside products

RM = Reaction mixture

Figure 2. TLC analysis of pure starting material and product using different
amounts of ethyl acetate in hexane as mobile phase (A) and analysis of the
reaction mixture after 12 h using ethyl acetate : hexane (1:1) (B). TLCs were
stained with 10%yo H2SO4 in ethanol followed by heating.

Org. Synth. 201X, Vol, page-page 2
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After 12 h (Figure 1D), the starting material is almost completely
consumed and only small amounts of undesired side-products are formed
(Figure 2B). Next, the reaction mixture is vacuum-filtered through a plug of
celite (25 g) (Note 8) contained in a fritted funnel (7x6 cm) and collected in a
1000 mL Erlenmeyer flask (Figure 3A). The celite bed is washed with 150 mL
of CHxClrand the filtrate is transferred into a 500 mL separatory funnel (final
volume 350 mL). The solution is then washed with saturated NaHCO3 (150
mL). The aqueous layer becomes orange, while the organic layer is yellow
(Figure 3B). After phase-separation, the organic layer is drained and the
aqueous layer is extracted with CH>Cl> (2x75 mL) (Note 9). Combined organic
layers are dried over Na)SO; (~30 g), filtered and the solvent is removed by
rotary evaporation (35 °C, 100 mm Hg).

Figure 3. Vacuum filter apparatus used for celite bed (A) and reaction after
washing with saturated NaHCO; (B).

A slurry is prepared from silica (90 g, Note 10) and a mixture of ethyl
acetate and hexane (33 %vol, 300 mL) (Note 11) and loaded into a fritted glass
column (5x50 cm) (Figure 4A). The column is packed using pressurized air
and an additional layer of sand (25 g) is gently added on the top of the
column. The crude product is loaded on the column by dissolving the residue
in a minimal amount of toluene (~5 mL) and transferring it with a glass
pipette. The round-bottom flask is rinsed with toluene (2x2.5 mL) and the
washings are loaded on the column as well.

Org. Synth. 201X, Vol, page-page 3
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The loaded crude is pushed into the silica layer using air pressure, then
10 mL of ethyl acetate/hexane mixture (33 %vo1) are gently added to the top of
the column and pushed into the silica.

Figure 4. Glass column loaded with a slurry of silica, the crude product,
and sea sand, eluted with ethyl acetate and hexane.

A 500 mL reservoir is added to the glass column (Figure 4), filled with
the eluent system (ethyl acetate/hexane 33%yv.1) and fractions of 15 mL each
(20x150 mm test tubes) were collected (isocratic elution, total volume =1.5L).
Presence of pure product is detected by TLC analysis in fractions 31 to 60
(Figure 5A). These fractions are combined in a 1000 mL round-bottom flask
and the solvent is removed by rotary evaporation (35 °C, 50 mmHg) to obtain
the title compound 1 as an off-white amorphous solid (Figure 5B, 2.34 g, 8.9
mmol, yield = 78%, purity = >99%) (Note 12-16).

A

Figure 5. TLC analysis of fractions obtained from chromatography (A) and
final product 1 (B).
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Notes

Prior to performing each reaction, a thorough hazard analysis and risk
assessment should be carried out with regard to each chemical substance
and experimental operation on the scale planned and in the context of the
laboratory where the procedures will be carried out. Guidelines for
carrying out risk assessments and for analyzing the hazards associated
with chemicals can be found in references such as Chapter 4 of “Prudent
Practices in the Laboratory" (The National Academies Press, Washington,
D.C, 2011; the full text can be accessed free of charge at
https:/ /www.nap.edu/catalog/12654 / prudent-practices-in-the-
laboratory-handling-and-management-of-chemical. See also
“Identifying and Evaluating Hazards in Research Laboratories”
(American Chemical Society, 2015) which is available via the associated
website “Hazard Assessment in Research Laboratories” at
https://www.acs.org/content/acs/en/about/governance/committees
/chemicalsafety /hazard-assessment.html. In the case of this procedure,
the risk assessment should include (but not necessarily be limited to) an
evaluation of the potential hazards associated with 3-O-benzyl-1,2:5,6-di-
O-isopropylidene-«-D-glucofuranose, 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone, dichloromethane, ethyl acetate, hexane, sulfuric acid,
ethanol, sodium sulfate, sodium bicarbonate, deuterated chloroform,
deuterated dimethyl sulfoxide, PBS buffer, celite, silica gel, maleic acid,
toluene, sodium chloride, as well as the proper procedures for
chromatographic purifications and photochemical experiments.
Photochemical experiments should be carried out in a dedicated
compartment (fume hood), shielded so that no light is exchanged with
the surrounding environment. The operator should use light filtering
goggles while such compartment is open for operations.
3-0O-Benzyl-1,2:5,6-di-O-isopropylidene-a-D-glucofuranose, 97% (CAS
18685-18-2) was purchased from Fisher Scientific and used as received.
Dichloromethane (stabilized with ethanol) was purchased from VWR
Chemicals BDH® and used as received. Alternatively, dichloromethane
(unstabilized, HPLC grade) can also be utilized if it can be acquired.
Dichloromethane stabilized with amylene should not be used due to
reproducibility problems.

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone, 98% (CAS 84-58-2) was
purchased from Sigma-Aldrich and used as received.
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5. Phosphate-buffered saline (PBS buffer) solution was purchased from
Sigma-Aldrich and used as received after verifying the pH value to be
74.

6. Two Kessil PR160-525L LED lamps at full power were used for
irradiation at 525 nm. Lamps were installed 4 cm away from the reaction
flask as shown in Figures 1 and 6. Lamps had linear reflectors that were
aligned vertically with the reaction vessel. A high-power computer fan
was used for cooling (Figure 6, left).

Figure 6. Irradiation setup using two lamps (525 nm) at 4 cm distance
to the reaction vessel and a computer fan for cooling.

7. TLC analysis of the crude reaction mixture is performed using pre-coated
ALUGRAM Xtra SIL G/UV254 sheets from Macherey-Nagel. TLCs are
eluted with 33 %1 ethyl acetate/hexane and 50%.01 ethyl acetate/hexane
and stained using 10%yvo of HSOy4 in ethanol, followed by gentle heating.

33% ethyl acetate/hexane | 1a:Rf=0.73 | 1:Rf=0.24

50% ethyl acetate/hexane | 1a:Rf=0.88 | 1:Rf=047

8. Celite (Celite 535) was purchased from Carl Roth.

9. In case of emulsion formation, 50 mL of saturated brine (NaCl) solution
can be added to the aqueous phase.

10. Silica gel (Silica 60, 0.04-0.063 mm) was purchased from Macherey-Nagel.

Org. Synth. 201X, Vol, page-page 6
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11. Ethyl acetate (HPLC grade, Fisher Chemical) and hexane (NORMAPUR
grade, VWR) were used as received.

12. TH NMR (400 MHz, CDCl3) 6 5.95 (d, ] = 3.6 Hz, 1H), 4.54 (d, | = 3.6 Hz,
1H), 4.38 - 4.31 (m, 2H), 4.17 (dd, ] = 8.6, 6.2 Hz, 1H), 4.07 (dd, ] = 7.6, 2.8
Hz, 1H), 3.98 (dd, ] = 8.6, 5.4 Hz, 1H), 2.54 (d, ] = 3.7 Hz, 1H), 1.50 (s, 3H),
1.44 (s, 3H), 1.36 (s, 3H), 1.32 (s, 3H) ppm.

13. 13C NMR (101 MHz, CDCI3) & 111.8, 109.6, 105.2, 85.1, 81.2, 74.8, 73.0,
67.6,26.8,26.2,25.2 ppm.

14. IR (neat): 3428, 2986, 2953, 2936, 2905, 2874, 1457, 1374, 1246, 1220, 1161,
1119, 1090 1059, 1030, 1003, 934, 881, 846, 783 cm-.

15. A gNMR was conducted of 1 (60 mg) in DMSO-ds using maleic acid (0.5
equiv, 13.4 mg) as an internal standard, with relaxation time (D1) set to
30 seconds. Maleic acid (99%) was purchased from ACROS Organics and
used as received.

16. The reaction was repeated on the same scale. Yield = 2.07 g, 70%.

Working with Hazardous Chemicals

The procedures in Organic Syntheses are intended for use only by persons
with proper training in experimental organic chemistry. All hazardous
materials should be handled using the standard procedures for work with
chemicals described in references such as "Prudent Practices in the
Laboratory" (The National Academies Press, Washington, D.C., 2011; the full
text can be accessed free of charge at http://www.nap.edu/
catalog.php?record_id=12654). All chemical waste should be disposed of in
accordance with local regulations. For general guidelines for the
management of chemical waste, see Chapter 8 of Prudent Practices.

In some articles in Organic Syntheses, chemical-specific hazards are
highlighted in red “Caution Notes” within a procedure. It is important to
recognize that the absence of a caution note does not imply that no significant
hazards are associated with the chemicals involved in that procedure. Prior
to performing a reaction, a thorough risk assessment should be carried out
that includes a review of the potential hazards associated with each chemical
and experimental operation on the scale that is planned for the procedure.
Guidelines for carrying out a risk assessment and for analyzing the hazards
associated with chemicals can be found in Chapter 4 of Prudent Practices.
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The procedures described in Organic Syntheses are provided as published
and are conducted at one's own risk. Organic Syntheses, Inc., its Editors, and
its Board of Directors do not warrant or guarantee the safety of individuals
using these procedures and hereby disclaim any liability for any injuries or
damages claimed to have resulted from or related in any way to the
procedures herein.

Discussion

Complex molecule synthesis relies on protective groups to ensure
chemo-, regio-, and stereoselectivity.? The construction of well-defined
oligosaccharides requires selectively masking and unmasking of hydroxyl
groups throughout the synthetic route using a host of protective groups.3>
Benzyl ethers are important protective groups in the synthesis of
carbohydrates due to their excellent stability over a wide range of conditions.2
However, benzyl ether cleavage requires harsh reduction/oxidation
processes, such as catalytic hydrogenolysis, Birch reduction, or oxidation
with ozone or BCls;, that are hazardous® 7 and poorly functional group
tolerant> 8 Mild, selective, and catalytic cleavage of benzyl ethers would
render them more versatile and attractive protective groups, conceptually
changing the approach toward the synthesis of complex glycans and other
natural products. Compared with benzyl ethers, p-methoxybenzyl (PMB)
ethers can be selectively cleaved using mild stoichiometric oxidants or
common photocatalysts due to their lower oxidation potential (Epn.ome= 2.20
V vs saturated calomel electrode (SCE)? and Epmp-o-me= 1.60 V vs SCE?).2 10-12

A photooxidant with a sufficiently strong oxidizing excited state could
facilitate the oxidative cleavage of benzyl ethers with high functional group
tolerance. Indeed, using green light irradiation (LEDs centered at 525 nm)
and a stoichiometric amount of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ,E*pper/ppe = 3.18 V vs SCE®) in wet dichloromethane, complete
conversion of benzyl-protected furanose 1a and selective formation of the
desired product 1 is achieved (Figure 7).13
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Figure 7. Photooxidative debenzylation with DDQ.

Use of blue lamps (440 nm) resulted in formation of undesired side
products.’® To ease the tedious separation of the stoichiometric byproduct
2,3-dichloro-5,6-dicyano-1,4-hydroquinone (DDQH>), we also developed a
catalytic protocol using DDQ (25 mol%) in combination with tert-butyl nitrite
(TBN, 2 equiv) and air as terminal oxidant (Table 1). 1321 Both methods were
suitable to selectively cleave benzyl ethers on substrates containing acetyl,
isopropylidene, and benzoyl protecting groups (la—4a) in less than 4 h with
excellent yield on a 100 pmol scale (84—-96%). Substrates presenting thioethers
that potentially cause catalyst poisoning in palladium-catalyzed
hydrogenolysis, also reacted smoothly and no sulfoxide or sulfone side-
products were identified (5a—11a). Several common protecting groups that
are not tolerated in hydrogenolysis or Birch reduction, such as
fluorenylmethoxycarbonyl (Fmoc, 6a, 7a, 8a), levulinic ester (Lev, 8a), allyl
carbonate (Alloc, 9a), propargyl carbonate (Poc, 10a), and benzylidene (12a),
were well tolerated. Azides are essential handles for bio-orthogonal labeling
and are stable to these photooxidative benzyl ether cleavage conditions (11a).
The high functional group tolerance of the photooxidative debenzylation was
key to selectively cleave benzyl ethers in a total synthesis of tetrodotoxin and
eribulin B.22 2 2-Naphtylmethylether (NAP, 12a) is routinely removed using
stoichiometric amounts of DDQ in the absence of light. We showed that the
protocol using 25 mol% DDQ is also a viable option for NAP cleavage that
demands less purification effort. The deprotection of a substrate presenting
both benzyl ether and benzyloxycarbonyl (Cbz, 13a) groups showed that
stoichiometric amounts of DDQ are necessary in order to increase the desired
reactivity, reduce reaction times and limit the competitive Cbz cleavage.
Phenylselenyl (14a) and tert-butyldimethylsilyl (TBS, 15a)** ethers didn’t
withstand the photooxidative debenzylation conditions. Deprotection of per-
benzylated glucose (16a) was not feasible due to precipitation of polar
intermediates.

Org. Synth. 201X, Vol, page-page 9

80



Chapter 6

Organic

yntheses

Table 1. Substrate scope of the photooxidative debenzylation protocol.

‘A anaeroblc; H '
‘ i DDQ)TBN) !

o
BnOD/ Protocol A or B HO*

CH,Cly/H,0 (99:1)

1-16b i

1-16a 525 nm 1.5 equiv 25 mol% 2 equiv
____benzyl i benzyl _ benzyl
OBn AcO
(0]
AcO O AcO o
OAc BnO
BnO AcO AcO o
OAc C BnO OMe
2a 3a OAG
A1 h 98% A 30 min, 96% A 1.5h, 83%
B3h,90% B 1h, 95%2 B 3.5h, 80%
FmocO
AcO CF AcO AcO
4a OAc \/ 3 5a OAc 6a OAc
A1.5h, 92% A2h,74% A 23h,78%
B4 h, 84% B 6 h, 65% B 52 h, 89%
OLev
Bz FmocO AIIocO PocO
B0 Bno AcO SEt  Aco
OAc OAc
8a STol 9a 10a
A8h, 85% A 15 h, 95% A1.5h,79% A25h,76%
B 24 h. 85%°2 B43h, 79% B17h,71% B 15h, 68%
N3 CbzO
BnO O Ph/v
AcO SEt BnO
OAC NAPO AcO
11a 12a OBz 3a
A4h, 87% B 15 h, 86%° A4h,53%
B6h,75%

unsuccessful substrates

} TBSO BnO !
+ BnO BnO BnO Q l
; BnO SePh AcO BnO OBn .

Reaction conditions: benzyl ether (100 pmol), DDQ (protocol A: 150 ymol/benzyl, protocol B: 25
pmol/benzyl), TBN (protocol B, 200 pmol), CH,Cl, (5 mL), H,O (50 pL), 525 nm irradiation at rt.
bReaction on 50 umol scale. Isolated yields are reported.
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Application of the catalytic methodology (Protocol B) for large-scale
debenzylation (11.4 mmol) of 1a using two 525 nm LED lamps proved
ineffective and is accompanied by reproducibility problems, potentially due
to poor light penetration. Long reaction times are required and led to
cleavage of acid-sensitive isopropylidene groups by interacting with acidic
reaction intermediates (DDQH> and nitrous acid).?> At this scale, formation
of an organic and aqueous layer was observed, which was not the case on the
small-scale experiments. The water layer promoted acetal hydrolysis, which
was mitigated by lowering the water content (1 to 0.1%) and introducing a
buffer (PBS, pH 7.4)%. Nevertheless, the low photon flux did not allow for
efficient NO» generation and precipitation of DDQH» was observed along
with incomplete reactions.

The method using stoichiometric amounts of DDQ (1.2 equiv, Protocol
A), on the contrary, can be reproducibly carried out on a 11.4 mmol scale
using two LED lamps (Figure 1). Monitoring the transformation by TLC
indicated 12 h as the optimal reaction time, with the starting material being
nearly consumed and side-products remaining minimal (Figure 2B),
ultimately yielding 1 in 78%.

This photooxidative debenzylation strategy overcomes current
limitations of benzyl ethers as protecting groups that arise from the harsh
conditions necessary for their cleavage. The methodology enables the use of
benzyl ethers as orthogonal protective group that is installed and removed
throughout the synthesis of complex molecules and clears the path to the
development of new synthetic routes in total synthesis.
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Appendix

Chemical Abstracts Nomenclature (Registry Number)

Starting material, 1a: 3-O-benzyl-1,2:5,6-di-O-isopropylidene-a-D-
glucofuranose; (18685-18-2)
DDQ: 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; (84-58-2)
TBN: tert-butyl nitrite; (540-80-7)
Product, 1: 1,2:5,6-di-O-isopropylidene-a-D-glucofuranose; (582-52-5)
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6.1 Specific Contribution

We previously developed a visible-light mediated approach to remove benzyl ethers under
mild conditions (Chapter 9).! A catalytic protocol, using a combination of 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) and tert-butyl nitrite (TBN) and a stoichiometric version.
The preceding chapter above describes our efforts to scale up the protocol to be more widely
applicable.

Probing the photocatalytic reaction on large scale (> 2 g), using an experimental setup with
two Kessil™ lamps, the debenzylation of 3-O-benzyl-1,2:5,6-di-O-isopropylidene-a-D-
glucofuranose resulted in poor yields and reproducibility issues. Mechanistic knowledge I
gained via in situ reaction monitoring helped me identify different factors perturbing the
conversion. Low photon flux and small headspace of the pressure-rated flask failed to
produce NO», necessary to restore DDQ from the hydroquinone DDQH:, rendering the
debenzylation inefficient (Figure 6.1 A). Poor light penetration further led to longer reaction
times and resulted the cleavage of adjacent isopropylidene protecting groups via interaction
with acidic reaction intermediate DDQH> or nitrous acid, rendering the debenzylation using
a complex catalytic system insufficient on large-scale. The formation of an aqueous layer,
observed at this scale, further promoted acetal hydrolysis.

Careful investigation of different glassware, lamp position and orientation, and amount of
reagents, I was able to find the optimal conditions able to deprotect the sugar in a
reproducible fashion, on all scales. Using Phosphate-buffered saline (PBS buffer) and
stoichiometric amounts of DDQ (1.2 equiv.) resulted the desired product in good yields

(78%) (Figure 6.1 B).
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Figure 6.1 Photooxidative debenzylation of 3-O-benzyl-1,2:5,6-di-O-isopropylidene-a-D-glucofuranose using
A catalytic amounts of DDQ in combination with TBN and B stoichiometric amounts of DDQ.

6.2 References

(1) Cavedon, C.; Sletten, E. T.; Madani, A.; Niemeyer, O.; Seeberger, P. H.; Pieber, B. Visible-Light-
Mediated Oxidative Debenzylation Enables the Use of Benzyl Ethers as Temporary Protecting
Groups. Org. Lett. 2021, 23 (2), 514-518. DOI: 10.1021/acs.orglett.0c04026.
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ABSTRACT: Dual photocatalysis and nickel catalysis can effect cross-coupling
under mild conditions, but little is known about the in situ kinetics of this class of
reactions. We report a comprehensive kinetic examination of a model carboxylate

O-arylation, comparing a state-of-the-art homogeneous photocatalyst (Ir(ppy);) 8 ( ) N . )
with a competitive heterogeneous photocatalyst (graphitic carbon nitride). E‘ rate ~ K[Ni] A_LA rate ~ K[NiJ[Arl]>*
Experimental conditions were adjusted such that the nickel catalytic cycle is S ~ RV .
saturated with excited photocatalyst. This approach was designed to remove the g %"vf&f iﬂi’"
role of the photocatalyst, by which only the intrinsic behaviors of the nickel ~© NI inducton periodequilria

o

catalytic cycles are observed. The two reactions did not display identical kinetics. o e
Ir(ppy); deactivates the nickel catalytic cycle and creates more dehalogenated A_LA A_LA

side product. Kinetic data for the reaction using Ir(ppy); supports a turnover- I
limiting reductive elimination. Graphitic carbon nitride gave higher selectivity, @

even at high photocatalyst-to-nickel ratios. The heterogeneous reaction also

showed a rate dependence on aryl halide, indicating that oxidative addition plays a role in rate determination. The results argue
against the current mechanistic hypothesis, which states that the photocatalyst is only involved to trigger reductive elimination.

rate ~ k[Ni]

photon-
limited

B INTRODUCTION

Palladium catalysis is key to many conceptual and practical
advances in modern organic chemistry, but the scarcity of
palladium bodes poorly for long-term use. As such, transferring
well-defined reactivities of palladium to nickel, an isoelectronic
and more abundant metal, has been an explicit goal of catalysis

catalyst resting state 6 is unable to undergo the necessary

reductive elimination. To close the cycle, 6 receives an energy

transfer from the excited state of the photocatalyst, which

enables C—O bond formation.'®"” Stern—Volmer quenching
17 . . 18

studies,”’ transient absorption spectroscopy, ~ and computa-

tional studies'® have been used to support quenching of

for more than SO years. Low-valent nickel species are capable
of undergoing oxidative additions readily, but the subsequent
reductive eliminations (REs), particularly for Ni(II) com-
plexes, are thought to be comparatively difficult.' Nickel
couplings are hence believed to go through higher-valent
intermediates,”> accessed by stoichiometric redox modulators,
such that the RE is more favorable.”’

The combination of photocatalysis with nickel catalysis has
provided an elegant pathway by which nickel can turn over
without adding excessive reductants or harsh conditions.””
Iridium polypyridyl complexes were found to act as photo-
catalysts (PCs) to effect C—N, C—0O, C-S, and C-C
couplings using nickel(II) precatalysts.” " Subsequent reports
showed that the homogeneous iridium photocatalysts can be
replaced with heterogeneous graphitic carbon nitride (g-CN)
semiconductors, rendering the overall transformations noble-
metal-free.'>™"¢

The current mechanistic proposal for a relatively well-
studied carboxylate O-arylation (Figure 1A) in this family of
reactions is depicted in Figure 1B."” Numerous common
nickel(II) precatalysts are viable, which are thought to undergo
two single-electron transfers to a bipyridyl Ni(0) 4. From this
reduced species, oxidative addition to form § is facile. The

© 2020 American Chemical Society

7 ACS Publications

Ir(ppy); by a potential nickel(II) intermediate.

Broadly, the substrate scopes for both homogeneous
(Ir(ppy);) and heterogeneous (g-CN) variations of carbon—
heteroatom couplings contain only electron-poor aryl halides
and electron-neutral or rich coupling partners (HNR,, HOR,
HSR, etc.). To our knowledge, these limitations have not been
explicitly discussed in a mechanistic context. The Ir(ppy);-
catalyzed homogeneous carboxylate O-arylation accommodates
only electron-withdrawing aryl bromides, and electron-with-
drawing carboxylic acids are absent. Such a combination could
be explained by arguing that an SyAr-type reductive
elimination is required.

However, tension between the existing mechanism and the
resulting substrate scopes surfaced during our development of
the heterogeneous congener using graphitic carbon nitride
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Figure 1. (A) The two dual photocatalyzed and nickel-catalyzed
reactions studied in this work. Standard conditions are shown.
Deviations from these conditions in any subsequent figure will be
noted. (B) Mechanistic hypothesis presented in 2017."

photocatalysts.'> During a cursory kinetic study, methyl 4-
iodobenzoate 1 (96%, 4 h) coupled considerably faster than
methyl 4-bromobenzoate (88%, 48 h) with N-Boc-proline 2.
Once the nickel catalytic cycle is at the resting state 6, the
differences between an aryl iodide and bromide are irrelevant,
as only the aryl ring remains on-cycle. This discrepancy in rate
must therefore arise from the oxidative addition or ligand
exchange step. As even aryl chlorides show facile proclivities
toward oxidative addition with low-valent nickel in non-
photochemical reactions,”® and the homogeneous analogue
converted aryl bromides efficiently, we began to question
whether the currently accepted mechanism is operational with
the heterogeneous congener. Given that we found the same
electronic substituent limitations with g-CN as for Ir(ppy)s,
albeit with iodides instead of bromides, we further wondered if
there were mechanistic commonalities among the two O-
arylations.

Electron deficiency of an aryl halide can accelerate oxidative
additions, as the aryl halide is itself formally reduced. In this
vein, aryl halide limitations in this class of reactions could be
explained by scission of the aryl halide bond that pushes at the
energetic boundaries of photocatalytic reductions. Reduction
potentials of common aryl halides range from —1.0 to —=3.5 V
vs SCE,”"** with electron-donating groups and higher-row
halides ranking as more difficult. The iridium polypyridyl
complex Ir(ppy); used in the homogeneous O-arylation has a
reduction potential of —1.73 V, and substrate limitations could
be a marker of the Ir(III)*/Ir(IV) potential within the
aforementioned range.” Such logic has been invoked for the
thioetherification of aryl iodides’ as well as dehalogena-
tions”>*® with this exact photocatalyst. Stern—Volmer and
transient absorption studies showed that aryl iodides could in
fact quench the excited triplet state of Ir(ppy);,>* forming an
aryl radical.

With these considerations in mind, we set out to answer
three basic questions: (1) Do the heterogeneous and
homogeneous reactions proceed by the same mechanism? If
so, (2) do they both conform to the extant hypothesis, in
which reductive elimination is turnover-limiting, and (3) are
the turnover-limiting steps and the steps which require a
photocatalyst the same?

Bl RESEARCH PLAN AND HYPOTHESES

Numerous mechanistic studies have been undertaken for photo-
catalytic reactions in general.”” Inquiries on dual nickel-catalyzed and
photocatalyzed carbon—heteroatom cross-couplings have largely
focused on the character of the interaction between photocatalyst
and metal catalyst.'”*® However, no in-depth kinetics studies of any
of these reactions have been disclosed.

Kinetics studies of catalytic systems that observe native reaction
conditions throughout their entire course can afford a wealth of
qualitative and quantitative information usually inaccessible from
studies of a narrower scope.””** However, “native” reaction
conditions are typically based on the methodology studies where
the primary aim is the optimization of yield. Studies of dual
photocatalytic and nickel catalytic reactions under such conditions
may give data obfuscated by rate-limiting processes derived from
interaction between the PC and metal catalyst. Kinetically, this may
paint an incomplete picture of the reaction, but these data could
arguably be useful to synthetic chemists considering using such a
method. We therefore sought to observe the homogeneous and
heterogeneous dual photo- and nickel-catalyzed O-arylations in two
regimes each. The first would be closer to the standard conditions
obtained during methodology development (“photon-limited”),
geared toward understanding overall reaction behavior. The second
would be in a regime in which the metal catalyst is saturated with
excited photocatalyst species (“photon-unlimited”). Under such
conditions, photons are essentially treated as a reagent in high excess.
Data obtained in this regime allow us to both evaluate the intrinsic
kinetics of the nickel cycle, as well as enable a more rigorous
comparison between data sets of different photocatalysts.

As no in situ studies exist to date for any dual nickel-catalyzed and
photocatalyzed cross-couplings, comparison of the photon-limited
and photon-unlimited regimes with each other for the two reactions
would be of general interest. We anticipated that we would see
differences between the photon-limited and photon-unlimited
regimes, potentially in the magnitude of the reagents’ coefficients in
the rate laws.

Most importantly, the intrinsic, photon-unlimited kinetics of both
reactions should be compared with each other and to the extant
mechanistic hypothesis. The kinetics in photon-unlimited regimes of
the homogeneous and heterogeneous reactions should be identical
since the PC should drop out of the rate law. The extant hypothesis
for the dual photo- and nickel-catalyzed carboxylate O-arylation,
congruent with the accrued understanding of nickel catalysis, is that
the PC enables a turnover-limiting reductive elimination.'” Thus, we
predicted that the photon-unlimited regime for both reactions would
give rate ~k[Ni].

B RESULTS

Heterogeneous (Graphitic Carbon Nitride) PC. Pho-
ton-Limited (3.33 mg/mL g-CN, 5 mM Ni-L, 50% Lamp
Power). First, the kinetics of the carboxylate O-arylation of aryl
iodides using the graphitic carbon nitride CN-OA-m>' as a
photocatalyst in photon-limited conditions were analyzed.
These photocatalytic reactions can be tracked by attaching a
custom vial to an in situ infrared probe.'” Using a stronger
LED lamp for increased photon flux and improved
reproducibility, we ensured that the infrared technique tracked
reaction progress by verification with an orthogonal method
(Figure S2).

https://dx.doi.org/10.1021/jacs.0c02848
J. Am. Chem. Soc. 2020, 142, 11042—-11049



Chapter 7

Journal of the American Chemical Society

From a cursory, qualitative glance, these reactions at the
native conditions display no unusual behavior, except for
exhibiting a short induction period. A series of experiments
were conducted to assess which reagents were responsible for
this induction (Figure SS). Delaying the injection of NiCl,-
glyme and its bipyridyl ligand or aryl iodide 1 resulted in
immediate productive catalysis. Delayed injection of carboxylic
acid 2 retained the induction period. Conspicuously, delaying
addition of the base N-tert-butylisopropylamine (BIPA)
resulted in a reaction profile slightly suggestive of catalyst
activation,” indicating that the secondary amine plays a role
more significant than simply that of a Bronsted base.

Varying the nickel concentration from S to 20 mM
unsurprisingly resulted in no rate change (Figure S6). At S
mM Nij, no catalyst deactivation or product inhibition was
observed (Figure S8), which is expected at such a high metal
catalyst concentration. Surprisingly, modulation in [1] resulted
in a fractionally positive order (Figure S9) for the aryl iodide.
Carboxylic acid 2 showed a zero-order dependence (Figure
S10). Reagent orders obtained in this regime should be
considered with some measure of caution as the interactions
between PC and Ni are ill-defined. However, we were curious
if the reagent order of the aryl iodide would persist in the
photon-unlimited regime, as it would be a significant clue to
help resolve the questions posed above.

Photon-Unlimited (3.33 mg/mL g-CN, 0.2 mM Ni-L, 100%
Lamp Power). To switch from the photon-limited to the
photon-unlimited regime, we needed to increase the ratio of
photons and/or PC to nickel. Although numerous photo-
catalytic reactions with metal centers have been tracked with in
situ apparatuses,” to our knowledge only one study has
described finding a region in which the metal’s access to
excitation is carefully controlled to be unimpeded.** In the
work of Lehnherr et al, light directly excited a metal catalyst,
with no photocatalytic intermediary. To find a region in which
their metal catalyst was not limited by throughput of photons,
initial rate was plotted against catalyst concentration, and at
lower concentrations a roughly linear correlation is apparent.
To make a comparable plot, we retained a high PC loading and
maximum lamp power (Figure 2A).

Moving from high to low nickel concentrations along this
plot surprisingly did not provide an identical shape to that of
the literature precedent. Specifically, we observed an
unexpected “peak” where catalysis has a much higher rate,
around 1 mM. Although further studies are required to account
for this behavior, it is possible that, above a certain threshold,
the metal catalyst engages in some combination of
comproportionation®*® and/or higher-order nickel species
thought to be catalytically relevant.’”**

The area at very low concentration of nickel would likely
provide a regime in which the nickel catalytic cycle was not
limited by access to an excited photocatalytic species. To
confirm this was the case, at low concentrations we used
variable time normalization analysis (VINA)* to find a first-
order dependence on nickel between 0.15—0.25 mM (Figure
S11). Kinetic studies in this area are expected to produce data
that reflect the intrinsic characteristics of the nickel cycle.

To probe the robustness of the nickel catalyst, two “same-
excess” experiments were conducted’”*’ under photon-
unlimited conditions and the less concentrated was time-
shifted on the x-axis (Figure 2B). Overlay here indicates that
the product does not inhibit catalysis, nor does meaningful or
disproportionate catalyst deactivation occur.
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Figure 2. Key experiments of heterogeneous congener. (A) Overview
of where the photon-limited and unlimited regimes could be
identified. (B) Time-shifted same excess experiments. Overlay
indicates lack of catalyst deactivation or product inhibition. (C)
Positive-order dependence of aryl iodide observed.

Experiments to determine the reagent orders of the
substrates revealed that aryl iodide again exhibited a positive
order dependence (Figure 2C). Due to the induction period,
first attempts at VINA overlay were found to be problematic
(Figure S12). Elegant mathematical solutions to this common
issue have been disclosed,”" but the most rigorous would
require spectroscopic determination of the active catalyst
concentration. Repeating the different excess experiments with
delayed catalyst injections (Figure S13), which bypass the
induction period as described above, cleanly leads to a reagent
order of 0.3 under 150 mM [1].

https://dx.doi.org/10.1021/jacs.0c02848
J. Am. Chem. Soc. 2020, 142, 11042—-11049
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Examination of the dependence on reagents’ concentrations
for 2, the base, and the photocatalyst provided a much less
straightforward picture. All three reagents exhibit positive
order dependence at lower concentrations and inhibitory
effects at higher concentrations (Figures S14—S16).

Homogeneous (Ir(ppy);) PC. We began the homoge-
neous studies by attempting to determine a proper photo-
catalyst loading that would enable photon-limited conditions.
Initial experiments with 0.1 mM Ni-L and the standard (1
mM) photocatalyst concentration'” gave unsatisfactory yields.
We observed dehalogenation accompanying productive
catalysis (Table 1). Formation of the phenol side product 9
appears to be independent of an unfavorable PC-to-Ni ratio.

Table 1. Screening to Determine Photocatalyst Loading for
Photon-Limited Regimes of the Homogeneous Reaction”

Ir(ppy); [X mM] H OH
NiCly+glyme (0.1 mM)
100mM 150 mM __ dtbbpy (0.1 mM) O, 0.
1 2 —_— 3 Me’ Me’
w oo BEASEG s O °
440 nm lamp (100%)
8 9
mM PC 3 1 8 9 Mass balance
1 62 0 18 6 86
0.5 83 0 10 4 97
0.25 82 0 8 3 94
0.125 90 0 S S 100

“Final concentrations of product and side products were determined
by 'H NMR using 1,3,5-trimethoxybenzene as an internal standard.

High concentrations of Ir(ppy); accelerate the consumption
of 1 but not significantly the rate of product formation (Figure
3A). This finding is in striking contrast to the heterogeneous
analogue, where slower product formation is a function of
slower consumption of 1 at higher PC loading (Figure S16).
Experiments with 0.125 mM PC loading (Figure 3A, blue)
appear to be limited by the relay of energy from PC to Ni
(Figure S17), and are the basis for the photon-limited studies.

Photon-Limited (0.125 mM Ir(ppy)s, 0.1 mM Ni-L, 100%
Lamp Power). The first noteworthy qualitative observation of
iridium-catalyzed O-arylations is the lack of induction period.
Catalysis begins immediately in a positive-order fashion.
Increasing concentration of nickel leads to increased rate,
which was determined to be a first-order dependence by
VTNA (Figure S18). A same-excess experiment shows no
deactivation of the nickel throughout the course of the reaction
(Figure S19). In contrast to the heterogeneous congener, no
rate dependence was found for 1 or 2 (Figure $20).
Interestingly, increasing concentration of base increases the
rate (Figure S21). Again, some caution is advised in
mechanistic interpretation from these data, as these conditions
are designed to maximize yield. However, the lack of rate
dependence on aryl iodide could be a significant finding if it
persisted in photon-unlimited conditions.

Photon-Unlimited (1 mM Ir(ppy);, 0.2 mM Ni-L, 100%
Lamp Power). In order to draw meaningful comparisons
between the two photon-unlimited data sets, we sought to use
the same [Ni],_y as was used for the heterogeneous system. As
such, finding the photon-unlimited regime for the homoge-
neous reaction occurred through a reverse process from the
heterogeneous case. A short series of experiments was
conducted in which the nickel concentration was kept constant
and the photocatalyst concentration was raised, similar to
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Figure 3. Key experiments of homogeneous congener. (A)
Identification of photon-limited regime by reaction fingerprint;
reactions progress of blue curve appears to be limited by interaction
between PC and Ni. (B) Same excess experiment shows catalyst
deactivation intrinsic to iridium-catalyzed O-arylations. (C) Rate is
independent of [1].

Figure 3A (Figure S22). VINA analysis showed first-order
nickel dependence in the concentration range around 0.2 mM
Ni at 1 mM Ir(ppy); (Figure S24). Corroboration that this
approach gives a photon-unlimited regime was found through
data obtained in a similar regime derived from an initial-rate
plot (Figures $27—S31).

A major difference between the heterogeneous and
homogeneous reaction was apparent from the same-excess
experiment, where no overlay was observed (Figure 3B).
Should the product inhibit catalysis, an effect in the
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heterogeneous reaction would have been observed, so we can
attribute this behavior to catalyst deactivation.

Experiments varying the amounts of substrate and coupling
partner were conducted to obtain the reagent orders of our
reactants. In contrast to the heterogeneous reaction, we found
the rate to be essentially independent of the concentration of 1
(Figure 3C). The dependence on [2] was not found to be
significant (Figure S25). Last, we modified the amount of base
while keeping all other reagents constant. Similar to the
observation from the photon-limited data set, this change was
the sole factor that accelerates the homogeneous reaction
(Figure S26).

B DISCUSSION

The most conspicuous finding of this study was the rejection of
the hypothesis that the kinetics of both systems would give
identical rate laws. In other words, as particular care was taken
such that the nickel cycle was saturated with excited
photocatalyst species for both systems, the intrinsic kinetics
of a nickel cross-coupling cycle should have been identical
between the two had the mechanisms been the same.

The chief quantitative finding of this study is the fractional
dependence of aryl iodide 1 in the heterogeneous rate law. To
some degree in the heterogeneous congener, oxidative addition
is turnover-limiting. We propose that this is a result of direct
photocatalytic activation of the substrate (Figure 4B). The
fractional order arises as this activation occurs off of the nickel
cycle. Nickel is first-order as it intercepts the radical species on
the nickel catalytic cycle.

This process may have been overlooked because it is not
necessarily turnover-limiting. The reduction potential of
Ir(II1)*/Ir(IV), —1.73 V, is sufficient to donate an electron
to the aryl halide 1;>*** this step is photocatalyst-dependent
but fast for aryl iodides (Figure 4B). In contrast, the analogous
excited state of the graphitic carbon nitride used in this study is
less reducing (up to —1.65 V vs SCE). The capacity for
electron transfer is worse, and therefore even in conditions that
can be considered photon-unlimited, formation of oxidative
addition intermediate S is still limited by the kinetically
relevant halide fragmentation.

We reject the hypothesis that photocatalysts are required
only as a late-cycle trigger for RE. We contend that the
photocatalyst is required for at least one additional point on
the catalytic cycle, namely for single-electron transfer to the
aryl halide. Substrate limitations for dual photo- and nickel-
catalyzed carbon—heteroatom cross-couplings derive from this
elementary step. The most obvious example is the far superior
conversion of aryl bromides in this homogeneous O-arylation
compared to the heterogeneous congener. Such a framework
also harmonizes the mechanisms by which these trans-
formations occur with the existing body of photocatalytic
dehalogenations and radical-based transformations.>*>¢

To augment our understanding of the heterogeneous
reaction, we created a Hammett plot examining rate depend-
encies on aryl iodides with substituents of varying electronic
character (Figure 4C). Qualitatively, this shape is also seen for
the oxidative addition of tris(triphenylphosphine)nickel(0) to
aryl chlorides.”® Our p value (2.1) is far below that of this
more traditional oxidative addition (8.8), thought to proceed
through an SyAr-type mechanism. This could be explained by
differences in ligand systems and halides, but also could point
to a lowered dependence on the electronic substituent due to a
non-concerted oxidative addition.
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proposal. Secondary amine base is proposed to close the photoredox
cycle by serving as single electron donor (SED). (C) Hammett plot
for heterogeneous congener supports that oxidative addition is to
some degree turnover-limiting.
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With a rate law proportional only to the nickel
concentration, data for the homogeneous reaction could
reasonably fit three turnover-limiting steps: a unimolecular
rearrangement, ligand dissociation, or reductive elimination.
We have observed nothing to support or reject the first two.
Given that the incumbent hypothesis is that RE is turnover-
limiting, our data support the existing proposals. As we had
originally predicted, our kinetic data here likely reflects the
limitations inherent to nickel catalysis.

Whether or not 6 requires a photocatalyst to trigger RE
likely depends on the oxidation state of this intermediate. It
has been clearly demonstrated that a Ni(II) resting state
cannot undergo RE without photocatalytic excitation.'” ™
However, extensive literature precedent points to the viability
of multiple nickel oxidation states in cross-coupling reactions
across very different conditions,”>**** and the oxidation state
of the on-cycle intermediate for these photochemical reactions
has yet to be convincingly resolved. Should this intermediate
require activation via energy/electron transfer in the
homogeneous reactions, it would not be turnover-limiting,
given the photon-unlimited environment.

Of note is the fact that the only way to accelerate the
homogeneous reaction was by addition of more secondary
amine base, which is already in large excess. We offer three
potential explanations. First, and most likely, the secondary
amine donates an electron to [Ir(ppy);]* to regenerate the
photocatalytic cycle. We can assume that the concentration of
2 requires equimolar amounts of base for deprotonation, and
extra amine beyond that point fulfills various roles including
weak ligand and electron source. Second, the base is potentially
involved in the organization of the nickel catalyst to some
degree, evinced by the “reaction fingerprint” of the
heterogeneous reaction when the base is injected after a
delay (Figure SS). As such, it is possible that its presence does
not outright accelerate the reaction as much as it is as guard
against decelerating or deactivating processes. Alternatively, or
additionally, weak coordination of the base to the square
planar pre-RE complex could create a more encumbered five-
coordinate complex that is more prone to elimination,"®*” or is
better tuned to absorb an energy transfer.”®

Qualitatively, two main observations stand out for iridium-
catalyzed carboxylate O-arylations. First, this system inherently
tends to be less selective. In the photon-unlimited regime, at
reactions with reasonable concentrations of substrates, yields
were frequently in the 70—80% range, often accompanied by
significant dehalogenation of the aryl iodide. We believe that
this results from speeding up photocatalytic activation of the
aryl iodide beyond the capacity of the nickel species to trap the
radical on-cycle.

Second, the homogeneous reactions have an intrinsic
propensity for catalyst deactivation. Kinetics for the photon-
limited and photon-unlimited regimes were essentially the
same outside of the fact that catalyst deactivation was not
observed in the photon-limited regime. We contend that dual
iridium- and nickel-catalyzed processes operate at inflated
nickel concentrations to compensate for this inherent
deactivation.

Qualitatively, the induction period in the heterogeneous
congener notably differs from the homogeneous reaction. We
observe small amounts of consumption of aryl iodide during
the delay before product begins to form. If reduction of the
Ni(Il) precatalyst to a lower-valent species is requisite for
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productive catalysis, it is possible that this reduction is parallel
to or intertwined with dehalogenation.

An unexpected revelation of the heterogeneous reaction is
seen in the studies modulating the photocatalyst loading
(Figure S16). In contrast to the homogeneous reaction, in
which additional PC accelerates consumption of 1 indiscrim-
inately, excess g-CN loading shows slower catalysis but with
reasonable preservation of selectivity. We again attribute this to
the weaker reduction potential of graphitic carbon nitrides, and
is a potential upside to the more limited scope. Such a finding
portends well for scalability as well as for sensitive or late-stage
functionalization. Careful optimization of the ratios of
photocatalyst, nickel, and substrate is less likely to be necessary
with graphitic carbon nitrides.

H CONCLUSION

Efforts to swap photocatalysts in dual photocatalytic and metal
catalytic systems may not preserve the inherent reactivity of
the metal catalytic cycle. Homogeneous and heterogeneous
esterifications differ primarily in that the heterogeneous
congener showed a rate dependence on the aryl halide
substrate. We ascribe this to the nickel trapping an off-cycle
radical anion generated by the photocatalyst and the aryl
halide. In this sense, the requirements for electron-withdrawing
substrates may be ascribed to an energetic barrier that is
independent of the nickel catalytic cycle. Overcoming such
limitations likely must occur through photocatalyst develop-
ment and tuning to maximize the reduction potential of the
excited PC. Alternatively, methods to front-load the energetic
relay from external source to photocatalyst to substrate show
great promise.** However, as our PC and nickel screenings to
find different regimes show, using a PC that is too reducing for
the chosen substrate and/or metal catalyst can lead to over-
reduction and catalyst deactivation. Countering this requires
careful modulation of PC and metal catalyst concentrations.
Hence, for the Ir(ppy);-catalyzed O-arylation shown here, a
photon-limited approach is desirable. Optimization of the
graphitic carbon nitride conditions did not require such
considerations. At least partially due to the reduction potential
of the PC*, nickel catalyst concentration could be lowered up
to S0 times from what was used in methodological develop-
ment without observing a significant amount of nickel catalyst
deactivation. Additionally, peak catalytic activity was found at a
much lower concentration of nickel than used in method
development. The choice of photocatalyst may, among other
things, be determined by the electronic character of the
substrate, as less dehalogenation was observed in the g-CN
case. We believe that photocatalysts with weaker reduction
potentials, such as graphitic carbon nitrides, are less likely to
participate in a Ni(0)/Ni(II) cycle.
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7.1 Specific Contribution

To conduct the first in situ kinetic analysis of a nickel metallaphotoredox reaction, we
compared a state-of-the-art Ir phototocatalyst, Ir(ppy)s, with a graphitic carbon nitride
photocatalyst (CN-OA-m), using a model esterification. The reaction progress was tracked
with in situ ATR-IR spectroscopy, using a fixed setup to ensure reproducibility of the data.
Using a graphical analysis technique, variable time normalization analysis (VINA), we
determined reagent orders from the reaction progress profiles. Dr. Jamal A. Malik and Dr.
Bartholoméius Pieber conceived the idea behind the project. I discussed and planned all of
the experiments together with the other co-authors.

Taking into consideration that the data which is obtained under the typical reaction
conditions might be obscured by turnover-limiting interactions between the photocatalyst
(PC) and the nickel catalytic cycle, we adjusted experimental parameters to study both
reactions 1) under native reaction conditions and ii) within a concentration regime in which
the nickel catalytic cycle is fully saturated with the excited photocatalytic species, imparting
information of the intrinsic kinetics.

Dr. Jamal A. Malik collected, analysed and interpreted the majority of the kinetic data of the
semi-heterogenous reaction under native conditions and most experiments in the intrinsic
kinetics regime. I conducted a share of the initial rate studies for the CN-OA-m catalyzed
system, to find the intrinsic kinetics regime and some of the experiments in the “intrinsic
kinetics regime”.!

I undertook the majority of experiments of the homogenous Ir(ppy)s system under both,
native and intrinsic kinetics regime, including initial rate studies to assess the “intrinsic
kinetic regime”, “different excess” experiments, obtaining reagent orders of all reagents in
both concentration regimes. I analysed and interpreted the results together with Dr. Jamal A.

Malik.

Further, I evaluated the robustness of the catalyst in the Ir(ppy); catalysed system, applying
a “same excess” experiment and interpreted the data together with Dr. Jamal A. Malik. In
contrast to the semi-heterogeneous congener, catalyst deactivation was observed under
“intrinsic kinetic” reaction conditions. Product inhibition could be excluded, given the

absence of inhibitory behaviour in the g-CN-OA-m catalysed O-arylation.
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Ultimately, different rate laws were identified for the homogeneous- and semi-
heterogeneous cross couplings, which suggests they follow dissimilar mechanistic scenarios
(Figure 7.1). With a rate law only depending on the nickel concentration, our data supports
the incumbent mechanistic hypothesis, suggesting the reductive elimination to be the only
turnover-limiting step for the Ir(ppy); catalysed reaction (Figure 7.1 A). However, we now
provide evidence for the involvement of the photocatalyst in the oxidative addition of the
aryl iodide.

Given the rate dependency of the aryl iodide in a fractionally positive fashion, we
hypothesized that the PC activates the aryl halide prior to the oxidative addition to the nickel

complex, which in the CN-OA-m is a turnover-limiting factor (Figure 7.1 B).

101



Chapter 7

0 Boc blue Ilght
A Major contributor - homogeneous Ir(ppy); catalyzed system X _/R
/
NiX, + ligand
PC ’
0. | N .
¥ 0
R . _/R+X@ X _/R—|
SN or X\ 7
Ni°,
. <N* I~L &
—
R/J
(o]
R . R
Ny >‘—R Ny
/N'Ni"‘o /N'Ni"‘x
=2 1 IR 2 T 3R
R Z R” Z
(o] /
R .
R
pC* AP > o
N. .0 |
Ni', R'CO,
T =N* | \—R
R/.// _
PC
B Minor contributor - semi-heterogeneous —/R
CN-OA-m catalyzed system X \ /
NiX, + ligand
PC ’
0. | N
P e
R . —/R+Xe x —/R—l
R L W/ or \ 7
\N’.Ni;L
! —
7= N\
(o]
R R
I\"\\ >_R I\’%
/N.,N__ o /N"N" X
|\N'I |\—R |\N'I |\—R
= _ = —
[o) /
R .
R
pC* N, .o>_ ©
‘Nit R'CO,
<N’ S
L= R

PC

Figure 7.1 Proposed mechanistic pathways for the nickel catalyzed carboxylate O-arylation, based on evidence
found in this kinetic study and taking the then-current mechanistic hypothesis into consideration.? A
Homogeneous Ir(ppy)s; catalyzed system, with a rate-law solely depending on the nickel concentration;
oxidation numbers were adopted.? B Semi-heterogenous CN-OA-m catalyzed reaction. Turnover-limiting steps

are marked in red.
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ABSTRACT: A carbon nitride material can be combined
with homogeneous nickel catalysts for light-mediated cross-
couplings of aryl bromides with alcohols under mild
conditions. The metal-free heterogeneous semiconductor is
fully recyclable and couples a broad range of electron-poor
aryl bromides with primary and secondary alcohols as well as
water. The application for intramolecular reactions and the
synthesis of active pharmaceutical ingredients was demon-
strated. The catalytic protocol is applicable for the coupling of
aryl iodides with thiols as well.

lkyl aryl ethers are a common structural motif in many
active pharmaceutical ingredients (APIs), such as Fluox-
etine, Ketoconazole, Raloxifene, and Flecainide (Figure 1).”

H\

¢ o

C” SN Flecainide
O/(O\ =N Q O, Antiarrhytmic
L&O oo O <CF

3

Fluoxetine
Antidepressant o)

N&w HO S\ O on

N
Ketoconazole o
Antifungal /\

Raloxifene
Osteoporosis treatment

Figure 1. Examples of APIs containing the alkyl aryl ether motif.

Nucleophilic substitution of alkyl halides with phenolates
(Williamson ether synthesis) traditionally used to synthesize
these scaffolds, suffers from functional group incompatibilities
due to the harsh conditions it requires. Catalytic strategies for
the synthesis of ethers were developed to overcome these
drawbacks. Copper can catalyze the coupling of phenols and aryl
halides (Ullmann-type reaction),>" as well as aryl boronic acids
and alcohols (Chan—Evans—Lam coupling).® Palladium-cata-
lyzed O-arylations of alcohols via Buchwald—Hartwig-type
cross-coupling reactions broaden the substrate scope.”’
Strongly basic conditions and well-designed biaryl phosghine
ligands are required for efficient cross-coupling reactions.

Nickel catalysis gained increasing interest due to its
significantly higher abundance compared to noble metals.”"°
The low electronegativity of Ni enables facile oxidative addition
into carbon—halide bonds, whereas reductive elimination,
especially in case of C—O couplings, is difficult."' ™"

v ACS Publications  ©2019 American Chemical Society 106
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Thermolysis of Ni(II) oxametallacycles, for example, results in
P-hydride elimination of undesired carbonyl compounds,
whereas oxidation to Ni(III) complexes via single electron
transfer (SET) with stoichiometric oxidants can induce
reductive elimination resulting in C—O bond formation.'*
Combining nickel with photoredox catalysis,">~'” enables the
coupling of aryl bromides with alcohols'®'? or water*® without
stoichiometric SET oxidants.

Photoredox catalysis is dominated by expensive, homoge-
neous iridium, and ruthenium complexes. Noble-metal-free,
homogeneous photoredox catalysts, such as boron-dipyrrome-
thene derivatives (BODIPY),” require tedious purification
procedures and are prone to degradation.”’ Heterogeneous
semiconductors are a recyclable alternative to common
homogeneous photoredox catalysts.”> > CdSe quantum
dots®® and CdS*” were used for carbon—heteroatom couplings
via the dual nickel/photoredox catalytic approach. Cadmium,
however, is among the most toxic elements®® and strictly
regulated.”® Its application in the synthesis of APIs is therefore
not desirable.

Carbon nitride (CN) materials, a class of stable and metal-free
semiconductors with low toxicity™® that can be easily made from
commodity chemicals, are able to activate Ni complexes via
photosensitization.>’ Here, we show that these materials are also
able to catalyze alkyl aryl ether synthesis, likely by triggering
reductive elimination via SET modification of the oxidation state
of Ni complexes.**

The etherification of methyl 4-bromobenzoate with 1-hexanol
served as a model reaction for initial studies (Table 1). A careful
optimization of all reaction parameters showed that a carbon
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Table 1. Optimized Conditions and Control Experiments”

CN-OA-m (3.33 mg mL™") CO,Me
NiBr,:3H,0 (10 mol %) N /©/
dtbbpy (10 mol %) "MX~g 1

CO,Me
01 M 2.0 equiv white LED. 40°C R/©/ § Ei SH
entry conditions 1(%)"  2(%)° 3(%)°

1 as shown 96 3 1
2 CN-OA-m (1.66 mg mL™") 90 6 nd.
3 24h S5 3 n.d.
4 24 h with 10 mol % quinuclidine 61 2 n.d.
N methyl 4-chlorobenzoate 4 n.d. n.d.
6 no light n.d. n.d. n.d.
7 no CN-OA-m n.d. n.d. n.d.
8 no NiBr,-3H,0 n.d. n.d. n.d.
9 no dtbbpy n.d. n.d. n.d.
10 no BIPA n.d. n.d. n.d.
11 no degassing n.d. n.d. n.d.

“Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), 1-
hexanol (0.6 mmol), CN-OA-m (10 mg), NiBr,-3H,0 (30 umol),
dtbbpy (30 pmol), BIPA (1.5 mmol), MeCN (3.0 mL), white LEDs
at 40 °C for 48 h. “Determined by 'H NMR using 1,3,5-
trimethoxybenzene as internal standard. n.d. = not detected.

nitride material prepared by polymerization of urea and oxamide
(CN-0A-m)** in combination with catalytic amounts of NiBr,-
3H,0 and di-tert-butylbipyridyl (dtbbpy) results in the selective
synthesis of the desired ether (1) after 48 h irradiation with
white LEDs in acetonitrile under mildly basic conditions (entry
1-2). The only side-products were small amounts of the
corresponding phenol (2) from the cross-coupling with water
and dehalogenated methyl benzoate (3). In homogeneous dual
catalysis, the addition of catalytic amounts of quinuclidine was
reported to accelerate the reaction.'®'” For similar reasons, an
amine-modified organonickel complex was used in combination
with photoredox catalysis for the synthesis of phenols from aryl
halides and water.”® The semiheterogeneous protocol did not
result in significant rate enhancement when 10 mol %
quinuclidine was added (entries 3—4). The utilization of 6,6'-
diamino-2,2’-bipyridyl instead of dtbbpy drastically reduced the
efficacy of the C—O coupling in our model system (see Table
S4). A reaction with methyl 4-chlorobenzoate as substrate
resulted in very low amounts of the desired ether product under
optimized conditions (Table 1, entry S). No reaction was
detected in the case of the mesyltate, triflate, or tosylate
derivatives (see Table S10). Control experiments proved that
light, CN-OA-m, NiBr,-3H,0, dtbbpy, N-tert-butylisopropyl-
amine (BIPA), and oxygen-free conditions are essential for
successful C—O cross-couplings (entries 6—11).

With the optimized conditions in hand, the versatility of the
semiheterogeneous cross-coupling was investigated (Scheme 1).
Aryl bromides substituted with electron withdrawing groups in
para-position were generally isolated in good to excellent yields.
A broad range of functional groups including esters (1), nitriles
(4), aldehydes (5), ketones (6, 15), phenylboronic acid pinacol
esters (14), chlorides (10), and trifluoromethyl- (13) as well as
methylsulfonyl-groups (16) were tolerated. Substrates with
electron withdrawing meta-substituents (7, 8) did also yield the
desired products, although with lower efficiency. Ortho-
substituted aryl bromides (11, 12) resulted in a drastically
decreased reactivity. Coupling of 1,4-dibromobenzene with 1-
hexanol gave a selective monoetherification as the resulting aryl
alkyl ether (9) deactivates the second bromide functionality.

w

/\s

Scheme 1. Scope and Limitations of the Semiheterogeneous
Etherification®

CN-OA-m (3.33 mg mL™")
NiBr,-3H,0 (10 mol %)
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o
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“Reaction conditions: aryl bromide (1.2 mmol), alcohol (2.4—4.8
mmol), CN-OA-m (20 mg), NiBr,-3H,0 (120 umol), dtbbpy (120
umol), BIPA (6.0 mmol), MeCN (6.0 mL), white LEDs at 40 °C.
Determined by 'H NMR using 1,3,5-trimethoxybenzene as internal
standard. “DMF was used as solvent.

Heteroaryl bromides (17, 18) were successfully coupled under
these conditions. Substrates lacking a strong electron with-
drawing group gave very low amounts of the desired C—O
coupling products (20, 21) within 48 h.

Electronic effects dictate the reactivity of para- and meta-
substituted aryl bromides, whereas steric effects influence the
reactivity of ortho-substituted analogs and are responsible for the
scope and limitations of aliphatic alcohols (Scheme 1). Coupling
of methyl 4-bromobenzoate with methanol (22) was completed
within 24 h under standard conditions and within 8 h when
MeOH was used as solvent (see the Supporting Information).
The semiheterogeneous methodology provides an effective

DOI: 10.1021/acs.orglett.9b01957
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method to prepare deuterium-labeled anisoles (23) in excellent
yield. Primary alcohols with benzyl (24), allyl (26), nitrile (29),
trifluoromethyl (25), and tertiary amine (30) groups were
coupled with high selectivity. The secondary alcohols
isopropanol (31), cyclohexanol (32), and 1-phenylethanol
(33) reacted efficiently as well. Sterically encumbered secondary
(34, 35) and tertiary (36) alcohols resulted in low amounts of
the desired ether products within 48 h. Formation of diaryl
ethers from the reaction of aryl bromides and phenols was not
observed, presumably due to the low nucleophilicity of aromatic
alcohols.

Coupling of methyl 4-bromobenzoate with water as
nucleophile gave phenol 2 in moderate isolated yield by
switching to DMF as a solvent (for details, see Table S12). The
ortho-substituted, electron-rich aryl bromide 2-(2-
bromophenyl)ethanol did undergo an intramolecular C—O
coupling, resulting in 2,3-dihydrobenzofurane (37).>* An
analogous preparation of chromane and 1,4-benzodioxane was
not feasible (see Table S11). The reason for this remains
unclear, especially because chromanes were previously synthe-
sized by reductive elimination from the corresponding nickel(1I)
oxametallacycles."* The semiheterogeneous dual catalytic
reaction of 1,4-dibromobenzene and isopropylideneglycerol
afforded 38, a potential intermediate for the preparation of
ketoconazole (Figure 1), itraconazole, terconazole, and their
derivatives.”® The antidepressant Fluoxetine can be synthesized
using this method. N-Protected 3-methylamino-1-phenylpropa-
nol reacted with 1-bromo-4-(trifluoromethyl)benzene resulting
in N-acetyl fluoxetine (39) in 66%.

The same catalytic system was evaluated for the coupling of
thiols with aryl halides (Scheme 2).>°™* The reaction of aryl

Scheme 2. Scope of Semiheterogeneous Thioetherification®

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

CO,Me BIPA (5.0 equiv) CO,Me
+  R-SH "
| MeCN (deg.), 48-168 h s
2.0 equiv white LED, 40°C

o /©/C02Me /©/002Me O\ /©/002Me
Meo)k/\s HO~g s

40,79%, 48 h

ot oot oo
tBusg S s

43, 43%, 96 h

41,60%, 48 h 42, 53%, 96 h

44,33%, 144 h 45,41%, 168 h

“Reaction conditions: methyl 4-iodobenzoate (1.2 mmol), thiol (2.4
mmol), CN-OA-m (20 mg), NiBr,-3H,0 (120 umol), dtbbpy (120
umol), BIPA (6.0 mmol), MeCN (6.0 mL), white LEDs at 40 °C.

bromides and thiols usually requires strongly reducing photo-
redox catalysts,® whereas aryl iodides can be successfully
coupled using weaker reductants.®® When the optimized
semiheterogeneous protocol (the conduction band minimum
of CN-OA-m was reported to be at —1.6 V vs Ag/AgCl33) was
applied on the reaction of methyl 4-bromobenzoate with methyl
3-mercaptopropionate, only 4% of the desired thioether were
formed after 48 h (Table S15). The analogous reaction using
methyl 4-iodobenzoate went to completion within 48 h resulting
in 79% isolated yield of the desired thioether (40). When 2-
mercaptoethanol was used, a selective C—S bond formation
(41), with no detectable amount of the corresponding
etherification product was obtained. In contrast to the C—O
coupling, the semiheterogeneous C—S bond formation is not
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limited to primary and secondary thiols (40—42). Tertiary (43)
and aromatic thiols (44, 45) also gave the desired thioethers in
moderate isolated yields. This finding can be rationalized by the
formation of highly reactive thiyl radicals, which are proposed to
add to Ni(I) intermediates in the dual catalytic thioether
synthesis.***’

The reaction rate was significantly increased by using blue
LEDs with higher light intensity (for details, see Supporting
Information). The coupling of methyl 4-bromobenzoate and
methanol, for example, was complete after 16 h instead of
24 using a modified setup. These intensified conditions were
used for studying the recyclability of the heterogeneous carbon
nitride material (Figure 2). CN-OA-m was recycled six times,
without losing its catalytic activity (Figure 2), proofing its high
potential for sustainable photocatalysis.

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

CO,Me CO,Me
/©/ +  Me—oH BIPA (5.0 equiv) /©/
Br ) MeCN (deg.), 16 h MeO
2.0 equiv blue LED, rt 22
100 4
80 -
— 60
X
kel
2
> 404
20 4
0+
1 2 3 4 5 6
Cycle

Figure 2. Recycling of CN-OA-m in the semiheterogeneous ether-
ification.

Analysis of the recycled photocatalyst showed Ni deposition
(see the Supporting Information). Attempts to use the recycled
photocatalyst in absence of additional Ni(II) salts showed that
the immobilized Ni species is not catalytically active in the
model reaction.

In conclusion, a dual Ni/photocatalytic C—O coupling was
developed using a carbon nitride semiconductor as recyclable
photocatalyst with low toxicity. The semiheterogeneous nickel/
carbon nitride catalysis is an inexpensive, sustainable alternative
to homogeneous protocols. The method selectively couples a
broad range of electron-poor aryl bromides with primary and
secondary alcohols as well as water in good to excellent isolated
yields. The application of this protocol for intramolecular
reactions and API synthesis was demonstrated. The same
catalytic protocol can be utilized to couple aryl iodides with
thiols.
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Chapter 8

8.1 Specific Contribution

Combining a nickel catalyst with a graphitic carbon nitride (gCN, more precisely CN-OA-
m), we developed a photocatalyzed C—O and C—S cross-coupling reaction, which overcomes
the sustainability limitations commonly associated with state-of-the-art organometallic-
based photocatalyst. We prepared the semiconductor (CN-OA-m) via calcination of oxamide
and urea at 500 °C followed by anaerobic polymerization using molten potassium salts as a
structural template. The resulting yellow powder absorbs light in the visible region up to 700
nm. Cristian Cavedon and Bartholoméaus Pieber conceived the idea behind this project. C.
Cavedon investigated the feasibility of this transformation, finding that a mixture of CN-
OA-m and a nickel-bipyridine complex successfully couples electron-poor aryl bromides
with alcohols in moderate to excellent yields (Figure 8.1). As for the alcohol counterpart,
limitations arise based on the nucleophilicity: while two equivalents of a primary alcohol
resulted in excellent product yields within 24-96 h, four equivalents of a secondary alcohol
is required to maintain a reaction time under 120 h. Only traces of the desired product were
obtained using tertiary alcohols.

I investigated the scope and limitations of the C—S cross-coupling of an aryl iodide with
thiols (Figure 8.1). 4-lodobenzoate was readily combined with primary, secondary, and
tertiary thiols, as well as a neutral and electron-rich aromatic thiophenols, in moderate to

good yields.
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Figure 8.1 Dual nickel- and photocatalyzed etherification and thioetherification reaction. My specific

contribution, experimentally, is highlighted in red.

The significant difference in the scope of the thio- and etherification indicates that the two
reactions proceed via different mechanistic pathways.

Johannes and coworkers reported a photocatalyzed C—S cross-coupling mediated by an Ir'!!
photocatalyst in combination with a nickel salt.! The mechanistic proposal, shown in Chapter
1.3 (Figure 1.12), suggests the formation of an S-centered radical, formed via reductive
quenching of the excited photocatalyst. In contrast, the mechanism for the etherification
reaction was thought to proceed via a mechanism where the photocatalyst only modulates

the oxidation state of nickel.?
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ABSTRACT: The cleavage of benzyl ethers by catalytic hydrogenolysis or
Birch reduction suffers from poor functional group compatibility and limits Bno—%&/L G
their use as a protecting group. The visible-light-mediated debenzylation
disclosed here renders benzyl ethers temporary protective groups, enabling
new orthogonal protection strategies. Using 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) as a stoichiometric or catalytic photooxidant, benzyl
ethers can be cleaved in the presence of azides, alkenes, and alkynes. The
reaction time can be reduced from hours to minutes in continuous flow.

he synthesis of complex molecules such as biopolymers

relies on protectlve groups to ensure chemo-, regio-, and
stereoselectlvlty Protecting groups are of central importance
to carbohydrate construction, where a host of hydroxyl groups
have to be masked. Installation and selective removal are the
basis for orthogonal protecting group strategles that are key to
the synthesis of well-defined oligosaccharides.””* Benzyl ethers
are stable over a wide range of conditions, making them an
ideal protecting group that is removed only at the very end of
the synthesis.' For this very reason, however, benzyl ether
cleavage requires harsh reduction/oxidation processes, such as
catalytic hydrogenolysis, Birch reduction, or oxidation with
ozone or BCl;, which are 1ncompat1ble with many functional
groups™” and are hazardous.”” Methods for the mild and
selective cleavage of benzyl ethers would render them
attractive temporary protective groups that would conceptually
change the strategic approach toward the synthesis of complex
glycans.

Compared with benzyl ethers, p-methoxybenzyl (PMB)
ethers can be selectively cleaved using mild stoichiometric
oxidants."* ™' Photoredox catalysis was used to selectively
cleave PMB ethers (Scheme 1a).''™"® Benzyl ethers (Eg, o
= 220 V vs saturated calomel electrode (SCE)'*) have a
significantly higher oxidation potential compared with PMB
ethers (Epyp.o-me = 1.60 V vs SCE'*) and are stable during the
photocatalytic PMB cleavage.''™*?

A photocatalyst (PC) with a sufficiently strong oxidizing
excited state could facilitate the oxidative cleavage of benzyl
ethers with high functional group tolerance (Scheme 1b). To
move this concept to practice, a suitable PC, H-atom acceptor,
and terminal oxidant had to be identified using the
debenzylation of C(3)-O-benzyl-tetraacetylglucoside (1a) as
a model reaction. Initial efforts with common PCs were not
successful. A combination of 4 mol % 9-mesityl-10-
methylacridinium as the PC and 5.0 equiv of CBr, for

© 2021 The Authors. Published by

7 ACS Publications

American Chemical Society ] ]44
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Scheme 1. Visible-Light-Mediated Oxidative Deprotection
Strategies of PMB and Benzyl Ethers

a) photocatalytic deprotection of PMB ethers (ref. 11)
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example, was capable of hydrolyzing the benzyl ether, but
concomitant product degradation resulted in low yields (Table
S2).

Full conversion of the starting material and excellent
selectivity toward the desired product (1b) were achieved
using stoichiometric amounts of 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) (E'ppqr/ppg = 3.18 V vs SCE'®) and
green-light irradiation (525 nm) in wet dichloromethane
(Table 1, entry 1). In contrast with photochemical PMB
deprotection,"" ™" an additional H-atom acceptor is not
required, as the single electron transfer oxidation and the
hydrogen abstraction are executed by DDQ_upon irradiation.'®
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Table 1. Optimized Conditions and Control Experiments
for the Visible-Light-Mediated Oxidative Debenzylation
Using Catalytic and Stoichiometric Amounts of DDQ*

AcO AcO AcO
o Protocol A or B
Agﬁ&/om p———— AcS OAc + Acoﬁ/
OAc 2 12/12
0.05 mmol, 10 mM 525 nm
1a 1b 1c
la 1b 1Ic
entry  variation time
[%]* [%]> [%]
1 none 30min ndc 96 <2
Ozffee 5 440nm  10min nd. 78 16
1.5 equiv 3 no light 24h 99 nd. nd
4 none 2h nd. 97 <2
S 440 nm 30min nd. 87 11
% air 6 no light 2h 98 <2 nd
25 mol% 25 mol% 7 no DDQ_ 2h 100 nd. nd.
8 no TBN 2h 77 23 nd.
9 degassed 2h S7 40 <2

“Reaction conditions: 1a (50 umol), DDQ_ (Protocol A: 75 umol,
Protocol B: 12.5 pumol), TBN (Protocol B: 12.5 pumol), CH,Cl, (S
mL), H,O (50 uL), 525 nm irradiation at rt. YDetermined by 'H
NMR using maleic acid as the internal standard. “Not detected.

The irradiation source is crucial for achieving high selectivity.
Shorter wavelengths (440 nm) result in the formation of
significant amounts of the corresponding benzoyl ester lc
(entry 2). The cleavage of benzyl ethers using simple
substrates was previously reported using stoichiometric
amounts of DDQ_ under UV irradiation but suffered from
low functional group compatibility."”

To avoid the tedious separation of the stoichiometric
byproduct 2,3-dichloro-5,6-dicyano-1,4-hydroquinone
(DDQH,), we ultimately developed a catalytic protocol
using DDQ_(25 mol %), tert-butyl nitrite (TBN, 25 mol %)
as the cocatalyst, and air as the terminal oxidant (Table 1,
entry 4).'"®7> The nitrite thermally or photochemically
releases NO that 1s oxidized by O, to NO, and reoxidizes
DDQH, to DDQ."® Similar to the protocol with stoichiometric
amounts of DDQ, lower selectivities were observed at shorter
wavelengths (entry S). Control studies confirmed that photons
and DDQ are necessary for productive catalysis (entries 3, 6,
and 7). Monitoring the reaction using an LED-NMR setup
supported the notion that the reaction ceases upon light source
removal (Figure 1a).”® When DDQ is used in catalytic
amounts and no TBN is added, the reaction stops after one
turnover (Table 1, entry 8). The late addition of TBN can
restore DDQ, and the reaction smoothly proceeds until
completion (Figure 1b). Under anaerobic conditions, the
reaction did not go to completion, confirming that O, is
required (Table 1, entry 9).

Both protocols were evaluated using carbohydrate substrates
that carry multiple protecting groups (Scheme 2). The
protocol using catalytic amounts of DDQ_(protocol B) was
slightly modified (2 equiv of TBN) to avoid long reaction
times. Substrates containing acetyl, isopropylidine, and benzoyl
protecting groups (1la—4a) were smoothly deprotected in <4 h
using both protocols and were isolated in excellent yield (84—
96%). Thioethers that could potentially poison palladium
catalysts during hydrogenolysis were unproblematic using both
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Figure 1. In situ NMR studies using an LED-NMR setup. For
experimental details, see the Supporting Information.

photooxidative protocols, and no sulfoxide or sulfone side
products were identified (Sa—11a). Several common protect-
ing groups that are not tolerated in hydrogenolysis or Birch
reduction, such as fluorenylmethoxycarbonyl (6a, 7a, 8a),
levulinic ester (8a), allyl carbonate (9a), propargyl carbonate
(10a), and benzylidene (12a), were well tolerated. Azides
(11a), which are essential for biorthogonal labeling, are stable
to the photooxidative benzyl ether cleavage. 2-Naphtylmethyl
ether (NAP, 12a) is routinely removed using stoichiometric
amounts of DDQ in the absence of light. The light-mediated
protocol using 25 mol % DDQ_ (protocol B) provides a
valuable alternative to avoid stoichiometric amounts of organic
oxidant. The benzyloxycarbonyl (Cbz) group was partially
cleaved using stoichiometric amounts of DDQ_ (protocol A),
resulting in a modest isolated yield of the desired product 13b.
Using the catalytic method (protocol B), longer reaction times
resulted in significant cleavage of the Cbz group. (See the
Supporting Information.) Phenylselenyl (14a) and fert-
butyldimethylsilyl (TBS, 15a)* groups are not stable under
the conditions applied. Whereas the photocatalytic protocol
enables the use of benzyl ethers as temporary protective
groups, it is not the method of choice to globally deprotect
carbohydrates. Full deprotection of perbenzylated glucose

https://doi.org/10.1021/acs.orglett.0c04026
Org. Lett. 2021, 23, 514-518
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Scheme 2. Substrate Scope and Limitations for the Visible-Light-Mediated Oxidative Cleavage of Benzyl Ethers”
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“Reaction conditions: benzyl ether (100 ymol), DDQ(protocol A: 150 pumol/benzyl, protocol B: 25 pmol/benzyl), TBN (protocol B, 200 ymol),
CH,CL, (5 mL), H,O (50 L), 525 nm irradiation at rt. "Reaction on a 50 #mol scale. “Reaction on a 1.5 mmol scale. Isolated yields are reported.

(16a) was not feasible, and a complex mixture of partially
deprotected derivatives precipitated during the reaction.

The relatively long reaction times for some substrates are a
major limitation, especially using the catalytic protocol. This is
a result of the long wavelengths used, as DDQ_absorbs only
weakly above 450 nm (Figure S9). When a 440 nm irradiation
source was applied, we observed significantly shorter reaction
times but had severe selectivity issues due to overoxidation and
product degradation.

Slowing down a chemical reaction to avoid selectivity
problems is a common strategy in batch. Continuous-flow
chemistry can help to overcome selectivity issues, as it offers
precise control over the reaction time and better irradi-
ation.”®* A two-feed setup introduced the homogeneous
reaction mixture and air into the reactor unit, which consisted
of fluorinated ethylene propylene (FEP) tubing (0.8 mm i.d.)
and a 440 nm light source. A short optimization study using
C(3)-O-benzyl-glucofuranose 2a resulted in a significant
reduction of the reaction time (2.5 min in flow at 440 nm
versus 3 h in batch at 525 nm) while maintaining excellent
selectivity (Figure 2a). An experiment using a longer residence
time showed that selectivity issues indeed arise from prolonged
reaction times at low wavelengths (Figure 2b)

The flow approach was subsequently tested for other
substrates (Figure 2c). The reaction time for the debenzylation
of 10a was significantly reduced to 3 min, whereas
dibenzylated compounds 4a and 6a required 10 min.

In conclusion, we developed a mild, photocatalytic
debenzylation protocol that is significantly more functional-
group-tolerant than traditional methods. The proper choice of
irradiation source is crucial for reaching high selectivities of
benzyl ether cleavage in batch. Green-light irradiation (525
nm) was superior over blue light (440 nm) in suppressing the
formation of side products during batch reactions. A biphasic

[ ]6516

for the deb of2ain flow

440 nm

DDQ (25 mol%/benzyl

TBN (2 equiv)
CH,Cl,

b) influence of the residence time on the selectivity

tres = 25 min

b |

2b
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sideproducts
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UV I R
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using yti
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& é

3.5h, 80% 10 min, 82% 15h, 68% 3 min, 77% 24h, 85% 10 min, 69%

Figure 2. Visible-light-mediated oxidative cleavage of benzyl ethers
using a continuous-flow system.

continuous-flow system helped to reduce the reaction times.
Precise control of the reaction time and efficient irradiation in

https://doi.org/10.1021/acs.orglett.0c04026
Org. Lett. 2021, 23, 514-518
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flow enabled the use of 440 nm to significantly reduce reaction
times while maintaining high selectivities. The photooxidative
debenzylation overcomes the current limitations of benzyl
ethers as protecting groups that arise from the harsh conditions
necessary for their cleavage. The methodology enables the use
of benzyl ethers as a temporary protective group and is
attractive for the development of new synthetic routes in
glycan synthesis.
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9.1 Specific Contribution

Using photoredox catalysis, we developed a novel synthetic methodology, allowing for the
removal of benzyl protecting groups under mild conditions. To gain mechanistic insights, I
used a fibre optic LED-NMR setup for time-resolved studies of the photocatalytic
deprotection of acetyl 2,4,6-tri-O-acetyl-3-O-benzyl-B-D-glucopyranose under adjusted
reaction conditions.! Tracking the debenzylation reaction over its whole course resulted a
progress profile indicative for overall first order kinetics. To investigate the reaction’s
dependency on light, I designed and conducted a chopped illumination experiment, which
resulted in a stalled progress profile in the absence of light (Figure 9.1). I analysed and
interpreted the data, which suggested a short-lived active photogenerated species.
Furthermore, this finding helped me to rule out a radical-chain reaction mechanism. My
expertise in real-time reaction monitoring of photocatalytic transformations, gained during
my work described in Chapter 6, allowed me to design experiments that help unravel
mechanistic details.? The role of zert-butyl nitrite (TBN) as a cocatalyst to restore 2,3-
dichlor-5,6-dicyano-1,4-benzoquinone (DDQ) was confirmed by a delayed addition
experiment, showcasing the stagnation of product formation after one turnover of DDQ,

resulting in DDQHo.
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Figure 9.1 In situ monitoring of the photocatalytic cleavage of a benzyl ether protection group under A

interrupted illumination and B delayed addition of TBN.
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Chapter 10

Outlook

Radicals play a vital role in synthetic organic chemistry, therefore, the development and
understanding of new synthetic methodologies to access these reactive open-shell
intermediates in a practical fashion is of interest. Over the course of my doctoral effort, I
worked to mechanistically understand and utilize the power of these open-shell intermediates

for various organic transformations.

These studies highlight the value of in situ monitoring for the visualization and mechanistic
investigation of complex photocatalytic systems. However, the development of analytical
tools, capable of studying such transformations, has not paralleled the surge of activity in
visible-light photocatalysis. The lack of instruments capable of detecting transient species in
a low concentration, while offering rich structural information still creates a blind spot.
Using multiple, orthogonal monitoring techniques, sequentially or simultaneously, could
circumvent this limitation, while cross-validating assures accuracy of the obtained data.!
Further, the combination of real-time monitoring with kinetic modelling can predict the
dynamic behavior of complex photocatalytic reactions more precisely and enhance result-
based decision making.?

Quickly upon the development and mechanistic study of the photooxidative cleavage of a
benzyl ether methodology, the community applied it to several multistep organic syntheses
including several complex medical relevant biomolecules.’

However, there are still shortcomings of the method, that need to be overcome including
global deprotection of highly polar molecules such as glycans has so far not been feasible.
The next logical step would therefore be the optimization of the reactions protocol
addressing the solubility issues rendering the reaction inefficient for the simultaneous
deprotection of more than two benzyl ether groups. Additionally, a less toxic alternative for
photocatalyst, DDQ would be desirable.

Though I was able to develop a divergent strategy for the fluorination of phenylacetic acid
derivatives solely induced by a charge-transfer complex, unfortunately the methodology has

limited functional group tolerance, which constricts its applicability.
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To improve this fact, careful modulation of the donor and acceptor moiety of the charge-
transfers complex should be considered.* Currently, the methodologies applicability in the
deoxygenative fluorination of primary, secondary and tertiary alcohols via the respective
oxalates, is investigated in our group, overcoming the scopes limitation to phenylacetic
acids. Though given the simplicity of the method and short reaction time (1-30 mins), it has
high potential applicability in radiosynthesis, using [!®F]-labeled Selectfluor™., !¥F-
Radiopharmaceuticals are the most frequently used for molecular imaging studies for in vivo
positron emitting tomography (PET).> Therefore, the demand for efficient and
straightforward synthetic strategies yielding clinically relevant radiopharmaceuticals is

increasing.
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1. General remarks

Substrates, reagents, and solvents were purchased from commercial suppliers and used without further
purification. NMR spectra were recorded using a Varian 400 MHz (400, 100 and 376 MHz respectively
for 'H-, 13C- and ""F-NMR) or a Bruker NEO 500 MHz spectrometer equipped with a H/F/C/N-TCI-
Prodigy probe 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.
Reaction monitoring via FTIR analysis was performed with a ReactIR™ 15 (Mettler-Toledo) console,
with a DST 9.5mm SiComp™ probe attached. Analytical thin layer chromatography (TLC) was carried
out using pre-coated TLC-sheets, ALUGRAM Xtra SIL G/UV254 sheets (Macherey-Nagel) and
visualized with 254 nm light. Purification of synthesized compounds was carried out by flash
chromatography on a Reveleris X2 Flash Chromatography System from GRACE. A prepacked column
with 12 g, 40 um silica gel was used at a 30 mL/min elution flow rate. Silica 60 M (0.04-0.063 mm) silica
gel (Macherey-Nagel) was used for dry loading of the crude compounds. High resolution mass spectra
(HRMS, m/z) were recorded on a Bruker MicroTOF spectrometer using positive electrospray ionization
(ESD).

2. Initial experiments

Table S1. Initial experiments®

Selectfluor (3 equiv) F F
mOH DMAP (2 equiv) wOH
+
o) Solvent, 3 h, .t e}
F F F

0.2 mM A B

Entry Solvent Conversion [%]° A [%]° B [%]°
1 MeCN 66 66 n.d.
2 MeCN:H>O (1:1) 73 7 33

®Reaction conditions: 4-fluorophenylacetic acid (0.3 mmol), Selectfluor (0.9 mmol), DMAP (0.6
mmol), solvent (1.5 mL, degassed) under nitrogen atmosphere at r.t for 3 h. ®Conversion of 4-
biphenylacetic acid determined by "H-NMR using dimethyl maleate as an internal standard. “NMR
yield determined by '"H-NMR using dimethyl maleate as an internal standard. n.d. = not detected.

Table S2. Control studies in MeCN?

Selectfluor (3 equiv) E F
OH DMAP (2 equiv) OH
+
o) MeCN, 3 h, r.t o
F F F

0.2mM A B

Entry Variation Conversion [%]° A [%]° B [%]°
1 No degassing 80 80 n.d
2 No Selectfluor n.d n.d n.d
3 No DMAP n.d n.d n.d

2Reaction conditions: 4-fluorophenylacetic acid (0.3 mmol), Selectfluor (0.9 mmol), DMAP (0.6
mmol) in acetonitrile (anhydrous, 1.5 mL) at r.t for 3 h. *Conversion of 4-biphenylacetic acid
determined by 'H-NMR using dimethyl maleate as an internal standard. °NMR yield determined by
n.d = not detected.
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Table S3. Control studies in MeCN:H>O?

Selectfluor (3 equiv) F F
mOH DMAP (2 equiv) OH
+
o MeCN, 3 h, r.t 0
F F F

0.2mM A B
Entry Variation Conversion [%]° A [%]° B [%]°
1 No degassing 17 6 11
No
2 Selectfluor n.d n.d n.d
3 No DMAP n.d n.d n.d

#Reaction conditions: 4-fluorophenylacetic acid (0.3 mmol), Selectfluor (0.9 mmol), DMAP (0.6
mmol) in solvent (anhydrous, 1.5 mL) at r.t for 3 h. "Conversion of 4-biphenylacetic acid
determined by '"H-NMR using dimethyl maleate as an internal standard. °NMR yield determined
by n.d = not detected.

3. Decarboxylative fluorination

General experimental procedure for optimization experiments. An oven dried crimp top vial (19 x
100 mm) equipped with a stir bar was charged with with 4-biphenylacetic acid and Selectfluor®. The
solvent mixture was added and the mixture was stirred and sonicated for 5 min. Subsequently, 4-
dimethylaminopyridine (and, if indicated, the additive) was added. The vial was sealed and the reaction
mixture was stirred and sonicated for 5 min. The mixture was degassed by bubbling Argon for 10 min.
The reaction mixture was stirred in an oil bath at 70 °C for the respective time. Afterwards, dimethyl
maleate (1 equiv.) was added. The reaction mixture was quenched with HCI (1 M, 1 mL) and extracted
with CDCI; (1 mL). An aliquote (~200 pL) of the organic phase was subsequently subjected to 'H NMR
analysis.
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Figure S1. Example of a "H-NMR spectrum for determining NMR yields.

3.1 Solvent screening

Table S4. Initial solvent screening®

OH O E
(0]

Selectfluor (3 equiv)
DMAP (2 equiv)

O solvent O
rt.,4h

0.1 M

Entry Solvent Conversion [%]°  Yield [%]°
1 MeCN/H,0 1:1 33 28
) Acetone/ H20 41 40

1:1

3 EtOH/ H20 1:1 n.d.o? 18
4 THF/ H20 1:1 14 8
5 DMF/ H>O 1:1 44 36
6 H->O 39 26

aReaction conditions: 4-biphenylacetic acid (0.1 mmol), Selectfluor (0.3
mmol), DMAP (0.2 mmol), solvent (1 mL), r.t, 4 h. ®Conversion of 4-
biphenylacetic acid determined by 'H-NMR using dimethyl maleate as an
internal standard. “NMR yield determined by 'H-NMR using dimethyl
maleate as an internal standard “Not determined due to overlapping signals.

Table S5. Initial solvent screening®

OH
T3

Selectfluor (3 equiv)
DMAP (2 equiv)

S

O solvent O
rt,4h
0.1 M
Entry Acetone:H,O Conversion [%]°  Yield [%]°
1 1:2 34 33
2 1:1 41 40
3 2:1 20 20
4 5:1 12 10

aReaction conditions: 4-biphenylacetic acid (0.1 mmol), Selectfluor
(0.3 mmol), DMAP (0.2 mmol), solvent (1 mL), r.t, 4 h. ®Conversion of
4-biphenylacetic acid determined by '"H-NMR using dimethyl maleate
as an internal standard. ®NMR yield determined by 'H-NMR using
dimethyl maleate as an internal standard
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3.2 Temperature & Additive screening

Table S6. Temperature screening®

OH Selectfluor (3 equiv) E
O DMAP (2 equiv) O
o
O Acetone/H,0 (1:1) O
4 h

01 M
Entry Temperature [°C]  Conversion [%]°  Yield [%]°
1 r.t. 41 40
2 50 47 44
3 70 62 50
4 90 43 16

Reaction conditions: 4-biphenylacetic acid (0.1 mmol), Selectfluor (0.3 mmol),
DMAP (0.2 mmol), acetone/H,0 (1:1, 1 mL), 4 h. ®*Conversion of 4-biphenylacetic
acid determined by 'H-NMR using dimethyl maleate as an internal standard. ®NMR
yield determined by "H-NMR using dimethyl maleate as an internal standard

Table S7. Additive screening®

Selectfluor (3 equiv)
OH DMAP (2 equiv) F
O g Additive (3 equiv)
O Acetone/H,0 (1:1) O
70°C,4 h

Entry Additive  Conversion [%]° Yield [%]°

1 -- 62 50

2 NaHCO:3 33 22

3 Cs2C03 13 traces
4 LixCO3 23 traces
5 K>COs 17 traces
6 KF 84 56

7 CsF 84 62

8 K3PO4 21 traces
9 K>HPO4 42 34
10 LiF 70 56
11 MgF> 64 54
12 CaF, 61 52
13 (1Bu)sNF 31 30
14 NaF 75 66
15 NH4F 76 60

?Reaction conditions: 4-biphenylacetic acid (0.1 mmol), Selectfluor (0.3
mmol), DMAP (0.2 mmol), acetone/H.O (1:1, 1 mL), 70°C, 4 h.
®Conversion of 4-biphenylacetic acid determined by 'H-NMR using
dimethyl maleate as an internal standard. *®NMR yield determined by 'H-
NMR using dimethyl maleate as an internal standard
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3.3 Reaction time and concentration

Table S8. Optimization of reaction time and concentration®
Selectfluor (3 equiv)

OH DMAP (2 equiv) F
O 5 Additive (3 equiv)
O Acetone/H,0 (1:1) O

Entry Additive Concentration [M] Time T [°C] Conversion [%]° ‘[{02?]1?
1 - 0.1 4h r.t. 41 40
2 - 0.2 4h r.t. 48 48
3 - 0.2 4h  70°C 80 70
4 NaF 0.2 4h  70°C 88 86
5 NaF 0.2 lh 70°C 90 86
6 NaF 0.2 30 min 70 °C 86 85
7 NaF 0.2 10 min 70 °C 85 82

2Reaction conditions: 4-biphenylacetic acid (0.1 mmol), Selectfluor (0.3 mmol), DMAP (0.2 mmol),
acetone/H,0 (1:1). ®Conversion of 4-biphenylacetic acid determined by 'H-NMR using dimethyl maleate
as an internal standard. *NMR yield determined by 'H-NMR using dimethyl maleate as an internal
standard

3.4 Control studies

Table S9. Control studies?

Selectfluor (3 equiv.)
OH 4-DMAP (2 equiv.) O F
NaF(2 equiv.
O 0 (2 equiv)
O Acetone/H,0 (1:1) O

70°C, 4 h
01 M
Entry Variation Conversion [%]°  Yield [%]°
1 none 88 86
2 Selectfluor (2 equiv) 64 42
3 DMAP (1 equiv) 95 86°
4 DMAP (10 mol%) 48 30
5 NaF (1 equiv) 67 56
6 Temperature (r.t.) 40 32

#Reaction conditions: 4-biphenylacetic acid (0.1 mmol), Selectfluor, DMAP
and NaF in acetone/water under N, atmosphere for 4 h. "Determined by 'H-NMR
using dimethyl maleate as an internal standard. ‘The use of 1 equiv. of DMAP
generated an unidentified side product.
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Selectfluor (3 equiv.)
DMAP (2 equiv.)

NaF 2 equiv.)
Acetone:H,0 (1:1),
70 °C, 30 min

48% not observed

Scheme S1. Decarboxylative fluorination reaction of 2-(4-(tert-butyl)phenyl)-2-fluoroacetic acid

General experimental procedure for the synthesis of 4-(fluoromethyl)-1,1'-biphenyl (1). An oven
dried vessel equipped with a stir bar was charged with substrate (424.5 mg, 2 mmol, 0.2 mM) and
Selectfluor® (2.13 g, 6 mmol, 3 equiv.). Aceton:H>O (10 mL, 1:1) was added and the mixture was stirred
and sonicated for 5 min. Subsequently, 4-dimethylaminopyridine (488.7 mg, 4 mmol, 2 equiv.) and NaF
(167.9 mg, 4 mmol, 2 equiv.) were added. The vial was sealed and the reaction mixture was stirred and
sonicated for 5 min. The mixture was degassed by bubbling Argon for 10 min. The reaction mixture was
stirred in an oil bath at 70 °C for the respective time. The reaction mixture was quenched with HCI (1 M,
10 mL) and extracted with CHCI3 (3 x 10 mL). The combined organic phases were washed with brine (10
mL), dried over MgSO4 under concentrated under reduced pressure. Purification was performed by
column chromatography using hexane. The title compound was isolated as a colorless solid (267.9 mg,
1.44 mmol, 72%). '"H NMR (400 MHz, CDCI3) 5. 7.71 — 7.66 (m, 4H), 7.54 — 7.50 (m, 4H), 7.47 — 7.41
(m, 1H). 7.47 — 7.41 (m, 1H), 5.48 (d, J=47.8 Hz, 1H). *C NMR (400 MHz, CDCl5) § ppm 141.9, 140.7,
135.3(d,J=17.2 Hz), 129.0, 128.3 (d, /= 5.9 Hz), 127.7, 127.5, 127.3, 84.6 (d, J = 166.2 Hz). '°F NMR
(400 MHz, CDCI3) 6 ppm -206.2 (t, J = 47.9 Hz). These data are in full agreement with those previously
published in the literature.'

General experimental procedure products that were not isolated due to their low boiling point. An
oven dried crimp top vial (19 x 100 mm) equipped with a stir bar was charged with substrate (0.1 mmol,
0.2 mM) and Selectfluor® (0.3 mmol, 3 equiv.). Aceton:H>O (2 mL, 1:1) was added and the mixture was
stirred and sonicated for 5 min. Subsequently, 4-dimethylaminopyridine (0.2 mmol, 2 equiv.) and NaF
(0.2 mmol, 2 equiv.) were added. The vial was sealed and the reaction mixture was stirred and sonicated
for 5 min. The mixture was degassed by bubbling Argon for 10 min. The reaction mixture was stirred in
an oil bath at 70 °C for the respective time. Upon completion, dimethyl maleate (12.4 puL, 0.1 mmol, 1
equiv.) was added. The reaction mixture was quenched with HC1 (1 M, 1 mL) and extracted with CDCl3
(1 mL). An aliquote (~200 pL) of the organic phase was subsequently subjected to '"H NMR analysis.
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1-(tert-butyl)-4-(fluoromethyl)benzene (2). The compound was synthesized following the general
procedure. An NMR yield of 84% was determined using dimethyl maleate as an internal standard. The
product was not isolated due to its low boiling point.
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1-(fluoromethyl)-2-methylbenzene (3). The compound was synthesized following the general
procedure. An NMR yield of 80% was determined using dimethyl maleate as an internal standard. The
product was not isolated due to its low boiling point.
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OMe

4

2-(2-methoxyphenyl)acetic acid (4). The compound was synthesized following the general procedure.
An NMR vyield of 56% was determined using dimethyl maleate as an internal standard. The product was

not isolated due to its low boiling point.

L 11000000

I-10000000

1-9000000

1-8000000

-7000000

L 6000000

15000000

-4000000

-3000000

L 2000000

1000000

ko

| = |
|
|
|
1 £ 1
4 2
H
2 1 < H
N o o H3H
. ol . 3
H*o)l\%\ro\
H O OH R
1
4
| J
0
. S
' b
g 48 £
95 90 85 80 75 70 65 60 55 S0 45 40 35 30 25 20 15 10 05 00
1 (ppm)

(Fluoromethyl)benzene (5). The compound was synthesized following the general procedure. An NMR
yield of 60% was determined using dimethyl maleate as an internal standard. The product was not isolated

due to its low boiling point.
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SO
6
1-(fluoromethyl)-4-methylbenzene (6). The compound was synthesized following the general

procedure. An NMR yield of 66% was determined using dimethyl maleate as an internal standard. The
product was not isolated due to its low boiling point.
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1-bromo-4-(fluoromethyl)benzene (7). The compound was synthesized following the general
procedure. An NMR yield of 50% was determined using dimethyl maleate as an internal standard. The
product was not isolated due to its low boiling point.

19000000

623
—5.36
524

18000000

—376
— 356

17000000

16000000

2 {- 15000000

| /| J Frcomoo

2 13000000

:’)H\O)kmo\ HH Pt HA . k12000000

H 0 m /©A 11000000

= & 10000000
|-9000000
8000000
|- 7000000
6000000

5000000

1

|
1-4000000
£-3000000
2000000

3
4
1000000
. ko
&

‘
.
I |

ﬁ % é F-1000000

S10



Supporting Information — Chapter 5

IO
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1-chloro-4-(fluoromethyl)benzene (8). The compound was synthesized following the general procedure.
An NMR yield of 60% was determined using dimethyl maleate as an internal standard. The product was
not isolated due to its low boiling point.
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1-(fluoromethyl)-4-(trifluoromethyl)benzene (9). The compound was synthesized following the
general procedure. An NMR yield of 20% was determined using dimethyl maleate as an internal standard.
The product was not isolated due to its low boiling point.
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40

1-(1-fluoroethyl)-4-isobutylbenzene (10). The compound was synthesized following the general
procedure. An NMR yield of 44% was determined using dimethyl maleate as an internal standard. The
product was not isolated due to its low boiling point.
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4. o-fluorination

General experimental procedure for optimization experiments. An oven-dried vessel (19 x 100 mm)
equipped with a stir bar was charged with 4-fluorophenylacetic acid (or, if indicated another phenylacetic
acid derivative), 4-dimethylaminopyridine and Selectfluor®. Solvent was added, the vessel was sealed
with a septum and sonicated for 5 minutes. The mixture was stirred at room temperature for the respective
reaction time. Upon completion, dimethyl maleate (1 equiv.) was added The reaction mixture was
quenched with HCI1 (1 M, 1 mL) and extracted with CDCI3 (1 mL). An aliquote (~200 pL) of the organic
phase was subsequently subjected to "H NMR analysis. NMR spectra were taken in CDCl3 or MeOD-ds.

A representative 'H NMR spectrum for determining the yield is shown in Figure S2.
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Figure S2. Example of a 'H-NMR spleggnm (400 MHz) for determining NMR yields.
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4.1 N-F Reagents
Table S10. Tests using different fluorinating agents®

N-F reagent (3 equiv) F

OH DMAP (2 equiv) OH
m MeCN, 1 h, r.t o
F F
0.2mM
Entry Additive Conversion [%]° Yield [%]¢
1 Selectfluor 80 80
2 NFSI 40 40
3 NFpy - -

Reaction conditions: 4-fluorophenylacetic acid (0.3 mmol), N-F reagent (0.9 mmol),
DMAP (0.6 mmol) in MeCN (anhydrous, 1.5 mL), r.t for 1 h. ®Conversion of 4-
biphenylacetic acid determined by 'H-NMR using dimethyl maleate as an internal
standard. °NMR yield determined by 'H-NMR using dimethyl maleate as an internal
standard

4.2 Solvent screening

Table S11. Solvent screening®

Selectfluor (3 equiv) F

OH DMAP (2 equiv) OH
m Solvent, 1 h, r.t le}
F F
0.2 mM
Entry Additive Conversion [%]° Yield [%]°
1 MeCN 80 80
2 Acetone 56 56
3 DMF 73 73
4 MeOH 75 nd
5 THF 0 n.d
6 CHCI3 0 n.d
7 DCM 0 n.d

aReaction conditions: 4-fluorophenylacetic acid (0.3 mmol), Selectfluor (0.9 mmol),
DMAP (0.6 mmol) in solvent (anhydrous, 1.5 mL), r.t for 1 h. ®Conversion of 4-
biphenylacetic acid determined by 'H-NMR using dimethyl maleate as an internal
standard. °NMR yield determined by '"H-NMR using dimethyl maleate as an internal
standard
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4.3 Optimization of the equivalents of Selectfluor and DMAP

Table S12. Optimization experiments of the equivalents of Selectfluor and DMAP?

Selectfluor F

OH DMAP WOH
Fm MeCN, 1 h, rt ; o
0.2 mM
Entry  Selectfluor (equiv) DMAP (equiv)  Conversion [%]°  Yield [%]°

1 3 2 80 80
2 3 1 38 38
3 3 0.5

4 3 0.1 2 2
5 3 2 80 80
6 2 2 89 89
7 1.2 2 97 97

#Reaction conditions: 4-fluorophenylacetic acid (0.3 mmol), Selectfluor and DMAP in MeCN
(anhydrous, 1.5 mL), r.t for 1 h. ®*Conversion of 4-biphenylacetic acid determined by '"H-NMR using
dimethyl maleate as an internal standard. "NMR yield determined by "H-NMR using dimethyl maleate
as an internal standard

4.4 Screening of different activators

Table S13. Activator screening®

Selectfluor (1.2 equiv) F
mOH Activator (2 equiv) WOH
(0]
(0]
F F

MeCN, 1 h, r.t
0.2 mM
Entry Activator Conversion [%]° Yield [%]°

1 DMAP 97 97
2 N,N-Dimethylanilin n.d
3 Pyridine 9 9

4 4-Methoxypyridine 66 66
5 4-Aminopyridine 82 82
6 2-Phenylpyridine 0 n.d
7 Quinoline 0 n.d
8 3-Hydroxypyridine 0 n.d
9 6-Cyanopyridine 0 n.d
10 2-Chloropyridine 0 n.d
11 2,6-Lutidine 52 n.d
12 DABCO 0 n.d

®Reaction conditions: 4-fluorophenylacetic acid (0.3 mmol), Activator (0.36 mmol),
DMAP (0.6 mmol) in solvent (anhydrous, 1.5 mL), r.t for 1 h. "Conversion of 4-
biphenylacetic acid determined by 'H-NMR using dimethyl maleate as an internal
standard. °NMR yield determined by 'H-NMR using dimethyl maleate as an internal

standard

138

S15



Supporting Information — Chapter 5

4.5 Concentration and reaction time studies

Table S14. Concentration/time studies?

Selectfluor (1.2 equiv) F
OH DMAP (2 equiv) OH
\m MeCN, 1 min, r.t 0
. . Yield [%]°
0/1b
Entry Concentration [mM] Conversion [%] 1 min 5 min

1 0.2 92 92 92
2 0.1 85 85 91
3 0.05 58 58 72
4 0.24 79 79 -

®Reaction conditions: 4-fert-Butylphenylacetic acid (0.3 mmol), Selectfluor (0.36 mmol),
DMAP (0.6 mmol) in MeCN (anhydrous), r.t for 1 min "Conversion of 4-biphenylacetic acid
determined by 'H-NMR using dimethyl maleate as an internal standard. “NMR yield determined
by '"H-NMR using dimethyl maleate as an internal standard. 40°C

Table S15. One minute experiments using different substrates®

Selectfluor (1 2 equiv)
m()H
(0]
Ry

MeCN, 1 min, r.t

DMAP (2 equiv) mOH
o)
Ry

0.2 mM
Entry Substrate COIEZ/GF ron Yield [%]°
0
F
1 /[::(*w(o“ 96 96
[¢]
F
F
2 /[::r*w(o“ 89 89
o
FsC
F
3 /iizj/Lwro“ 93 93
[¢]
Ph
F
OH
4 T 92 92
F
5 [::T*jfo“ 99 99
(¢]

aReaction conditions: Phenylacetic acid derivative (0.3 mmol),
Selectfluor (0.36 mmol), DMAP (0.6 mmol) in MeCN (anhydrous,
1.5 mL), r.t for 1 min. min "Conversion of 4-biphenylacetic acid
determined by 'H-NMR using dimethyl maleate as an internal
standard. “NMR yield determined by 'H-NMR using dimethyl

maleate as an internal standard.
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4.6 Mechanistic investigations
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Figure S3. 'H spectrum (400 MHz) of phenylacetic acid (bottom), and a mixture of phenylacetic acid and

DMAP (2 equiv.) in CD3CN.
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Selectfluor (1.2 equw
OH DMAP (2 equiv)
0 MeCN, r.t

only product observed
Scheme S2. Radical clock experiment. The substrate was synthesized according to literature.?

....................

Selectfluor (1.2 equiv)
DMAP (2 equiv) complex
reaction
MeCN, r.t

mixture

not observed

Scheme S3. Experiment in presence of TEMPO.

H D Selectfluor (1.24 mM)
H on Doy DMAP( 04mM)
+
o o MeCN 1 min, rt

0.2 mM 0.2 mM 68% 6%

Scheme S4. Competition experiment between phenylacetic acid and deuterium-labelled phenylacetic acid.
The labelled compound was synthesized according to a literature procedure.’

OH OH Selectfluor (1 .24 mM
[e]
FsC 0o MeCN 1 min, rt

0.2 mM 0.2mM 59% 36%
OH OH Selectfluor (1 24 mM
O
eO o MeCN 1 min, rt
0.2 mM 0.2mM 44% 38%
OH OH selectfiuor (1.24 mM)
o + o _DMAP (04mM)
3C MeO
MeCN 1 min, rt
0.2 mM 0.2mM 59% 32%

Scheme S5. Competitive experiments between phenylacetic acids derivatives.
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4.7 Delayed addition experiments

Table S16. Delayed addition experiments?

Selectfluor (1.2 equiv) F

OH DMAP (2 equiv) OH
_ >
\f/m MeCN, 1 h, r.t 0
0.2 mM

Entry Compound added after 30 min ~ Conversion [%]° Yield [%]°

1 Substrate n.d n.d
2 Selectfluor 100 100
3 DMAP 88 88

Reaction conditions: 4-fert-Butylphenylacetic acid (0.3 mmol), Selectfluor (0.36 mmol), DMAP
(0.6 mmol) in MeCN (anhydrous, 1.5 mL), r.t. for 1 h. ®Conversion of 4-biphenylacetic acid
determined by 'H-NMR using dimethyl maleate as an internal standard. “NMR yield determined
by 'H-NMR using dimethyl maleate as an internal standard.

4.8 Reaction monitoring using a ReactIR

To maintain a constant operating temperature, the ReactIR console was filled with liquid nitrogen every
12 hours. Prior to each experiment, a background spectrum was recorded before attaching the reaction
vessel. The raw ReactIR data was treated with a negative second derivative function, to aid in separation
of peaks. The reference spectrum of the solvent was subtracted. The product peak appeared at “1648 cm’
! (C-H bending, aromatic), Selectfluor was detected at 1005 cm™ (N-F bond) and the consumption of
DMAP was observed at 1608 cm™ (C=C semicircle stretch).*> Data obtained from the iCiR was processed
using OriginPro2021.

Figure S4. ReactIR setup shown with reaction vessel attached to the probe. The custom-made sidearm
allows the delayed addition of reagents, degzeéging or sampling.

S19



Supporting Information — Chapter 5

Experimental procedure for reaction monitoring. A custom-made reaction vessel (19 x 100 mm) with
a sidearm (Figure S4) was equipped with a stir bar and charged with 4-tert-butylphenylacetic acid (115.
35 mg, 0.2 mM, 0.6 mmol) and 4-dimethylaminopyridine (146.6 mg, 1.2 mmol, 2 equiv.). MeCN (3 mL)
was added, the vessel was sealed and sonicated for 5 minutes. The reaction vessel was attached to a PTFE
adapter affixed to the ReactIRs probe (Figure S3). The reaction mixture was stirred for 30 min while
collecting data (Figure S4). After this period, Selectfluor (255.06 mg, 0.72 mmol, 1.2 equiv.) was added

and the mixture was stirred for 1 h at r.t.

Cl
OH ﬂ\\‘/@_ DMAP (2 equiv) ] OH
+
m [,“59\7 2BF;
By F MeCN, r.t. - o

1.2 equiv
006 —— 4-DMAP
’ -—-'_'-T —+— Product
‘ —— Selectlfluor
0,05 - e
]
0,04 \
T
2 i £
2 003 ‘ X
|
I A
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o
0,01 i 5
| w
0,00 AMassdssmssssssssatin]
T T T T T 1
£ F 0 20 40 60 80 100
an,” & ) .
Time [min]

Figure S5. Reaction monitoring of the fluorination of 2-(4-(tert-butyl)phenyl)acetic acid using ReactIR.
Raw data output (left) and processed reaction profile ((right).

Cl
e |
DMAP (2 equiv)
N~/ 2BF ?
o 4 MeCN, r.t.
0,10
2V
0,08 VVMN‘, "
7 [—aowap
0,06 ‘, —— unknown species
5 4
< 0,041 ]

0,02 “

0,00

Time [min.]

Figure S6. Monitoring of the reaction of DMAP and Selectfluor in absence of starting material using
ReactIR. Raw data output (left) and processed reaction profile ((right).
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4.9 NMR experiments

Initial NMR experiments with SelectFluor and DMAP in absence of starting material indicated that HF
(signs of glass etching of the NMR tubes). To prevent glass etching and consumption of HF by this process,
we used poly propylene micro reaction caps and Teflon NMR inserts for further measurements.

DMAP forms an adduct with HF (Figure S7 and S8). The triplet signal at 11.42 ppm shows a long-range
coupling to the pyridinium nitrogen in the '"H-'">'N-HMBC spectrum (Figure S8). Similar pyridinium
polyhydrogen fluorides are known, such as Olahs reagent.®
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Figure S7. '"H NMR spectrum (500 MHz) of DMAP in presence of HF in CD3CN. HF (48%, 0.038 mL,
1.06 mmol) was added to DMAP (6.1 mg, 0.05 mmol) in CD3CN (0.35 mL). DMAP forms an adduct
with HF. The triplet at 11.4 ppm originates from (F-H-F)" coordinated to the pyridine nitrogen of DMAP.
The two 'F coupling partners lead to a triplet splitting of the 'H signal.

r 80

100

120

140

160

180

T T T T T T T T T T T T T T T T T T
1.5 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 ppm

Figure S8. "'N-'"H-HMBC spectrum of DMAP in presence of HF in CDCN3. HF (48%, 0.038 mL, 1.06
mmol) was added to DMAP (6.1 mg, 0.05 mmol) in CD3CN (0.35 mL).
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In the '"H NMR spectrum of a mixture of SelectFluor with DMAP, we observed the same triplet signal
indicative of a pyridinium HF adduct (Figure S9 and S10).

The superposition of the 'H-'>N-HMBC spectra of the DMAP/HF mixture with the reaction mixture of
SelectFluor/DMAP shows that, also when using SelectFluor, the pyridinium nitrogen resonance shifts to
ca. 160 ppm indicative of the formation of the (F-H-F)-adduct. In this case, however, the (F-H-F)-Triplett
is too broad such that the long-range correlation signal could not be detected.
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Figure S9: '"H NMR spectrum (500 MHz) of a reaction mixture of Selectfluor (17.7 mg, 0.05 mmol) and
DMAP (6.1 mg, 0.05 mmol) in CD3CN (0.35 mL) after a reaction time of three days.

ST |

F1[ppm]

p : I I -
Figure S10. Superposition of 'H-'>’N-HMBC spectra. Red: HF (48%, 0.038 mL, 1.06 mmol) was added
to DMAP (6.1 mg, 0.05 mmol) in CD3CN (0.35 mL). Blue: Selectfluor (17.7 mg, 0.05 mmol) and DMAP

(6.1 mg, 0.05 mmol) in CD3CN (0.35 mL) after a reaction time of 3 days.
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YF NMR measurements show that HF is liberated very early after mixing the reactants (819r = -166 ppm,
see Figure S10). Right after mixing, additional, transient signals (d19r = -19 and -14 ppm, respectively)
are observed in the '°F NMR spectrum. These might originate from N-fluorinated species. However, we
have not been able to prove this beyond doubt. After a reaction time of (here) several days, these transient
signals have disappeared, and the '°F signal of HF has shifted slightly to (8i9r = -177 ppm, Figure S11).
In this regard, it has to be noted that the '°F chemical shift of HF depends strongly on its concentration,
the presence of H™ and other coordinating agents.
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Figure S11. '°F NMR (471 MHz) spectrum directly after mixing Selectfluor (17.7 mg, 0.05 mmol) and
DMAP (6.1 mg, 0.05 mmol) in CD3CN (0.35 mL). The large signal at ca. -150 ppm originates from BF4".
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Figure S12. '°F NMR spectrum (471 MHz) of a reaction mixture of Selectfluor (17.7 mg, 0.05 mmol)
and DMAP (6.1 mg, 0.05 mmol) in CD3CN (0.35 mL) after three days. Transient '°F signals, observed
right after mixing, have disappeared. Only the large signals of BF4 at ca. -150 ppm and HF at -177 ppm
are visible. 146
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Neutralization with NaOH converts HF into F~. Applied to the sample shown in Figure S11, still only two
19F signals are observed, confirming the presence of BF4 and F- (Figure S12). The amount of HF and F,
resp., increases with time. Calibrating the integral of the BF4-signal to 100%, the integrals of the HF
signals change from 20 % (after mixing), 26 % (after 4h) to 28% and reach 25% for the quenched F~signal.
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Figure S13: '°F NMR spectrum (471 MHz) of a reaction mixture of Selectfluor (17.7 mg, 0.05 mmol)
and DMAP (6.1 mg, 0.05 mmol) in CD3CN (0.35 mL) after 4 days after adding 0.2 ml 1M NaOH (0.2
mmol) for neutralization. The large signal at -150 ppm originates from of BFsand the signal at -120 ppm
originates from F~.
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5 Scope

General experimental procedure. An oven-dried vessel (19 x 100 mm) equipped with a stir bar was
charged with substrate (1.8 mmol, 1 equiv, 0.2 mM), 4-dimethylaminopyridine (3.6 mmol, 2 equiv.) and
Selectfluor. MeCN (9 mL) was added, the vessel was sealed stirred at room temperature for one hour.
HCI (10 mL, 1 M) was added and the mixture was extracted with diethylether (3 x 10 mL). The combined
organic phases were dried over Na;SOs, filtered and concentrated. The product was purified by column
chromatography (SiO>, Hexane/EtOAc or Hexane/MeOH) on a Grace™ Reveleris™ system.

F

. o)

11

2-Fluoro-2-(4-fluorophenyl)acetic acid (11). From 2-(4-fluorophenyl)acetic acid (277.45 mg, 1.8 mmol,
0.2 mM) using 4-(dimethylamino)-pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL MeCN.
The crude mixture was purified over silica with flash chromatography, using an eluent gradient of 5-20%
EA in hexane to afford the title compound as a white powder (221.8 mg, 1.3 mmol, 72%).

'H NMR (400 MHz, CDCls) & 8.84 (s, 1H), 7.49-7.46 (m, 2H), 7.15 — 7.07 (m, 2H), 5.81 (d, J = 47.2
Hz, 1H) ppm. 3C NMR (101 MHz, CDCl3) & 173.8 (d, J = 28.2 Hz), 163.7 (dd, J=249.5, 2.2 Hz), 129.4
(dd, J=21.1, 3.4 Hz), 129.0 — 128.8 (m), 116.2 (d, J = 22.1 Hz), 88.3 (d, J = 187.3 Hz) ’F NMR (376
MHz, CDCls) § -110.59— -110.67 (m) -179.54 (d, J = 46.8 Hz) ppm.

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

OH
o

F 12

2-fluoro-2-(3-fluorophenyl)acetic acid (12). From 2-(3-fluorophenyl)acetic acid (277.45 mg, 1.8 mmol,
0.2 mM) using 4-(dimethylamino)-pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL MeCN.
The crude mixture was purified over silica with flash chromatography, using an eluent gradient of 0—10%
EA in hexane to afford the title compound as a yellowish powder (160.0 mg, 0.93 mmol, 52%).

'H NMR (400 MHz, CDCl3) § 11.56 (s, 1H), 7.40— 7.35 (m, 1H), 7.26— 7.24 (m, 1H), 7.19 (d, J=9.2 Hz,
1H), 7.12— 7.07 (m, 1H), 5.80 (d, J = 47.1 Hz, 1H) ppm. *C NMR (101 MHz, CDCl3) § 174.3 (d, J =
27.5 Hz), 162.9 (d, J=247.9 Hz), 135.6 (dd, J = 27.9, 8.9 Hz), 130.8 (d, J= 8.2 Hz), 122.3 (dd, J = 6.6,
3.1 Hz), 117.1 (dd, J=21.0, 1.8 Hz), 113.8 (dd, J = 23.2, 6.9 Hz), 88.1 (dd, J = 188.6, 2.2 Hz) ppm. '°F
NMR (376 MHz, CDCl3) § -111.37, -183.17 (d, J = 47.3 Hz) ppm. HRMS (ESI) m/z calculated [M+2Na-
H] 217.0011, found, 217.0012.

148

S25



Supporting Information — Chapter 5

F

LY
e

13

2-Fluoro-2-(2-fluorophenyl)acetic acid (13). From 2-(2-fluorophenyl)acetic acid (277.45 mg, 1.8 mmol,
0.2 mM) using 4-(dimethylamino)-pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL MeCN.
The crude mixture was purified over silica with flash chromatography, using an eluent gradient of 0-10%
EA in hexane to afford the title compound as a yellowish powder (163.1 mg, 0.95 mmol, 53%).

"H NMR (400 MHz, CDCl3) & 8.87 (s, 1H), 7.55 — 7.40 (m, 2H), 7.27 — 7.09 (m, 2H), 6.13 (d, J = 48.5
Hz, 1H) ppm. 3C NMR (101 MHz, CDCl3) § 173.3 (dd, J = 28.1, 1.3 Hz), 160.4 (dd, J = 250.7, 4.4 Hz),
132.1 (dd, J = 8.3, 2.6 Hz), 128.9 (dd, /= 5.1, 2.6 Hz), 124.7 (dd, J= 4.1, 1.2 Hz), 121.2 (dd, J = 20.9,
13.9 Hz), 116.0 (d, J=20.9 Hz), 83.2 (dd, J = 185.6, 3.9 Hz) ppm. °F NMR (376 MHz, CDCl3) § -117.09
(m), -181.17 (d, J = 46.7 Hz) ppm. These data are in full agreement with those previously published in
the literature. ’

OH

F 14

2-(3,4-difluorophenyl)-2-fluoroacetic acid (14). From 2-(3,4-difluorophenyl)acetic acid (309.8 mg, 1.8
mmol, 0.2 mM), using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-
4-fluoro-1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9
mL MeCN. The crude mixture was purified over silica with flash chromatography, using an eluent
gradient of 0-10% EA in hexane to afford the title compound as white crystals (161.6 mg, 0.85 mmol,
47%).

'H NMR (400 MHz, CDCL3) § 7.39— 7.34 (m, 1H), 7.28 — 7.20 (m, 2H), 5.82 (d, J = 47.0 Hz, 1H) ppm.
13C NMR (101 MHz, CDCl3) § 174.2 (d, J = 27.8 Hz), 151.4 (ddd, J = 249.8, 10.5, 2.1 Hz), 150.6 (dd, J
=249.7, 12.1 Hz), 130.2 (ddd, J = 21.6, 5.8, 3.9 Hz), 123.2 (td, J = 6.7, 3.8 Hz), 118.1 (d, J = 17.8 Hz),
116.0 (dd, J = 18.9, 6.6 Hz), 87.6 (dd, J = 188.8, 1.5 Hz) ppm. '°F NMR (376 MHz, CDCls) & -135.10 —
-135.16 (m), -135.54 — -135.63 (m), -181.48 (d, J = 47.2 Hz) ppm. HRMS (ESI) m/z calculated [M+2Na-
H] 234.9911, found, 234.9918.

F
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2-(4-chlorophenyl)-2-fluoroacetic acid (15). From 2-(4-chlorophenyl)acetic acid (307.8 mg, 1.8 mmol,
0.2 mM), using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL MeCN.
The crude mixture was purified over silica with flash chromatography, using an eluent gradient of 0-10%
EA in hexane to afford the title compound as a white solid (286.7 mg, 1.5 mmol, 84%).

"H NMR (400 MHz, CDCl3) § 10.98 — 10.64 (m, 1H), 7.49 —7.38 (m, 4H), 5.83 (d, J=47.5 Hz, 1H) ppm.
BCNMR (101 MHz, CDCl3) § 174.1 (d, J=32.3 Hz), 136.1 (d, J=2.5 Hz), 131.8 (d,J=21.1 Hz), 129.2,
127.9 (d, J = 6.2 Hz), 88.0 (d, J = 188.2 Hz) ppm. '°F NMR (376 MHz, CDCl3) § -181.97 (d, J = 47.2
Hz) ppm. These data are in full agreement with those previously published in the literature.’
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2-(3-chlorophenyl)-2-fluoroacetic acid (16). From 2-(3-chlorophenyl)acetic acid (307.8 mg, 1.8 mmol,
0.2 mM) using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL MeCN.
The crude mixture was purified over silica with flash chromatography (30% EA in hexane) to afford the
title compound as a yellow oil (164.5 mg, 0.87 mmol, 48%).

"H NMR (400 MHz, CDCl3) § 7.47 (s, 1H), 7.39 — 7.34 (m, 3H), 5.77 (d, J=47.3 Hz, 1H) ppm. 3*C NMR
(101 MHz, CDCl3) 6 168.6 (d, J=27.3 Hz), 136.1 (d, J=21.0 Hz), 134.9, 130.23, 129.9 (d, /= 1.8 Hz),
126.8 (d, J= 6.8 Hz), 124.8 (d, J = 6.3 Hz), 88.6 (d, J = 187.2 Hz) ppm. '’F NMR (376 MHz, CDCl3) § -
182.24 (d, J = 47.4 Hz) ppm. These data are in full agreement with those previously published in the
literature.’

F
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2-(2-chlorophenyl)-2-fluoroacetic acid (17). From 2-(2-chlorophenyl)acetic acid (307.8 mg, 1.8 mmol,
0.2 mM) using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL MeCN.
The crude mixture was purified over silica with flash chromatography (30% EA in hexane) to afford the
title compound as a yellowish powder (274.5 mg, 1.5 mmol, 81%).

'"H NMR (400 MHz, MeOD-ds): § 7.57-7.35 (m, 4H), 6.24 (d, J = 46.8 Hz, 1H) ppm. *C NMR (100
MHz, MeOD-d4): § 170.1 (d, J=27.4 Hz), 133.5 (d, J=4.1 Hz), 132.9 (d, J=20.2 Hz), 130.9 (d, /= 2.6
Hz), 129.7 (d, J= 1.1 Hz), 128.8 (d, J = 5.5 Hz), 127.2 (d, J = 1.2 Hz), 86.1 (d, J = 182.1 Hz) ppm. '°F
NMR (376 MHz, MeOD-ds): § -180.44 (d, J = 45.7 Hz) ppm. HRMS (ESI) m/z calculated [M+2Na-H]
232.9711, found, 232.9720.

Cl F

©jKNOH
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2-(2-chloro-6-fluorophenyl)-2-fluoroacetic acid (18). From2-(2-chloro-6-fluorophenyl)acetic acid
(339.44 mg, 1.8 mmol, 0.2 mM), using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and
1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol,
1.2 equiv.) in 9 mL MeCN. A yield of 64% was determined by '"H NMR, using dimethyl maleate as an
internal standard. The product could not be separated from the substrate by column chromatography.
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2-(4-bromophenyl)-2-fluoroacetic acid (19). From 2-(4-bromophenyl)acetic acid (387.9 mg, 1.8 mmol,
0.2 mM), using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL MeCN.
The crude mixture was purified over silica with flash chromatography (40% EA in hexane) to afford the
title compound as white powder (254.5 mg, 1.2 mmol, 61%).

'H NMR (400 MHz, CDCls): § 7.58 (d, J = 7.8 Hz, 2H), 7.38 (d, J = 8.2 Hz, 2H) 5.81 (d, J = 47.0 Hz,
1H) ppm. 3C NMR (101 MHz, CDCl3) § 172.8 (d, J = 27.8 Hz), 133.1 (d, J = 20.8 Hz), 132.7 (d, J =
21.0 Hz), 132.2, 128.3 (d, J = 5.8 Hz), 124.3 (d, J = 2.5 Hz), 88.8 (d, J = 186.4 Hz), 88.3 (d, J = 187.2
Hz) ppm. ’F NMR (376 MHz, CDCls) § -182.43 (d, J = 49 Hz) ppm. These data are in full agreement
with those previously published in the literature.®

OH

Br 20

2-(3-bromophenyl)-2-fluoroacetic acid (20). From 2-(3-bromophenyl)acetic acid (387.9 mg, 1.8 mmol,
0.2 mM), using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo[2.2.2]Joctanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL MeCN.
The crude mixture was purified over silica with flash chromatography (40% EA in hexane) to afford the
title compound as white powder (157.6 mg, 0.68 mmol, 38%)).

'H NMR (400 MHz, CDCl3) 6 10.94 (s, 1H), 7.61 (s, 1H), 7.53— 7.51 (m, 1H), 7.40— 7.37 (m, 1H), 7.28—
7.24 (m, 1H) 5.76 (d, J=47.1 Hz, 1H) ppm. *C NMR (101 MHz, CDCl3) § 174.0 (d, J=27.7 Hz), 135.5
(d, J=20.8 Hz), 133.2 (d, /= 1.8 Hz), 130.6, 129.6 (d, /= 6.8 Hz), 125.2 (d, /= 6.3 Hz), 123.0, 87.9 (d,
J =188.8 Hz) ppm. "’F NMR (376 MHz, CDCl3) § -183.16 (d, J = 46.9 Hz) ppm. These data are in full
agreement with those previously published in the literature.®

F
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2-(2-bromophenyl)-2-fluoroacetic acid (21). From 2-(2-bromophenyl)acetic acid (387.9 mg, 1.8 mmol,
0.2 mM), using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL MeCN.
The crude mixture was purified over silica with flash chromatography (40% EA in hexane) to afford the
title compound as white powder (212.6 mg, 0.91 mmol, 51%).

"H NMR (400 MHz, CDCl3) § 7.63 (d, J= 8.1 Hz, 1H), 7.54 -7.51 (m, 1H), 7.42 — 7.37 (m, 1H), 7.32 —
7.28 (m, 1H), 6.28 (d, J = 46.3 Hz, 1H) ppm. '*C NMR (101 MHz, CDCls) & 172.9 (d, J = 28.1 Hz),
133.4,133.3 (d, J=20.7 Hz), 131.5 (d, /= 2.5 Hz), 128.7 (d, /= 6.2 Hz), 128.0, 123.4 (d, /= 4.7 Hz),
87.9 (d, J = 186.9 Hz) ppm. ’F NMR (376 MHz, CDCl;3) & -180.05 (d, J = 46.2 Hz) ppm. HRMS (ESI)
m/z calculated [M+2Na-H] 276.9211, found, 278.9203.
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2-Fluoro-2-(perfluorophenyl)acetic acid (22). From 2-(perfluorophenyl)acetic acid (406.9 mg, 1.8
mmol, 0.2 mM), using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-
4-fluoro-1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9
mL MeCN. The crude mixture was purified over silica with flash chromatography, using an eluent
gradient of 0-10% EA in hexane to afford the title compound as yellow oil (163.8 mg, 0.67 mmol 38%).

"HNMR (400 MHz, DMSO0) § 14.17 (s, 1H), 6.48 (d, J=44.7 Hz, 1H) ppm. '*C NMR (101 MHz, DMSO)
8 167.5 (d, J=26.0 Hz), 146.1, 143.6, 140.7, 138.5, 136.02 109.4 (d, J= 17.0 Hz), 78.6 (d, J = 185.2 Hz)
ppm. "’F NMR (376 MHz, DMSO) & -142.28 — -142.42 (m), -149.81 — -151.43 (m), -160.86 — -161.85
(m), -180.97 (d, J = 44.5 Hz) ppm. HRMS (ESI) m/z calculated [M+2Na-H], 288.9711 found, 288.9639.
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2-fluoro-2-(4-iodophenyl)acetic acid (23). From 2-(4-iodophenyl)acetic acid ( 225.8 mg, 1.8 mmol, 0.2
mM), using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-fluoro-1,4-
diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL MeCN.
The crude mixture was purified over silica with flash chromatography, using an eluent gradient of 0—10%
EA in hexane to afford the title compound as a white solid (86.2 mg, 0.31 mmol, 35%).

"H NMR (400 MHz, CDCls) & 7.80 (d, J = 7.6 Hz, 2H), 7.26 (d, J = 8.7 Hz, 2H), 5.81 (d, J = 47.2 Hz,
1H) ppm. 3C NMR (101 MHz, CDCl3) § 173.9 (d, J = 27.6 Hz), 138.2, 133.1 (d, J = 20.9 Hz), 128.4 (d,
J=6.2Hz),96.3 (d,J=2.7 Hz), 88.3 (d, J = 188.1 Hz) ppm. '°F NMR (376 MHz, CDCls) § -182.15 (d,
J=47.0 Hz) ppm. HRMS (ESI) m/z calculated [M+2Na-H] 324.9111, found, 324.9089.
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2-Fluoro-2-(4-(trifluoromethyl)phenyl)acetic acid (24). From 2-(4-(trifluoromethyl)phenyl)acetic acid
(367.47 1.8 mmol, 0.2 mM) using 4-(dimethylamino) pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-
chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2Joctanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2
equiv.) in 9 mL MeCN. The crude mixture was purified over silica with flash chromatography (10% EA
in hexane) to afford the title compound as yellow crystals (343.3 mg, 1.55 mmol, 86%).

"H NMR (400 MHz, CDCl3) § 11.54 (s, 1H), 7.83 — 7.50 (m, 4H), 5.90 (d, J = 47.1 Hz, 1H) ppm. '*C
NMR (101 MHz, CDC13) 6 173.9 (d, J=27.2 Hz), 137.2 (d, J=21.1 Hz), 132.7-131.7 (m), 126.9 (d, J =
6.7 Hz), 126.0 (d, J= 3.8 Hz), 88.1 (d, J = 189.0 Hz) ppm. '°F NMR (376 MHz, CDCl;) § -62.95, -185.25
(d, J=47.3 Hz) ppm. These data are in full agreement with those previously published in the literature.®
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2-fluoro-2-(3-(trifluoromethyl)phenyl)acetic acid (25). From 2-(3-(trifluoromethyl)phenyl)acetic acid
(367.47 mg, 1.8 mmol, 0.2 mM) using 4-(dimethylamino)-pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and
1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol,
1.2 equiv.) in 9 mL MeCN. The crude mixture was purified over silica with flash chromatography using
an eluent gradient of 0-20% EA in hexane to afford the title compound as a yellowish powder (126.6 mg,
0.57 mmol, 32%).

"H NMR (400 MHz, CDCl3) § 9.67 (s, 1H), 7.79 (s, 1H), 7.72 (d, J = 7.9 Hz, 2H), 7.59 (t, J = 7.8 Hz,
1H), 5.93 (d, J=47.2, 1H) ppm. *C NMR (101 MHz, CDCl3) 6 173.2 (d,J=27.2 Hz), 134.3 (d,J=21.4
Hz), 131.3 (q, J=32.9 Hz), 129.7 (d, J= 6.5 Hz), 129.5, 126.8— 126.7 (m), 123.2— 123.3 (m), 87.9 (d, J
= 188.9 Hz) ppm.'’F NMR (376 MHz, CDCl;) § -62.81, -184.25 (d, J = 46.7 Hz) ppm. HRMS (ESI) m/z
calculated [M+2Na-H] 267.0011, found, 266.9985.
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2-fluoro-2-(4-nitrophenyl)acetic acid (26). From 2-fluoro-2-(4-nitrophenyl)acetic acid (326.07 mg, 1.8
mmol, 0.2 mM) using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-
fluoro-1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL
MeCN. A vyield of 87% was determined by '"H NMR, using dimethyl maleate as an internal standard.
Isolation was not possible, because the title compound decomposed during column chromatography.
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2-fluoro-2-phenylacetic acid (27). From 2-phenylacetic acid (245.07 mg, 1.8 mmol, 0.2 mM), using 4-
(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-fluoro-1,4-
diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL MeCN.
The crude mixture was purified over silica with flash chromatography (5% EA in hexane) to afford the
title compound as white crystals (136.8 mg, 0.89 mmol, 49%).

"H NMR (400 MHz, CDCI3): § 10.40 (s, 1H) 7.61-7.33 (m, 5H), 5.86 (d, J = 47.4 Hz, 1H) ppm. *C NMR
(101 MHz, CDCl3) 6 174.6 (d, J = 28.0 Hz), 133.5 (d, J = 20.4 Hz), 130.1 (d, J = 2.2 Hz), 129.0, 126.8
(d,J=6.1 Hz), 88.9 (d, J = 186.6Hz) ppm. '’F NMR (376 MHz, CDCls): § -180.82 (d, J = 47.5 Hz) ppm.
These data are in full agreement with those previously published in the literature.®
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2-(|1,1'-biphenyl]-4-yl)-2-fluoroacetic acid) (28). From 2-([1,1'-biphenyl]-4-yl)acetic acid (382.05 mg,
1.8 mmol, 0.2 mM) using 4-(dimethylamino)-pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and I-
chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2
equiv.) in 9 mL MeCN. The crude mixture was purified over silica with flash chromatography using an
eluent gradient of 5-10 % EA in hexane to afford the title compound as a yellowish powder (308.7 mg,
1.34 mmol, 75%).

"H NMR (400 MHz, MeOD) § 7.68 (d, J= 7.7 Hz, 2H), 7.63 (d, J= 8.3 Hz, 2H), 7.55 (d, J = 8.0 Hz, 2H),
7.44 (t,J = 7.3 Hz, 2H), 7.35 (t,J = 6.6 Hz, 1H), 5.90 (d, J= 47.9 Hz, 1H *C NMR (100 MHz, MeOD-
ds): 6 170.8 (d, J=28.0 Hz), 141.2 (d, J=214.3 Hz), 134.0 (d, J = 20.4 Hz), 128.6 — 126.6 (m), 88.9 (d,
J=182.1 Hz) ppm. '°F NMR (376 MHz, MeOD-d4): & -179.43 (d, J = 47.5 Hz) ppm. These data are in
full agreement with those previously published in the literature.’
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2-(4-(tert-butyl)phenyl)-2-fluoroacetic acid (29). From 2-(4-(tert-butyl)phenyl)acetic acid (346.06mg,
1.8 mmol, 0.2 mM), using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-
chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]Joctanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2
equiv.) in 9 mL MeCN. The crude mixture was purified over silica with flash chromatography, using an
eluent gradient of 0—10% EA in hexane to afford the title compound as white crystals (185.4 mg, 0.88
mmol, 49%).

'H NMR (400 MHz, CDCl3) § 10.50 (s, 1H), 7.48 — 7.39 (m, 4H), 5.80 (d, J = 47.5 Hz, 1H) 1.33 (s, 9H)
ppm. 3C NMR (101 MHz, CDCl3) § 174.7 (d, J = 28.3 Hz), 153.4 (d, J= 2.3 Hz), 130.5 (d, /= 20.6 Hz),
126.7 (d, J = 5.7 Hz), 126.0, 88.8 (d, J = 186.1 Hz), 34.9, 31.3 ppm. '’F NMR (376 MHz, CDCl3) § -
179.39 (dé J =47.5 Hz) ppm. These data are in full agreement with those previously published in the
literature.

/ S (0]

=
OH

30

2-fluoro-2-(thiophen-2-yl)acetic acid (30). From 2-(thiophen-2-yl)acetic acid (255.02 mg, 1.8 mmol,
0.2 mM), using 4-(dimethylamino)pyridine (439.8 mg, 3.6 mmol, 2 equiv.) and 1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate) (765.2 mg, 2.16 mmol, 1.2 equiv.) in 9 mL MeCN.
The yield of 83% was determined by '"H NMR, using dimethyl maleate as an internal standard. Isolation
was not possible, because the title compound decomposed during column chromatography.
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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. https://doi.org/10.1021/acs.orglett.2c02050
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1. General remarks

Substrates, reagents, and solvents were purchased from commercial suppliers and used without
further purification unless otherwise noted. N-Boc proline was lyophilized for 24h prior to use to
remove residual water. N-tert-butylisopropylamine (BIPA) was prepared according to literature
procedure.” "H- and "3C-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. Standard NMR quantification was through Varian 400 MHz spectrometer, with the following
settings: Acquisition points (complex points) 16384; Acquisition time 2.556s; Relaxation delay 1.000s;
Receiver gain as autogain (default 30); Spectral width 16.0 ppm; 128 scans. Peaks are reported as: s
= singlet, d = doublet, t = triplet, q = quartet, m = multiplet or unresolved, with coupling constants in
Hz. No thin-layer or otherwise silica-based chromatography was performed in the course of these
experiments. Lamps (A160, 40W maximum) were purchased from Kessil and used as received. In
situ FTIR analysis was performed with a ReactiR™ 15 (Mettler-Toledo) console, with a DST 9.5mm
SiComp™ probe attached. Data processing from in situ FTIR analysis was performed in Microsoft

Excel. Graphs were presented in Microsoft Excel or Origin.

2. General procedures and analysis for in situ ReactIR experiments

2.1.1 Considerations before experiments

Roughly two hours prior to each experiment, the ReactIR console was purged and filled with liquid
nitrogen. A background spectrum was recorded shortly before attaching the reaction vessel to the
ReactIR probe. To maintain a constant operating temperature during the course of longer
experiments, the ReactIR console was replenished with new liquid nitrogen every 12 hours.

The 440 nm lamp was permanently affixed to a metal rod such that the edge of the lamp was 3.5 cm
from the middle of the diameter of the ReactIR probe. During our initial studies we found that the
greatest source of error derived from inconsistencies in lamp distance and orientation. As such,
neither the 440 nm lamp nor ReactIR probe were moved nor disturbed during the months required for

data collection.

2.1.2 General experimental procedure
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A custom-made vial with a sidearm attached (19 x 100 mm, see Figure S1) was equipped with a stir
bar and charged with photocatalyst, N-Boc proline, and aryl iodide. Subsequently, DMSO (anhydrous,
3 mL), NiClz2-glyme and dtbbpy from a stock solution, and BIPA were added. Both necks of the vial
were sealed with septa and Parafilm. The reaction mixture was sonicated for 5 min followed by
stirring for 5-10 min until fine dispersion of the solids was achieved. The flask was then transported to
the ReactIR where the larger septum was removed and the vessel immediately attached to the probe.
To ensure an airtight seal, a PTFE adapter was affixed to the probe, to which the vessel was snugly
attached. The vessel was continually degassed with Ar for 15 minutes through the sidearm with thin
needles. The mixture was stirred for 5 minutes again to re-ensure mixing of the components while
data collection started on the ReactIR. After this period the 440 nm lamp was turned on, and this

initiation time was marked with the ReactIR proprietary software.

2.1.3 General experimental procedure for delayed injection experiments

A custom-made vial with a sidearm attached (19 x 100 mm, see Figure S1) was equipped with a stir
bar and charged with all reaction components except for one. Both necks of the vial were sealed with
septa and Parafilm. The reaction mixture was sonicated for 5 min followed by stirring for 5-10 min
until fine dispersion of the solids was achieved. The flask was then transported to the ReactIR, where
the larger septum was removed and the vessel immediately attached to the probe. To ensure an
airtight seal, a PTFE adapter was affixed to the probe, to which the vessel was snugly attached. The
vessel was continually degassed with Ar for 15 minutes through the sidearm with thin needles. The
mixture was stirred for 5 minutes again to re-ensure mixing of the components while data collection
started on the ReactIR. After this period the 440 nm lamp was turned on to 100% power, and this
initiation time was marked with the ReactIR proprietary software. After five minutes, the last

component (in a DMSO solution) was injected.

2.1.4 Considerations after experiments

To aid in separation of peaks, a negative second derivative function was applied to the raw ReactIR
absorbance data. After subtraction of reference spectra, the product peak arrives at ~1764 cm™ while
disappearance of the starting material can be observed at a peak around ~761 cm™'. Raw data from
iCiR was ported to Excel (Microsoft) for processing. Final data were then plotted in Excel (Microsoft)
or OriginPro 2015 (OriginLab).
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Initial concentrations of all starting materials were determined from reaction stoichiometry. Final
concentration of the product was determined from 'H-NMR analysis. This method was validated as

described in Section 3.

Figure S1. (A) Vessel used for kinetics experiments with sidearm attached to enable degassing after
attachment to the ReactIR probe. (B) Setup shown without attached vessel. As our largest source of
error was found to derive from inconsistency in lamp placement, a secured lamp and probe were left
unchanged for all experiments in this study.

2.2 NMR analysis of reactants, products, and side products

PC Boc\N
| NiCl,+glyme H OH
O“(OH dtbbpy o}
0. O. (o)
Me” N _O. o] Me” Me”
Boc 0 BIPA Me’
o DMSO Ie) o o]
100 mM 150 mM 440 nm lamp (100%)
1 2 3 8 9

Sample NMRs are shown below.
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Sample completed, selective reaction.

3. On the validity and reproducibility of data

3.1 Ensuring Validity of data

3.33 mg/mL CN-OA-m Boc\

NiClye glyme (O 2 mM)
100 mM 1,3,5- trnmethoxybenzene Me
BIPA (300 mM)

100 mM 150 mM DMSO (3.0 mL)
1 2 440 nm lamp (100%) 8 9

Scheme S1. Experiment to independently validate the method.

-10

S

ro

An experiment following the general procedure outlined (see 2.1.2) above was conducted, according

to the stoichiometry in Scheme 1. Notably, added to the normal reaction mixture was 100 mM 1,3,5-

trimethoxybenzene, the internal standard used for all ex situ NMRs.
Upon initiation of light and periodically thereafter, small aliquots were withdrawn. The timepoints of

these aliquots were noted, and each aliquot was analyzed with "H-NMR.
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Previously we have demonstrated that final NMR yield of these reactions is accurately reflected by

isolated yield.? As such, NMR can be considered a reliable benchmark for comparison of our in situ

method.

ReactIR yield was calculated from raw absorbance data that was normalized and scaled, tethered to

the final NMR yield. The overlay below between two completely independent methods indicates that

ReactIR is a competent measure of reaction progress.

[3] (mM)

Time
(min)
0
30
60
90
150
210
270
330

100

50

T T T T T
60 120 180 240 300 360 420

Time (min)

Figure S2. Correlation of NMR and IR vyield.

:\(I:Z:: YiI:I d Difference NS“ICIR Total mass balance
0 0 0 98 98
8 6.2 1.8 87 95
26 22.7 3.3 72 98
40 40.7 -0.7 57 97
64 64.4 -04 33 97
69 83 -14 18 87
88 93.2 -5.2 6 94
96 97.7 -1.7 2 98

Table S1. NMR was used to validate in situ infrared tracking as a valid experimental technique to determine reaction

progress.
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3.2 Ensuring reproducibility of data

Frequently experiments were repeated to ensure that data was reproducible. Below are shown one

example of such a data set.

Supporting Information — Chapter 7

In general, for data sets that were to be compared with one another, the same stock solution of
NiCl2eglyme and dtbbpy was used. As stated above, the lamp was secured and unmoved during the
course of all experiments for this work. Those two factors were paramount for reproducible data

collection.
|
071/@/ [HOH
Me” N
fo) Elmc o
100 mM 150 mM
1 2

100

80

60

(3] (mM)

40

20

3.33 mg/mL CN-OA-m Boc<
NiClyeglyme (0 1 mM)

DMSO

el v gy
BIPA(SOOmM) )p/

(0]

440 nm lamp (100%)

60

3 8 9

120 180 240 300 360 420 480

Time (min)

Figure S3. Photon-unlimited, heterogeneous reactions run in quadruplicate to verify reproducibility.

Entry
jam260
jam264
jam266
jam267

(1]

w O O o

[3] [8] [9] Total
91 4 4 99
92 4 4 100
91 4 5 100
89 3 2 97

Table S2. Tabulated yields and side products from quadruplicate quality

Two of these NMRs are shown below.

control testing.
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4. Graphitic carbon nitride (heterogeneous) as photocatalyst: Photon-limited
regime
4.1 Effect of lamp power

Following the general procedure outlined above, the four different settings on the 440 nm lamp were
tested.

3.33 mg/mL CN-OA-m Boc\

| NiCly+glyme (10 mM)
\n/©/ [HOH dtbbpy (10 mM)
Me o Elioc (e} BIPA (300 mM)
DMSO (3.0 mL)
100 mM 150 mM 440 nm lamp (X% power)
1 2 3 8 9
100 4 i
‘ﬂ?.‘.\.*.-l,’b(.i'ml&
L
-‘\.}
4
=5
Jf

= iy

E i

E 504 ;! . .

2!
ii
i « 100% power
i
’.:."
0 T

0 60 1 éO 1 éO 2:10 3(I)0 3(|50 450 4€|30

Time (min)
Figure S4. Effect of lamp power on reaction speed. In order to best saturate the nickel catalyst with excited
photocatalytic species, the highest lamp setting was chosen for “photon-unlimited” experiments in this study.

50% power was used for the “photon-limited” studies due to slightly advantageous vield.

Entry Lamp [1] [3] [8] [9] Total
jam176 25 0 89 3 3 95
jam178 50 0 94 2 3 99
jam179 75 0 89 3 2 94
jam180 100 0 90 3 2 95

Table S3. Tabulated yields and side products from screening lamp power.
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4.2 Cursory examination of induction period

A custom-made vial with a sidearm attached (19 x 100 mm, see Figure S1) was equipped with a stir
bar and charged with all reaction components except for one. Both necks of the vial were sealed with
septa and Parafilm. The reaction mixture was sonicated for 5 min followed by stirring for 5-10 min
until fine dispersion of the solid photocatalyst was achieved. The flask was then transported to the
ReactIR, where the larger septum was removed and the vessel immediately attached to the probe. To
ensure an airtight seal, a PTFE adapter was affixed to the probe, to which the vessel was snugly
attached. The vessel was continually degassed with Ar for 15 minutes through the sidearm with thin
needles. The mixture was stirred for 5 minutes again to re-ensure mixing of the components while
data collection started on the ReactIR. After this period the 440 nm lamp was turned on to 100%
power, and this initiation time was marked with the ReactIR proprietary software. After five minutes,

the last component (in a DMSO solution) was injected.

3.33 mg/mL mg CN-OA-m Boos
I NiCl,*glyme (10 mM) H OH
\[(©/ D\«w dtbbpy (10 mM) o o o
- N Me” Me”
He Boc © BIPA (300 mM) Me® S I I
© DMSO (3.0 mL) o
100 mM 150 mM 440 nm lamp (100%)
1 2 3 8 9
[ ] ul
. P 100
(A) : L (B)
.
= L " : -
L]
204 - T n "
- " mn
% TTTRLL "a %
£ . £
) n" e delayed 2 =

. . = delayed Ni-L
a L]
o408 . " = delayed BIPA 3
oA
0 5 10 15 20 25 30 0 60 120 180 240
Time (min) Time (min)

Figure S5. Delayed injection experiments in order to obtain rough information about what contributes to
the induction period. Immediate, positive-order kinetics are observed upon delayed injection of the nickel
and of the aryl iodide. Delayed injection of proline retains the induction period. Delayed injection of the
base results in catalyst activation-type behavior. (A) First 30m, zoomed. (B) Complete reaction.
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Entry Delayed reagent [1] [3] [8] [9] Total
jam183 aryl iodide (1) 0 80 4 3 87
jam182  N-Boc proline (2) 0 91 3 1 95
jam184 Ni-L 0 90 3 2 95
jam185b Base (BIPA) 0 91 3 1 95

Table S4. Tabulated yields and side products from delaying injections of reagents.

4.3 Order of catalyst, photon-limited

Following the delayed injection procedure (see section 2.1.3 — Ni-L delayed) described above,
experiments were conducted varying only the concentration of nickel and ligand.

3.33 mg/mL CN-OA-m BOC\

| NiCl,eglyme (X mM) OH
OH dtbbpy (X mM)
M -0 N
¢ |'3 [¢] BIPA (300 mM)
© ¢ DMSO (3.0 mL)
100 mM 150 mM 440 nm lamp (50% power)
1 2 3 8 9
100
s
E
E 50 ° 5mM
®* 10mM
® 15mM
® 20mM

0 60 120 180 240 300 360 420 480
Time (min)
Figure S6. In the photon-limited regime, catalyst concentration has no effect on product-forming

rate, and is therefore zero-order. Delayed injection of NiClzeglyme and dtbbpy solution was used to
assist potential VTNA manipulations, which were not used in this instance.
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Entry [NieL] [1] [3] [8]
jam209 5 0 96 3
jam208b 10 0 92 3
jam210 15 0 94 2
jam211 20 0 91 3

[9] Total
2 101
3 98
2 98
2 96

Table S5. Tabulated yields and side products from varying catalyst order in photon-limited

regime.

4.4  Effect of photocatalyst

Following the delayed injection procedure (see section 2.1.3 — Ni-L delayed), two experiments were

conducted varying only the amount of photocatalyst.

X mg/mL CN-OA-m Boc\N
| NiCly+glyme (5 mM) o
o\'(@/ Oj(cm dtbbpy (5 mM)
_ >
< N
Me Lo © BIPA (300 mM) Me° o
0 oc DMSO (3.0 mL) a
100 mM 150 mM 440 nm lamp (100%)
1 2 3
100
s
E
&= 507 * 3.33 mg/mL g-CN
® 6.66 mg/mL g-CN
0 T T 1 1
0 60 120 180 240
Time (min)

Figure S7. In the photon-limited regime, doubling the amount of
photocatalyst has no effect on reaction rate. Delayed injection of
NiClzeglyme and dtbbpy solution was used to assist potential VTNA
manipulations, which were not used in this instance.
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Entry PC loading [1] [3] [8] [9] Total
jam220 3.33 mg/mL 0 95 2 1 98
jam221 6.66 mg/mL 0 91 4 3 98

Table S6. Tabulated yields and side products from varying photocatalyst loading.

4.5 Same excess

Following the delayed injection procedure (see section 2.1.3 — Ni-L delayed), two experiments were
conducted with the same “excess” (50 mM) between [1]o and [2]o.

Boc.

3.33 mg/mL CN-OA-m N
| NiCl,+glyme (5 mM) H OH
[HOH dtbbpy (5 mM) 0o o o
—_—
Me~© N o o Me” Me”
Boc © BIPA (300 mM) Me” 0 0
o DMSO (3.0 mL) o
X mM X + 50 mM 440 nm lamp (50% power)
1 2 3 8 9

100

e 100 mM Arl, 150 mM RCOOH
50 mM Arl, 100 mM RCOOH

50 mM Arl, 100 mM RCOOH
(time-shifted)

(¢}

50

(1] (mM)

0 60 120 180 240 300 360 420 480
Time (min)

Figure S8. Overlay indicates no significant amount of catalyst deactivation
or product inhibition in conditions outside of the linear absorption regime.

Entry [1]o [1] [3] [8] [9] Total
jam209 100 0 96 3 2 101
jam214 50 0 45 2 2 49

Table S7. Tabulated yields and side products from photon-limited same excess
experiment.
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4.6  Different excess, aryl iodide

Following the delayed injection procedure (see section 2.1.3 — Ni-L delayed), experiments were
conducted varying only the concentration of [1].

3.33 mg/mL CN-OA-m Boc\
| NiCl,+glyme (5 mM) OH
)p/ O\‘(OH dtbbpy (5 mM)
-0 N
Me Boe O BIPA (300 mM)
o DMSO (3.0 mL)
X mM 100 mM 440 nm lamp (50% power)
1 2 3 8 9
Y /""’— “l (B
* 150 mM [1]
— ° —
S 50 mM [1] S
E E
) & 50

0 60 150 1é0 2“10 3(IJO 3é0 0 GIO 150 1!|30 2;10 360 3é0 Aél) 460 5¢I10 660 660
Time (min) t-mod
Figure S9. (A) Different excess experiments in the photon-limited regime show a positive-order

dependence on [1]. (B) VTNA analysis shows best overlay at a coefficient of 0.5, indicating that rate
~[Arl]05

Entry [1]o [1] [3] [8] [9] Total
jam214 50 0 45 2 2 49
jam216 150 26 99 2 15 142

Table S8. Tabulated yields and side products from photon-limited different excess
experiment.
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4.7 Different excess, N-Boc proline

Following the delayed injection procedure (see section 2.1.3 — Ni-L delayed), experiments were
conducted varying only the concentration of [2].

3.33 mg/mL CN-OA-m Boc\N
| NiCl,+glyme (5 mM) H OH
O\«OH dtbbpy (5 mM) 0 o o
_—
Me”® N o) o Me” Me”
Boc © BIPA (300 mM) Me” g I
0 DMSO (3.0 mL) 3
100 mM X mM 440 nm lamp (50% power)
1 2 3 8 9
100+ 100 =,
%
(A) 'y (B)
R
A
@ = Y
%01 Fi °* 100 mM[2] 50 %,
/ ,,
5 * 150 mM [2] 9
£ F
P .
Fa L
tan
J/ o O
o T T T T T 1 O T T T T T 1
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time (min) Time (min)

Figure $10. Different excess experiments in the photon-limited regime show a likely zero-order
dependence on [2]. (A) Product formation. (B) Disappearance of substrate 1.

Entry [2]o [1] [3] [8] [9] Total
jam209 150 0 96 3 2 101
jam215 100 0 83 2 1 86

Table S9. Tabulated yields and side products from photon-limited different excess
experiment.
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5. Graphitic carbon nitride (heterogeneous) as photocatalyst: Photon-
unlimited regime

5.1 Towards a photon-unlimited regime

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentration of nickel and ligand. Initial rates were determined with a Savitsky-
Golay filter at the t = 15 min data point.

3.33 mg/mL CN-OA-m Boc\
| NiClyeglyme (X mM)
\(@/ [HOH __dtbbpy (XmM) WQ/ \'(©/
o)
4 N
Me Elioc [0) BIPA (300 mM)
o DMSO (3.0 mL)
100 mM 150 mM 440 nm lamp (100% power)
1 2 8 9

(Plot shown in Figure 2A.)
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5.2 Catalyst order

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentration of nickel and ligand.

3.33 mg/mL CN-OA-m N

[ NiClyeglyme (X mM) H OH

O‘«OH dtbbpy (X mM) o o o
_—
Me’0 N o) o Me” Me”
! O BIPA (300 mM) Me”
o) Boc (¢] (o}
DMSO (3.0 mL) I}
100 mM 150 mM 440 nm lamp (100% power)
1 2 3 8 9

100 100
§ —~
£ =
) E

50 - o

*  0.15 mM [Ni-L]
*  0.20 mM [NisL]
*  0.25mM [Nisl]

0 . . . , .
0 30 60 20

t[cat]®®

T T T T 1
0 60 120 180 240 300 360
t[cat]®

100 100 -

[3] (mM)
[3] (mM)

0 T T g 1 0 T T
0 30 60 0 10 20 30
t[cat]' t[cat]'s

Figure S11. VTNA overlay indicates Ni-L is first order.
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Entry  [NisL] (mM)  [1] 3] 8] 19] Total
jam281 0.15 0 85 5 5 95
jam278 0.20 0 88 5 6 99
jam284 0.25 0 87 4 5 96

Table S10. Tabulated yields and side products from photon-unlimited catalyst order
experiments.

5.3 Same excess

Following the general procedure described above (see Section 2.1.2), experiments were conducted
with the same excess (defined as [2]o — [1]o; in this case 50 mM) but different initial concentrations.

3.33 mg/mL CN-OA-m Boc..

| NiCly+glyme (X mM) N H OH
[HOH dtbbpy (X mM) 0 o o
_— =
me”© N o o Me” Me”
Boc © BIPA (300 mM) Me” 0 0
o DMSO (3.0 mL) o
X mM X + 50 mM 440 nm lamp (100% power)
1 2 3 8 9

(Plot shown in Figure 2B.)

Entry [1]o [1] [3] [8] [9] Total
jam278 100 0 88 5 6 99
jam287 50 0 41 4 4 49

Table S11. Tabulated yields and side products from photon-unlimited same excess
experiments.
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5.4 Different excess experiments, aryl iodide

5.4a General procedure

Following the general procedure described above (see Section 2.1.2), experiments were conducted
varying only the concentration of [Arl].

3.33 mg/mL CN-OA-m Boc.,

| NiCl,*glyme (0.2 mM) N H OH
MOH dtbbpy (0.2 mM) 0 o .
—_—
Me”© N o) o) Me” Me”
Boc O BIPA (300 mM) Me” a a
o DMSO (3.0 mL) 5
X mM 150 mM 440 nm lamp (100% power)
1 2 3 8 9
100 4 g ianel 100 (B)
o~ * 50mMI[1]
_ * 100mM[1] -
z z
= ®* 150mM[1] £
& 501 [1] & 501
( * 200 mM[1]
,}""
O T T T T T T 1 0 I T T T T T T T T 1
0 60 120 180 240 300 360 420 0 60 120 180 240 300 360 420 480 540
Time (min) A

Figure S$12. Attempted VTNA overlay was found to be
difficult, likely due to the presence of an induction period.
(A) Unprocessed [3] vs t data. (B) Best VTNA fit between

coefficient 0.3 and 0.4.

Entry [1]o [1] [3] [4] [5] Total
amCN6 50 0 45 3 3 51
amCN4 100 0 96 3 4 103
amCN5 150 25 102 6 14 147
amCN9 200 87 102 3 7 199

Table S12. Tabulated yields and side products from photon-unlimited aryl iodide order experiments.
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5.4b Delayed injection procedure

3.33 mg/mL CN-OA-m Boc.,

I NiClyglyme (0.2 mM) N H OH
o o o
7 N e d
Me éoc o) BIPA (300 mM) Me,07(©/ e} Me’ Me’
0 DMSO (3.0 mL) g 0 o
X mM 150 mM 440 nm lamp (100% power)
1 2 3 8 9

Following the delayed injection procedure (see section 2.1.3 — Ni-L delayed) described above,
experiments were conducted varying only the concentration of [Arl]. Procedure B (delayed injection)

was used.

100 100

(B)

(A)

[3] (mM)
[3] (mM)

504

e 50 mM[1]
* 100 mM [1]
* 150 mM [1]
O T T T T T 1 0 A T T T T T T T T 1
0 60 120 180 240 300 360 420 0 60 120 180 240 300 360 420 480 540
t{Ar° A

Figure S$13. After delayed injection procedure, VTNA
overlay found order of aryl iodide to be 0.3.

Entry [1]o [1] [3] [8] [9] Total
amCN15 50 0 46 3 4 53
amCN12 100 0 91 3 5 99
amCN13 150 43 99 3 4 149

Table S13. Tabulated yields and side products from photon-unlimited aryl iodide order
experiments, using a delayed injection to bypass the induction period and facilitate VTNA

manipulation.
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5.5 Different excess, N-Boc proline

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentration of carboxylic acid [2].

3.33 mg/mL CN-OA-m Boc\N
| NiCly+glyme (0.2 mM) H OH
[—)\«OH dtbbpy (0.2 mM) O\I(‘D o o
0 Boc DMSO (3.0 mL) o 0 0
100 mM X mM 440 nm lamp (100% power)
1 2 3 8 9
100
s
E
E 50
® 50mM [2]
® 100 mM [2]
® 150 mM [2]
¢ 200 mM [2]
0 T T T T T T 1
0 60 120 180 240 300 360 420
Time (min)
Figure S14. No VTNA manipulations were performed as
the dependence on [2] is positive order until a threshold,
after which point it becomes inhibitory.

Entry [2]o [1] [3] [8] [9] Total
amCN20 50 17 52 20 8 97
amCN4 100 0 96 3 4 103
amCN3 150 0 93 4 4 101
amCN10 200 0 92 4 2 98

Table S14. Tabulated yields and side products from photon-unlimited experiments to
determine rate dependence on [2].
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5.6 Base experiments

Following the general procedure described above, experiments were conducted varying only the

concentration of the secondary base N-tert-butylisopropylamine.

3.33 mg/mL CN-OA-m
| NiCly+glyme (0.2 mM)
\'(©/ O\«OH dtbbpy (0.2 mM)
A0 —_—
Me Eoc o) BIPA (X mM)
O DMSO (3.0 mL)
440 nm lamp (100% power)

N
H OH
o A
O
Me’ o) o)
[¢]

Boc<

8

100 mM 150 mM
1 2 3
100
s
E
E 50 4
¢ 200 mM base
¢ 300 mM base
® 500 mM base
0 T 1 T T T T 1
0 60 120 180 240 300 360 420
Time (min)
Figure S15. No VTNA manipulations were performed as
the dependence on base is positive order until a
threshold, after which point it becomes inhibitory.
Entry [BIPA] [1] [3] [8] [9]
amCN28 200 0 95 4 2
amCN3 300 0 93 4
amCN27 500 0 91 3 6

Table S15. Tabulated yields and side products from photon-unlimited experiments to

determine rate dependence on base.
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5.7 Photocatalyst experiments

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the loading of the photocatalyst.

X mg/mL g-CN Boc\N
| NiCly*glyme (0.2 mM) H OH
O\«OH dtbbpy (0.2 mM) 0 ° °
—_—
Me”° N o o) Me” Me”

) o) BIPA (300 mM) Me” 0

0 Boc DMSO (3.0 mL) a
100 mM 150 mM Kessil lamp (100% power)

100

[3] (mM)
[1](mM)

0.33 mg/mL CN-OA-m

50+

e 3.33 mg/mL CN-OA-m
e 6.66 mg/mL CN-OA-m

T T T T T T T T T T T 1 T T T
0 60 120 180 240 300 360 420 480 540 600 660 720 60 120 180 240 300 360 420 480 540 600 660 720

Time (min) Time (min)

Figure $16. No VTNA manipulations were performed as the dependence on photocatalyst loading
is positive order until a threshold, after which point it becomes inhibitory.

Entry PC [1] [3] [8] [9] Total
amCN39 0.33 0 97 2 0 99
amCN38 1.67 0 95 2 3 100
amCN3 3.33 0 93 4 4 101
amCN37 6.66 0 87 6 3 96

Table $16. Tabulated yields and side products from photon-unlimited experiments to
determine rate dependence on heterogeneous photocatalyst loading.
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5.8 Hammett plot

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the aryl iodide. Initial rates were determined with a Savitsky-Golay filter after the end of
the induction period, which varied among halides in this series.

As in situ IR is an integral measurement,® obtaining rate data inherently produces lots of noise. As
such, finding one ‘initial rate’ data point for extremely slow reactions is not possible with any
reasonable amount of accuracy. For reactions that proceeded at a negligible pace, the initial rate was
simply approximated as zero. For example, the most processed or smoothed (Savitsky-Golay filter,
19pt) rate data for the p-CHs substituent is shown below, from which any chosen value would have
little significance.

SG 1stDeriv 19pt vs Time - p-CH,

1000

Rate (mM / Min)

Time (min)

3.33 mg/mL g-CN Boc<

| NiCly+glyme (0.2 mM) N

/©/ [_)\«OH dtbbpy (0.2 mM) OO

R

N

R Boc O BIPA (300 mM) R ©
DMSO (3.0 mL)

100 mM 150 mM Kessil lamp (100% power)

(Data shown graphically in Figure 4C.)

R Gpara Initial rate  log (kr/kw)
OCH3 -0.27 0 0
CH3 -0.17 0 0
H 0 0.06 0.00
Br 0.23 0.16 0.45
cl 0.23 0.07 0.07
COCH3 0.5 0.76 1.12
CF3 0.54 0.81 1.15
CN 0.66 1.88 1.52

Table S17. Data used in Hammett study. Sigma para values obtained from literature.* Initial rates obtained from Savitsky-
Golay filter applied to [3] vs t data. Concentrations of products obtained from NMR data that matches literature.?
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6. Ir(ppy)s (homogeneous) as photocatalyst: Photon-limited regime

6.1 Determination of photocatalyst loading

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentration of photocatalyst.

X mM Ir(ppy)3 Bocs

I NiCly*glyme (0.1 mM) N H oH
lo) o) o)
Cd N e -~
Me Boc © BIPA (300 mM) Me’OY©/ o] Me Me
o DMSO (3.0 mL) a 0 0
100 mM 150 mM 440 nm lamp (100% power)
1 2 3 8 9

(Results of the reaction are presented in tabular form in Table 1
and graphical form in Figure 3A.)

When normalized [1] vs normalized [t] is plotted, the curvature change between the experiments
becomes clearer:

® 0125mMPC
® 025mMPC
® 05mMPC

1 mM PC

Normalized [1] ([1]/[1],)

0.0 T T
0.0 0.2 0.4 0.6 0.8 1.0

Normalized t (t,,./teq)

Figure S17. Flatter curvature of the lower photocatalytic loading is indicative of lower-order overall
kinetics and a higher likelihood that rate is limited by photon-related processes.
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6.1 Determination of nickel order

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentration of nickel and ligand.

0.125 mM Ir(ppy)3 Boc\

| NiCly+glyme (X mM)
OH dtbbpy (X mM)
e~ N

! [¢] BIPA (300 mM)
© Boc DMSO (3.0 mL
100 mM 150 mM 440 nm lamp (100% power)
1 2 8 9

100 4 100
s s
£ £
™ ™ 50 .
= = 0.05 mM [NisL]
®  0.10 mM [NieL]
® 0.20 mM [Ni-L]
0 v T g T
0 200 400
tlcat]® t{cat]®s
100 100 -
=
£ s
2 E
== 50 =
™,
0_ T T 1 0 T T T T T T T T
0 30 60 ) 0 10 20 30 40
t[cat]’ t[cat]"s

Figure S18. VTNA indicates that catalyst is first-order in
the photon-limited reaime of the homoaeneous reaction.
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Entry [NieL] [1] [3] [8] [9] Total
amlr21 0.05 0 87 5 3 95
amlrl?7 0.10 0 92 4 3 99
amlirl6 0.20 0 94 3 4 101

Table S18. Tabulated yields and side products from photon-unlimited experiments
assessing catalyst order.

6.2 Same excess

Following the general procedure outlined above (see section 2.1.2), two experiments were conducted
with the same “excess” (50 mM) between [1]o and [2]o.

0.125 mM Ir(ppy)s Boc\N
I NiCly*glyme (0.1 mM) H OH
O\«OH dtbbpy (0.1 mM) o o o
Me”® MRS BIPA (300 mV) " ,o\n/©/ o Me” Me”
m 5
o Boc DMSO (3.0 mL) 3 0 0
X mM X + 50 mM 440 nm lamp (100% power)
1 2 3 8 9
100
e 100 mM Arl, 150 mM RCOOH

R ° 50 mM Arl, 100 mM RCOOH

% o 50 mM Arl, 100 mM RCOOH

=~ 50 (time-shifted)

04
T

T T T — T ’
0 60 120 180 240 300 360 420 480 540 600
Time (min)

Figure S19. Same excess experiment for the photon-limited
homogeneous reaction, in contrast to the photon-unlimited regime,
shows no significant amounts of catalyst deactivation.

Entry [1]o [1] [3] [8] [9] Total
amlir29 100 0 86 5 5 96
amlir28 50 1 41 3 3 48

Table $19. Tabulated yields and side products from homogeneous photon-limited
same excess experiment.
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6.3 Different excess experiments

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentrations of aryl iodide 1 and carboxylic acid 2.

[3] (mM)

0.125 mM Ir(ppy)3 Boc<

| NiCl,*glyme (0.1 mM) N H OH
O‘«OH dibbpy (0.1 mM) O. o o
oo e,
Me”© N _0 Ie) Me” Me”
) BIPA (300 mM) Me 8 g
o

DMSO (3.0 mL)
Y mM 440 nm lamp (100% power)
2 3 8 9
100

¢ 100mM1, 100 mM 2
e 100mM1, 50 mM 2
. 50 mM 1, 150 mM 2
e 100 mM1, 200 mM 2
e 150mM1, 100 mM 2

T T T T T T T T T T T T
0 60 120 180 240 300 360 420 480 540 600 660 720
Time (min)

Figure S20. Different excess experiments varying the starting
concentrations of 1 and 2 show dependence on neither.

Entry
amlir31
amlr33
amlir4l
amlr42
amlr43

[1]o [2]o [1] [3] [8] [9] Total
100 100 1 88 4 7 100
100 50 22 50 6 19 97
50 150 0 47 3 1 51
100 200 0 93 5 101
150 100 26 100 6 16 148

Table S20. Tabulated yields and side products from homogeneous photon-limited different excess

experiments.
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6.4 Base experiments

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentrations of base.

0.125 mM Ir(ppy)3 Boc\N
| NiCly+glyme (0.1 mM) H OH
m/©/ O\(OH dtbbpy (0.1 mM) o) o o
0. N e ——— -~ -
M M
Me Boc © BIPA (X mM) Me° 0 © e
0 DMSO (3.0 mL) S ¢ 0
100 mM 150 mM 440 nm lamp (100% power)
1 2 3 8 9
100 4
=
E
& 50 2 eq base
e 3eqbase
e 5eqbase
e 7eqbase

- T T T T T T T T T T 1
0 60 120 180 240 300 360 420 480 540 600 660
Time (min)

Figure S21. Varying concentration of base was the only factor that
could accelerate the homogeneous reaction in the photon-limited

regime.

Entry [BIPA] [1] [3] [8] [9] Total
amlir49 200 0 89 5 1 95
amlr29 300 0 86 5 5 96
amlir48 500 0 83 7 4 94
amlir50 700 0 84 7 6 97

Table S21. Tabulated yields and side products from base studies of the homogeneous photon-
limited regime.
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7.1r(ppy)s (homogeneous) as photocatalyst: Photon-unlimited regime, 0.2 mM

[NieL]
7.1 Determination of photocatalyst loading

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentration of photocatalyst.

X mM Ir(ppy)s Boc<

I NiCl,+glyme (0.2 mM) N H OH
Me’ éoc o) BIPA (300 mM) Me/o\n/©/ [e] Me’ Me’
o DMSO (3.0 mL) 5 o o
100 mM 150 mM 440 nm lamp (100% power)
1 2 3 8 9
100
=
E
E 50
0.5mM PC
e 1.0mMPC
e 1.5mMPC
0 T T T T T 1
0 60 120 180 240 300 360 420
Time (min)

Figure $22. Varying concentration of PC to find regime in which nickel
catalyst would be saturated with excited photocatalyst species.

Entry [PC] [1] [3] [8] [9] Total
jam325 0.5 0 84 6 2 92
jam326 1.0 0 73 11 3 87
jam327 1.5 0 71 11 2 84

Table $22. Tabulated yields and side products from PC studies of the homogeneous O-arylation.
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7.1.1 Towards a photon-unlimited regime - VTNA test, 0.5 mM PC

It appeared that both 0.5 mM and 1.0 mM PC were candidates for a photon-unlimited regime with 0.2
mM Ni-L. The lowest possible PC loading would be preferable as higher PC loadings gave more side
product. To test if we were in a photon-unlimited regime, we performed VTNA on experiments varying
nickel concentrations, similar to sections 4.3, 5.2, and 6.2; if nickel is first-order, we are in such a
regime.

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentration of nickel and ligand.

0.5 mM Ir(ppy); Boc<
I NiCl,+glyme (X mM) N H OH
O\"Q/ O\«OH dibbpy (X mM) o o\f(©/ o\(@/
—_—
Me” E N BIPA (300 mM) Me/o\r(©/ e} Me Me
O oc DMSO (3.0 mL) a o o
100 mM 150 mM 440 nm lamp (100% power)
1 2 3 8 9
100 4 100
—
=
=
S
50 4 .
p e 0.15mM [Ni-L]
D, .
e 0.20 mM [Ni-L]
e 0.25 mM [Ni-L]
04 y v \ 0 —_————
0 200 400 600 0 20 40 60 80 100 120 140 160 180
t[cat]° t[cat]®>
100 100

[3] (mM)

Y T Y Y Y Y T Y
0 20 40 60 80 100 120 0 20 40

t[cat]®® t[cat]’

Figure S23. At 0.5 mM PC, nickel could be considered first-order
around 0.20 mM, but high fractional was the most accurate overlay.
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Entry [NieL] [1] [3] [8] [9] Total
jam328 0.15 0 80 8 4 92
jam325 0.20 0 84 6 2 92
jam329 0.25 0 86 5 2 93

Table S$23. Tabulated yields and side products from experiments assessing catalyst order
at 0.5 mM Ir(ppy)s.

7.1.2 Towards a photon-unlimited regime — VTNA test, 1.0 mM PC

While a photocatalyst loading of 0.5 mM Ir(ppy)s showed high fractional order for NisL around 0.2 mM,
it was theorized that increasing the PC loading would ensure first-order kinetics.

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentration of nickel and ligand.

1.0 mM Ir(ppy)s Boc

I NiCl,*glyme (X mM) N H OH
Y©/ D“(OH dibbpy (X mM) © Y(j Y©/
o o o
v N e ~
Me Boc © BIPA (300 mM) Me’oj([:r o] Me Me
o DMSO (3.0 mL) g 0 e}
100 mM 150 mM 440 nm lamp (100% power)
1 2 3 8 9
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100 100 +
—
=
E
1 e 0.15mM [NisL] D
e 0.20 mM [NisL]
e 0.25 mM [NisL]

0 T ) 0 71—
0 200 400 600 0 20 40 60 80 100 120 140 160 180
t[cat]° t[cat]?®

100 100 +
_~
=
£
S
] ©,
0 - v T v 0 - . : T )
0 20 40 60 80 0 10 20 30 40 5
t[cat]’ t[cat]'®
Figure S24. VTNA indicates that nickel catalyst is first-order at 1.0 mM
Ir(ppy)s.
Entry [NieL] [1] [3] [8] [9] Total
jam330 0.15 0 70 11 3 84
jam326 0.20 0 73 11 3 87
jam331 0.25 0 78 9 3 90

Table S24. Tabulated yields and side products from experiments assessing catalyst order
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at 1.0 mM Ir(ppy)s.
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7.2 Same excess

Following the general procedure outlined above (see section 2.1.2), two experiments were conducted
with the same “excess” (50 mM) between [1]o and [2]o.

1.0 mM Ir(ppy)s Boc<

| NiCly*glyme (0.2 mM) N H OH
O\«OH dtbbpy (0.2 mM) O o o
_—
Me~© N o o Me” Me”
Boc © BIPA (300 mM) Me” 0 o)
o DMSO (3.0 mL) o
X mM X + 50 mM 440 nm lamp (100% power)
1 2 3 8 9

(Plot shown in Figure 3B.)

Entry [1]o [1] [3] [8] [9] Total
jam326 100 0 73 11 3 87
jam332 50 0 35 5 2 42

Table $25. Tabulated yields and side products from homogeneous photon-unlimited
same excess experiment.
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7.3 Different excess experiments, aryl iodide

Following the general procedure outlined above (see section 2.1.2), experiments were conducted
varying only the concentration of aryl iodide 1.

1.0 mM Ir(ppy)s Boc<

| NiClyglyme (0.2 mM) 7(’\0 H OH
O‘«OH dibbpy (0.2 mM) o | | :
Me” \n/©/ ,:, N BIPA (300 mM) Me’o\n/©/ o Me Me’
o Boc DMSO (3.0 mL) o 0 o
X mM 100 mM 440 nm lamp (100% power)
1 2 3 8 9
(Plot shown in Figure 3C.)
Entry [1]o [1] [3] [8] [9] Total
jam334 150 6 92 16 14 128
jam333 100 0 72 11 5 88
jam335 50 0 35 5 2 42
jam338 25 0 16 4 22
jam339 10 0 6 1 8

Table S$26. Tabulated yields and side products from homogeneous photon-unlimited
different excess experiments varying [1]o.
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7.4 Different excess experiments, N-Boc proline

Following the general procedure outlined above (see section 2.1.2), experiments were conducted
varying only the concentration of N-Boc proline 2.

1.0 mM Ir(ppy)s Boc\N
| NiCl,+glyme (0.2 mM) H OH
o —_— s e
Me” N Me Me
¢ Bos O BIPA (300 mM) meC 0 I I
o DMSO (3.0 mL) 0
100 mM X mM 440 nm lamp (100% power)
1 2 3 8 9

100 ~

50

(3] (mM)

0 T T T T T T T T T 1

0 60 120 180 240 300 360 420 480 540 600
Time (min)

Figure S25. The dependence on [2] is not solvable
through VTNA analysis.

Entry [2]0 [1] [3] [8] [9] Total
jam326 150 0 73 11 3 87
jam333 100 0 72 11 5 88
jam337 50 10 47 13 14 84

Table S27. Tabulated yields and side products from homogeneous photon-unlimited
different excess experiments varying [2]o.
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7.5 Base experiments

Following the general procedure outlined above (see section 2.1.2), experiments were conducted
varying only the concentration of base.

1.0 mM Ir(ppy)s Boc\N
| NiCly+glyme (0.2 mM) H OH
O‘«OH dtbbpy (0.2 mM) o} o o
Me’o N - o o Me” Me”
Boc © BIPA (X mM) Me” i I
o DMSO (3.0 mL) J
100 mM 150 mM 440 nm lamp (100% power)
1 2 3 8 9
100 +
s
E
E 50
e 500 mM BIPA
e 300 mM BIPA
e 200 mM BIPA

T T T T 1
0 60 120 180 240 300 360
Time (min)

Figure S26. Increasing concentration of base accelerates the
homogeneous reaction in the photon-unlimited regime.

Entry [BIPA] [1] [3] [8] [9] Total
jam336 200 0 80 9 3 92
jam326 300 0 73 11 3 87
jam335 500 0 72 12 6 90

Table S28. Tabulated yields and side products from homogeneous photon-unlimited
different excess experiments varying [base].
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8. Ir(ppy)s (homogeneous) as photocatalyst: Photon-unlimited regime,
classically derived [NieL]

The purpose of this section was to corroborate the data from Section 7 through finding the linear-
absorption (photon-unlimited) regime through the same procedure that was used in the
heterogeneous case. These data sets are the same as Section 7 but with a lower [PC] and [Ni].
Agreement between Sections 7 and 8 helps reinforce that the regime is photon-unlimited. The
reaction times are longer in this section, but otherwise the trends are the same as Section 7. This
remains as a note for researchers that the photon-unlimited regime can be accessed through either
procedure.

8.1 Toward a photon-unlimited regime: Initial rate studies, 0.5 mM Ir(ppy)3

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentration of nickel and ligand. Initial rates were determined from product
formation with a Savitsky-Golay filter at the t = 10 min data point.

0.5 mM Ir(ppy)s Boc.

I NiClyeglyme (X mM) N H OH
O\«OH dtbbpy (X mM) o o o
—_—
Me’o N o o Me” Me”
Boc O BIPA (300 mM) Me” I i
o DMSO (3.0 mL) g
100 mM 150 mM 440 nm lamp (100% power)
1 2 3 8 9

1.4
1.2

N
=
1

Initial Rate (mM/min)
o o
[=2] o]
1 1

o
IS
1

0.2 1::)

0.0

T T T T T T T T T T T T T 1
0.0 0.1 02 03 04 05 06 0.7 08 09 1.0 1.1 1.2 1.3 14
Catalyst concentration (mM)

Figure S27. Initial rate studies performed to determine
region in which nickel catalyst is not limited by transfer
from excited photocatalytic species.
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8.2 Order of nickel catalyst, photon-unlimited

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentration of nickel and ligand.

0.5 mM Ir(ppy)s
|
OH
Me© N Y
o}

NiClyeglyme (X mM) N
dtbbpy (X mM) O
—_—
Boc BIPA (300 mM) Me’o ©
DMSO (3.0 mL) o
440 nm lamp (100% power)

100 mM 150 mM
1 2 3 8 9
100 4 100
= =
E E
® 0.050mM
® 0.075mM
¢ 0.010mM
0 T T T 1 0 T T T T T T T T T T
0 200 400 600 0 25 50 75 100 125 150 175
t[cat]® t[cat]®®
100 H 100
= =
E E
© ©
0 T T T T T 1 0 T T T 1
0 10 20 30 40 50 60 0 5 10 15 20
t[cat]’ t{cat]"®

Figure S28. VTNA indicates that catalyst is first-order.

Entry [Ni] [1] [3] [8] [9] Total
amlir63 0.050 1 67 12 2 82
amlir6l 0.075 0 73 11 3 87
amlr51 0.100 0 82 8 3 93

Table S29. Tabulated yields and side products from photon-unlimited catalyst order
experiments.
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8.3 Same excess

Following the general procedure described above (see Section 2.1.2), experiments were conducted
with the same excess (defined as [2]o — [1]o; in this case 50 mM) but different initial concentrations.

0.5 mM Ir(ppy)s3 Boc\N
| NiCl,glyme (0.075 mM) H OH
O\«OH dibbpy (0.075 mM) o o o
—_—
Me/o N fo) 0 Me” Me”
! o BIPA (300 mM) Me”
o) Boc (e] (o}
DMSO (3.0 mL) Ie)
X mM X +50 mM 440 nm lamp (100% power)
3 8 9

1 2

100

e 100 mM Arl, 150 mM RCOOH
. 50 mM Arl, 100 mM RCOOH

o 50 mM Arl, 100 mM RCOOH
(time-shifted)

50

(1] (mM)

0 60 120 180 240 300 360 420 480
Time (min)

Figure S29. Same excess experiment indicates catalyst deactivation
occurs in the photon-unlimited regime for the homogeneous reaction.

Entry [1]o [1] 3] (8] [9] Total
amire4 50 0 35 7 2 44
amir61 100 0 73 11 3 87

Table S30. Tabulated yields and side products from photon-unlimited same excess
experiments.
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8.4 Different excess

Following the general procedure described above (see section 2.1.2), experiments were conducted
varying only the concentrations of aryl iodide 1 and carboxylic acid 2.

0.5 mM Ir(ppy)s3 Bocy

I NiCl,*glyme (0.075 mM) N H OH
O\«OH dibbpy (0.075 mM) o o o
.
Me~© N o o Me” Me”
I 0 BIPA (300 mM) Me”
o) Boc (0] o
DMSO (3.0 mL) 8
X mM Y mM 440 nm lamp (100% power)
1 2 3 8 9

100 4

.

[3] (mM)

50 4 o 50 mM Arl, 100 mM RCOOH

e 150 mM Arl, 100 mM RCOOH
e 100 mM Arl, 150 mM RCOOH

T T T T T T T T 1
0 60 120 180 240 300 360 420 480 540 600
Time (min)

Figure S30. Different excess experiments indicate a lack of rate
dependence on [1] or [2] for photon-unlimited homogeneous reactions.

Entry [1]o [2]0 [1] [3] [4] [5] Total
amlr64 50 100 0 35 7 2 44
amlr6e5 100 100 0 71 12 4 87
amlr66 150 100 17 92 17 8 134
amlir6l 100 150 0 73 11 3 87

Table S31. Tabulated yields and side products from photon-unlimited experiments assessing reagent
orders of substrates.
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8.5 Base experiments

Following the general procedure described above, experiments were conducted varying only the
concentration of base.

Boc<
0.5mM | N
I NiCIZ-gl;nme (g?g;/gsmM) 07(0 H OH
OH dtbbpy (0.075 mM) o o
Me/o)p/ [NH — Me/op 0 Me” Me”
! (o] BIPA (X mM o [¢]
o Boc DMSO((3.Bnm)L) o
100 mM 100 mM 440 nm lamp (100% power)
1 2 3 8 9
100
s
E
E 50
e 200 mM base
e 300 mM base
e 500 mM base
0 T T T T T T T T T T 1
0 60 120 180 240 300 360 420 480 540 600 660
Time (min)
Figure S31. Experiments varying the amount of base in
the photon-unlimited, homogeneous reaction.
Entry  [BIPA] (mM) [1] [3] [8] [9] Total
amlr68 200 0 80 10 2 92
amlir6l 300 0 73 11 3 87
amlr69 500 0 72 14 5 91

Table S32. Tabulated yields and side products from photon-unlimited experiments
assessing role of base.
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2 Angew. Chem. Int. Ed. 2019, 58, 9575
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1. General remarks

Substrates, reagents, and solvents were purchased from commercial suppliers and used without further

> methyl 4-

purification. N-rert-butylisopropylamine (BIPA),'  6,6’-diamino-2,2’-bipyridyl,*
(((trifluoromethyl)sulfonyl)oxy)benzoate,’ methyl 4-(tosyloxy)benzoate,’ methyl 4-
((methylsulfonyl)oxy)benzoate,’ (2-bromophenoxy)ethanol,” (2-bromophenyl)propanol® and N-(3-
hydroxy-3-phenylpropyl)-N-methylacetamide’ were prepared according to literature procedures. 'H-,
PC- and ""F-NMR spectra were obtained using a Varian 400 spectrometer (400 MHz, Agilent), an As-
cend™ 400 spectrometer (400 MHz, cryoprobe, Bruker) and a Varian 600 spectrometer (600 MHz, Ag-
ilent) at 298 K, and are reported in ppm relative to the residual solvent peaks. Peaks are reported as: s =
singlet, d = doublet, t = triplet, ¢ = 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/UVss4 sheets (Macherey-Nagel) and visualized with 254 nm light or staining solutions fol-
lowed by heating. Purification of final compounds was carried out by flash chromatography on the Rev-
eleris X2 Flash Chromatography System from GRACE using prepacked columns with 40 pum silica gel.
Silica 60 M (0.04-0.063 mm) silica gel (Sigmal Aldrich) was used for dry loading of the crude com-
pounds 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[dF(CF;)ppy].(dtbbpy)PFs was recorded using a UVmini-1240 spectrometer
(Shimadzu). The UV/Vis spectrum of CN-OA-m was recorded using a UV2600 spectrometer (Shimad-
zu) equipped with an integrating sphere. Inductively coupled plasma - optical emission spectrometry
(ICP-OES) was carried out using a Horiba Ultra 2 instrument equipped with photomultiplier tube detec-

tion.
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2. Preparation of CN-OA-m

- -
fi < fi
1) shaking in water overnight
2) 4.3 K/min to 773 K, NZONT N NN N
then 773 K, 2h HN)\\N SN ﬁ)\\NJ\\N NH
3) Add LiCI/KCI L 0
o 0 4.6 K/min to 823 K, NP N NZN
then 823 K, 2h, N, rate: 5 I/min | |
H N)kNH ’ HZN)H(NHZ -COy N)\N)\\N K® N)\N)\\N
2 2 ~
o NHs ‘N)\\N)\\N NH HN)\\N)\\N)\WN\ Nﬁ
1 equiv. 0.03 equiv. ' N)\N N)\N N ~N
\ \ !
N)\N)\N NA\N)\N N\fN
A A e L L

NTN

Scheme S1. Synthesis of éN-OA-m |
The synthesis for CN-OA-m was carried out using a slightly adapted version of the literature procedure
(Scheme S1)': 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, KCI1 (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 at-
mosphere (N, 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 collect-
ed on a filter paper and washed with H,O (3 x 100 mL). The resulting yellow material was dried at 373
K (average yield per batch: ~400 mg).

Each batch was tested under the same set of conditions and obtaining always similar catalytic activities
(+/-5% based on "H-NMR with internal standard).

The cost of CN-OA-m was calculated to be 4.2 € g'1 based on the prices of urea, oxamide, LiCl and KCl

from Sigma-Aldrich (Merck)."" As a comparison, the price of Ir(ppy); is 2124 € g'."!

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 S1, A) which are attributed to the n-n* electron transition of the
sp” hybridization of C and N in the heptazine framework and n-n* 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 S1, B for the UV/Vis
spectrum of Ir[dF(CF3)ppy].(dtbbpy)PF¢ as a representative example) which have only a low absorption
band between 400 and 500 nm in the visible region, which corresponds to the metal-to-ligand charge

transfer transition.

S4

209



Supporting Information — Chapter 8

1,8 - 1,4 -
61 1,2
1,4 1
1,01
(1] .
8 10+ 3 08
—_ —_
3 3
2 087 & 06
< <
0,6 1
0,41
0,41
02 02
0,0 4 0,0+
300 400 500 600 300 400 500 600
Wavelength [nm] Wavelength [nm]

Figure S1. UV/Vis absorption spectra of CN-OA-m (A) and Ir[dF(CF;)ppy].(dtbbpy)PF¢ (B).
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3. Setups for photochemical reactions

3.1. RGB photoreactor (low intensity)
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 S2). White light (illumination of
all three LED colors - red/green/blue) was used at full power (For emission spectra of a single diode, see
Figure S3). The evaporating dish was filled with ethylene glycol and the temperature was set to 40°C to
maintain a constant temperature. The sealed reaction vessels were placed at the same distance from the
LED strip during all experiments (Figure S2). All reactions were performed with a stirring speed of
1400 rpm.

Figure S2. Experimental setup of the RGB photoreactor (low intensity)
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Figure S3. Emission spectra of the LED strips used in the RGB photoreactor (low intensity) for photo-
chemical reactions. All experiments were carried out at maximum power. A: white light. B: blue light
only. C: green light only. D: red light only.
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3.2. 440 nm photoreactor (high intensity)

Blue LED lamps"? at 50% power (440 nm, 40W, PR160, Kessil Photoredox, for emission spectrum, see
Figure S5) were used for experiments on CN-OA-m recycling (Figure S4). Two sealed reaction vessels
were placed on a stirring plate 4.5 cm away from a single lamp. To avoid heating of the reaction mix-

ture, a fan was used for cooling. All reactions were performed with maximum stirring speed.

Figure S4. Experimental setup of the 440 nm photoreactor (high intensity).
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Figure S5. Emission spectrum of Kessil PR160-440 lamps.
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4. Reaction optimization of the coupling of aryl bromides and alcohols

4.1. General experimental procedure for screening experiments

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with the Ni" source (30 pmol,
10 mol%), the ligand (30 pmol, 10 mol%), the CN material (10 mg) and methyl 4-bromobenzoate (64.5
mg, 0.3 mmol, 1.0 equiv). Subsequently, the solvent (3.0 mL), the base (3.0 - 5.0 equiv) and 1-hexanol
(2.0 - 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 until a fine dispersion of the solids was
achieved. Thereafter, the mixture was degassed by bubbling argon for 10 min. The final reaction mix-
ture was irradiated in the low intensitiy RGB photoreactor with white light at 40 °C with rapid stirring
(1400 rpm). After the respective reaction time, one equivalent of 1,3,5-trimethoxybenzene (50.5 mg, 0.3
mmol) was added. An aliquot of the reaction mixture (~200 pL) was filtered, diluted with DMSO-d;
and subjected to 'H-NMR analysis. For representative NMR spectra, see Figure S6.
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Figure S6. Example of a crude 'H-NMR spectrum of the C-O coupling of methyl 4-bromobenzoate and
I-hexanol.
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4.2. Solvent screening

Table S1. Solvent screening.”

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

co,Me dtbbpy (10 mol%) CO,Me CO,Me CO,Me
/©/ hex—OH —DIPA (3.0 equiv) h /©/ /©/ /©/
-hex— -hex + +
Br *hex YS! HO cl

solvent (deg.), 16 h

0.1M 3.0 equiv white LED, ~40°C 1 2 46
Entry Solvent Conversion [%]" 1[%]° 2[%]¢ 46 [%]°
1 MeCN 68 51 3 13
2 DMF 50 25 9 16
3 THF 41 22 2 17
4 Diglyme 28 11 2 15
5 DMAc 42 11 6 24
6 DMSO 15 4 5 6

*Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), 1-hexanol (0.9 mmol), CN-OA-m (10 mg), NiCl,-glyme (30
pmol), dtbbpy (30 pmol), BIPA (0.9 mmol), solvent (anhydrous, 3.0 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 de-
termined by "H-NMR using 1,3,5-trimethoxybenzene as internal standard.

Acetonitrile showed highest conversion and selectivity. HPLC grade MeCN gave identical results com-

pared to high purity, anhydrous MeCN.
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4.3. Screening of carbon nitride materials

Table S2. Screening of carbon nitride materials.”

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

CO,;Me dtbbpy (10 mol%) CO,Me CO,Me CO,Me
/©/ o BIPA (3.0 equiv) i /@/ /©/ /©/
+ n-hex— -hex + +
Br g HO cl

MeCN (deg.), 16 h

0.1M 3.0 equiv white LED, ~40°C 1 2 6
Entry CN material Conversion [%]" 1[%]° 2 [%]° 46 [%]°
1 CN-OA-m 68 51 3 13
2 CMBy¢5-CN 28 18 1 9
3 mpg-CN 22 14 1 7
4 CMBy )-CN 4 2 nd.? 2
5 K-PHI 1 traces n.d. n.d.

6 CNSs00 <1 n.d. n.d. n.d.

*Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), 1-hexanol (0.9 mmol), CN material (10 mg), NiCl, glyme
(30 pmol), dtbbpy (30 pmol), BIPA (0.9 mmol), MeCN (3.0 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.

Several carbon nitride materials were tested: mesoporous graphitic carbon nitride (mpg-CN),"* two
modified carbon nitrides derived from a cyanuric acid/melamide/barbituric acid complex (CMBj 5-CN
and CMB10-CN)," a sulfur-doped material (CNSeq),'® 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)."°
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. I
4.4. Screening of Ni' sources

Table S3. Screening of Ni" sources.”

CN-OA-m (3.33 mg/mL)
Ni'" source (10 mol%)

CO,Me dtbbpy (10 mol%) CO,Me CO,Me
/©/ h OH BIPA (3.0 equiv) h /©/ /©/
Br + n-hex n-| ex\o + HO

MeCN (deg.), 16 h

01 M 3.0 equiv white LED, ~40°C 1 2 R=OH
3 R=H
46 R =Cl
R . b ¢ ¢ ¢ ¢ Price
Entry Ni source Conversion [%]° 1[%]" 2[%]° 3[%] 46 [%] € mol'l]d
1 Ni(OTf), 60 52 3 2 n.d.t 12917
2 NiCl, glyme 68 51 3 n.d. 13 4161
3 NiCl, 55 41 3 n.d. 11 110
4 NiBr;-glyme 42 39 2 n.d. n.d. 10431
5 NiBr;-3H,0 40 36 3 n.d. n.d. 116
6" Ni(OAc),"4H,0 14 5 2 3 n.d. 28
7 NiBr; 7 5 1 n.d. n.d. 411
8 NiCl,-6H,0 4 2 n.d. 2 n.d. 71
9 Nil, 15 14 1 n.d. n.d. 2063
10 Ni(acac), 4 1 n.d. 3 n.d. 620

*Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), 1-hexanol (0.9 mmol), CN-OA-m (10 mg), Ni" source (30
umol), dtbbpy (30 umol), BIPA (0.9 mmol), MeCN (3.0 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. “Prices according to Sigma Aldrich (Merck)."' °not
detected. ‘methyl 4-acetoxybenzoate (4%) was formed as additional side product.

The selection of NiBr,-3H,0 for further studies was based on reactivity, price (significantly cheaper
compared to Ni(OTf), and NiBr,-glyme) and selectivity (formation methyl 4-chlorobenzoate in case of
NiCl).
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4.5. Screening of ligands

Table S4. Ligand screening.”

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

CO,Me ligand (10 mol%) CO,Me CO,Me
BIPA (3.0 equiv)
+ n-hex—OH n-hex< +
Br (0] HO

MeCN (deg.), 16 h

0.1 M 3.0 equiv white LED, ~40°C 1 N
Entry Ligand Conversion [%]" 1[%]° 2 [%]¢
Bu ‘Bu
1 I N 62 57 3
N
2 =Y 45 42 3
N N
Me Me
3 /7\ < ) 50 47 3
N
5 4 \ 26 23 2
-V \=
MeO OMe
6 /7\ < ) 52 48 4
N N
_~ NH,
S ‘ N
7 NP 12 6 5
HNT Y

"Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), 1-hexanol (0.9 mmol), CN-OA-m (10 mg),
NiBr,-3H,0 (30 umol), ligand (30 umol), BIPA (0.9 mmol), MeCN (3.0 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. © determined by "H-NMR using 1,3,5-trimethoxybenzene as internal standard.

During the study it was observed that the LED strips used in the RGB photoreactor become less effi-
cient as they are used. As reactivity depends on the light intensity, periodic replacement of the LED
strips was found to be necessary. Results reported in Table S4 were obtained right after replacing the
light source, and are therefore higher than those obtained in the same conditions from the previous ex-
periement (Table S3, entry 5).

6,6’-diamino-2,2’-bipyridyl (Entry 7) was tested because it was reported to improve the reaction when

water is used as coupling partner in the nickel/photoredox catalyzed formation of phenols.'®
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4.6. Base screening

Table S5. Base screening.”

CO,Me dtbbpy (10 mol%)
base (3.0 equiv)
Br + n-hex—OH

MeCN (deg.), 16 h

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

/©/C02Me /©/002Me /©/002Me
n-hex\o + HO + "

01M 3.0 equiv white LED, ~40°C 1 2 3
Entry Base Conversion [%]" 1 [%]° 2 [%]° 3 [%]°

1 BIPA + quinuclidine (10 mol%) 78 73 4 n.d.*
2 BIPA 62 57 3 n.d.
3 DBU*® 10 4 n.d. 5

4 Et;N 23 17 2 4

5 DIPEA' 16 7 1 8

6 tetramethyguanidine 4 4 n.d. n.d.
7 DABCO# <1 n.d. n.d. n.d.
8 DMAP" <l n.d. n.d. n.d.
9 CsOAc <1 n.d. n.d. n.d.
10 CsF <1 n.d. n.d. n.d.
11 Cs,C0s <1 n.d. n.d. n.d.
12 K2CO;3 <1 n.d. n.d. n.d.
13 K3PO, <1 n.d. n.d. n.d.

*Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), 1-hexanol (0.9 mmol), CN-OA-m (10 mg), NiBr,-3H,0
(30 pumol), dtbbpy (30 pmol), base (0.9 mmol), MeCN (3.0 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 deter-
mined by '"H-NMR using 1,3,5-trimethoxybenzene as internal standard. ‘not detected. °1,8-Diazabicyclo[5.4.0Jundec-
7-ene "N, N-Diisopropylethylamine. £1,4-Diazabicyclo[2.2.2]octane. "4-(dimethylamino)pyridine.

N-tert-butylisopropylamine (BIPA) performed best during the screening of different bases (Table S5).

No conversion of the starting material was detected using common inorganic bases (Table S5, entries 9-

13). The addition of quinuclidine (10 mol%, Sigma Aldrich, 13786 € mol™) increased the product for-

mation by only 15% and was therefore not used in the subsequent tests."'
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4.7. Screening of reaction conditions

4.7.1. Time

Table S6. Time study.”

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

CO,Me dtbbpy (10 mol%) CO,Me COMe CO,Me
JO a1 IS el sl
Br + n-nex n- ex\o +HO + H

MeCN (deg.)

0.1M 3.0 equiv white LED, ~40°C 1 2 3
Entry Time [h] Conversion [%]°  1[%]°  2[%]° 3 [%]
1 4 16 13 2 n.d.?
2 8 38 35 2 n.d.
3 16 62 57 3 n.d.
4 24 70 66 4 n.d.
5 32 75 69 4 2
6 48 97 91 5 n.d.

*Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), 1-hexanol (0.9 mmol), CN-OA-m (10 mg), NiBr,-3H,0
(30 pmol), dtbbpy (30 pmol), BIPA (0.9 mmol), MeCN (3.0 mL), white LEDs at 40 °C for the indicated time. "Con-
version 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 S7: Time study (data from Table S6).
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4.7.2. Stoichiometry optimization

Table S7. Optimization of stoichiometry of alcohol and base.”

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

CO,Me dtbbpy (10 mol%) CO,Me CO,Me
/©/ e on BIPA (nn equiv) ) /©/ /©/
+ n-hex— -hex- +
Br o HO

) MeCN (deg.)
0.1 M nn equiv white LED, ~40°C 1 2

Entry  1-hexanol [equiv] BIPA [equiv]  Time [h] Conversion [%]" 1[%]¢ 2 [%]
1 3.0 3.0 16 62 57 3
1 3.0 3.0 24 70 66 4
1 3.0 3.0 48 97 91 5
2 2.0 3.0 16 55 51 4
3 2.0 5.0 16 65 59 5
3 2.0 5.0 24 95 86 8
4 2.0 5.0 48 >99 92 7

"Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), 1-hexanol (0.6 or 0.9 mmol), CN-OA-m (10 mg), NiBr,-3H,0
(30 pmol), dtbbpy (30 pmol), BIPA (0.9 or 1.5 mmol), MeCN (3.0 mL), white LEDs at 40 °C for 16 to 48h. "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.

A reduction of the amount of alcohol was realized using a higher amount of BIPA (Table S7, entry 3).

2]
—
~J
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Table S8. Optimization of the stoichiometry of the Ni catalyst and carbon nitride material.”

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

CO,Me dtbbpy (10 mol%) CO,Me CO,Me
/©/ N BIPA (5.0 equiv) ) /@/ /©/
+ n-hex— -hex +
Br n-nex 0 HO

MeCN (deg.), 48 h

01M 2.0 equiv white LED, ~40°C 1 2

Entry Deviation from standard conditions Conversion [%]b 1[%]¢ 2 [%]°
1 None >99 92 7
2 NiBr;-:3H,0 (5 mol%) with dtbbpy (5 mol%) 83 77 6
3 CN-OA-m (1.66 mg/ml) 94 90 4

*Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), 1-hexanol (0.6 mmol), CN-OA-m (5 or 10 mg),
NiBr,-3H,0 (15 or 30 pmol), dtbbpy (15 or 30 umol), BIPA (1.5 mmol), MeCN (3.0 mL), white LEDs at 40 °C for 48
h. "Conversion of methyl 4-bromobenzoate determined by "H-NMR using 1,3,5-trimethoxybenzene as internal stand-
ard. °NMR yields determined by '"H-NMR using 1,3,5-trimethoxybenzene as internal standard.

Reducing the amount of the Nickel catalyst resulted in significantly lower conversion within 48 hours.
The CN-OA-m (Table S8, entry 3) can be reduced resulting in slightly lower yields. Since the photo-

catalyst is inexpensive and recyclable, 3.33 mg ml™ was maintained as loading for further experiments.
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4.8. Control studies

Table S9. Control studies.?

CO,Me
/©/ + n-hex—OH
Br

01 M 2.0 equiv

CN-OA-m (3.33 mg/mL)
NiBry-3H,0 (10 mol%)
dtbbpy (10 mol%)
BIPA (5.0 equiv)

MeCN (deg.), 48 h
white LED, ~40°C

CO,Me CO,Me
-hex /©/ /©/
n-hex. * o

1 2

Entry Deviation from standard conditions Conversion [%]b 1 [%]¢ 2 [%]°

1 None >99 92 7

2 No CN-OA-m <1 n.d.’ n.d.
3 No NiBr,'3H,0 6 n.d. n.d.
4 No dtbbpy 5 n.d. n.d.
5 No BIPA < n.d. n.d,
6 No light <l n.d. n.d.
7 No degassing <l n.d. n.d.

“Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), 1-hexanol (0.6 mmol), CN-OA-m (10 mg), NiBr,-3H,0O
(30 pmol), dtbbpy (30 pmol), BIPA (1.5 mmol), MeCN (3.0 mL), white LEDs at 40 °C for 48 h. Conversion of me-
thyl 4-bromobenzoate determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal standard. “NMR yields de-
termined by "H-NMR using 1,3,5-trimethoxybenzene as internal standard. “not detected.



4.9. Screening of aryl (pseudo)halides

Table S10. Screening of aryl (pseudo)halides.”

CN-OA-m (3.33 mg/mL)
NiBr,-3H,0 (10 mol%)
dtbbpy (10 mol%)
BIPA (5.0 equiv)

MeCN (deg.), 48 h

CO,Me
/©/ + n-hex—OH
X

Supporting Information — Chapter 8

CO,Me CO,Me
-hex< /©/ /©/
n-hex o + HO

0.1M 2.0 equiv white LED, ~40°C 1 2
Entry X Conversion [%]° 1 [%]° 2 [%]°¢

1 Br >99 92 7

2 I 13 13 n.d.’
3 Cl 6 4 n.d.
4 OMs <l n.d. n.d.
5 OTs <1 n.d. n.d.
6 oTf <! nd. nd.

"Reaction conditions: aryl (pseudo)halide (0.3 mmol), 1-hexanol (0.6 mmol), CN-OA-m (10 mg),
NiBr,-3H,0 (30 pmol), dtbbpy (30 pmol), BIPA (1.5 mmol), MeCN (3.0 mL), white LEDs at 40 °C for 48
h. "Conversion of methyl 4-bromobenzoate determined by 'H-NMR using 1,3,5-trimethoxybenzene as inter-
nal standard. “NMR yields determined by "H-NMR using 1,3,5-trimethoxybenzene as internal standard. dhot

detected.
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4.10. Intramolecular etherification

Table S11. Intramolecular etherification for the formation of oxygen heterocycles.”

CN-OA-m (3.33 mg/mL)
NiBry-3H,0 (10 mol%)
dtbbpy (10 mol%)
BIPA (5.0 equiv)

MeCN (deg.), 168 h

0.1M white LED, ~40°C
Entry Substrate Product Substrate/Product”
OH
Br O
OH
2 ©\/\/\ ij >99/0
Br 0]
o~ o)
OO X
Br (o)

“Reaction conditions: substrate (0.6 mmol), CN-OA-m (20 mg), NiBr,-3H,0O (60 pumol), dtbbpy (60
pmol), BIPA (3.0 mmol), MeCN (6.0 mL), white LEDs at 40 °C for 168 h. "Ratio calculated from 'H
NMR analysis. “No product formation was detected in absence of CN-OA-m, NiBr,-3H,0, dtbbpy,

BIPA or light.
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5. Reaction optimization for the coupling of aryl bromides and water

5.1. General experimental procedure for screening experiments

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with NiBr,-3H,O (8.2 mg, 30
pmol, 10 mol%), the ligand (8.1 mg, 30 pmol, 10 mol%), the CN-OA-m (10 mg) and methyl 4-
bromobenzoate (64.5 mg, 0.3 mmol, 1.0 equiv). Subsequently, the solvent (3.0 mL), BIPA (172.8 mg,
1.5 mmol, 5.0 equiv) and H,O (5.4 — 108.0 mg, 0.3 — 6.0 mmol, 1 - 20 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 until a fine dispersion of the solids was achieved. Thereafter, the mixture was de-
gassed by bubbling argon for 10 min. The final reaction mixture was irradiated in the low intensitiy
RGB photoreactor with white light at 40 °C with rapid stirring (1400 rpm). After the respective reaction
time, one equivalent of 1,3,5-trimethoxybenzene (50.5 mg, 0.3 mmol) was added. An aliquot of the re-

action mixture (~200 pL) was filtered, diluted with DMSO-ds and subjected to "H-NMR analysis.

5.2. Solvent screening

Table S12. Solvent screening.”

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

CO,Me dtbbpy (10 mol%) CO,Me
/©/ . HO BIPA (5.0 equiv)
Br HO

solvent (deg.), 48 h

0.1M 2.0 equiv white LED, ~40°C 2
Entry Solvent Conversion [%]" 2 [%]°
1 MeCN <1 n.d.¢
2 MeCN/DMF (1:1) 23 22
3 DMF 50 49

*Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), H,O (0.6 mmol), CN-OA-m (10 mg),
NiBr,-3H,0 (30 umol), dtbbpy (30 pmol), BIPA (1.5 mmol), solvent (3.0 mL), white LEDs at 40 °C for
48 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 stand-
ard. “not detected.
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5.3. Ligand screening

Table S13. Ligand screening.’

CN-OA-m (3.33 mg/mL)
NiBr,-3H,0 (10 mol%)
ligand (10 mol%)
BIPA (5.0 equiv)

/©/002Me
HO

H,0
. DMF (deg.), 24 h
0.1 M 2.0 equiv white LED, ~40°C 2
Entry Ligand Conversion [%]" 2 [%]°
'Bu ‘Bu
1 /7 N\ \*/ 43 42
N N
_~_NH,
|
2 SN 38 37
HoN \

*Reaction conditions: methyl 4-bromobenzoate (0.3 mmol), H,O (0.6 mmol), CN-OA-m (10 mg),
NiBr,-3H,0 (30 pmol), ligand (30 umol), BIPA (1.5 mmol), DMF (3.0 mL), white LEDs at 40 °C for
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.
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5.4. Stoichiometry optimization

Table S14. Optimization of stoichiometry of water.”

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

CO,Me dtbbpy (10 mol%) CO,Me
/©/ . o BIPA (5.0 equiv) /©/
Br HO

DMF (deg.), 24 h

01M nn equiv white LED, ~40°C 2
Entry H,O [equiv] Conversion [%]b 2 [%]¢
1 1 45 45
2 2 43 42
3 5 47 47
4 10 35 30
5 20 29 23

*Reaction conditions methyl 4-bromobenzoate (0.3 mmol), H,O (0.3 to 6.0 mmol), CN-OA-m (10 mg),
NiBr,-3H,0 (30 pmol), dtbbpy (30 pmol), BIPA (1.5 mmol), DMF (3.0 mL), white LEDs at 40 °C for
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.
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6. Reaction optimization for the coupling of aryl iodides and thiols

6.1. General experimental procedure for screening experiments

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with NiBr,-3H,O (8.2 mg, 30
pmol, 10 mol%), dtbbpy (8.1 mg, 30 pumol, 10 mol%), the CN-OA-m (10 mg) and methyl 4-
iodobenzoate (76.8 mg, 0.3 mmol, 1.0 equiv). Subsequently, MeCN (3.0 mL), BIPA (172.8 mg, 1.5
mmol, 5.0 equiv) and methyl 3-mercaptopropionate (72.1 mg, 0.6 mmol, 2.0 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 until a fine dispersion of the solids was achieved. Thereafter, the mixture was de-
gassed by bubbling argon for 10 min. The final reaction mixture was irradiated in the low intensitiy
RGB photoreactor with white light at 40 °C with rapid stirring (1400 rpm). After the respective reaction
time, one equivalent of 1,3,5-trimethoxybenzene (50.5 mg, 0.3 mmol) was added. An aliquot of the re-

action mixture (~200 pL) was filtered, diluted with DMSO-ds and subjected to 'H-NMR analysis. For a

representative NMR spectrum, see Figure S8.
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Figure S8. Example of a crude "H-NMR spectrum of the reaction between methyl 4-iodobenzoate and

methyl 3-mercaptopropionate.
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Table S15. Studies on the thioetherification of methyl 4-iodobenzoate and methyl 3-

: b
mercaptopropionate.®

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

/©/002Me 0 dtbbpy (10 mol%) o CO,Me
BIPA (5.0 equiv)
| + MeO)K/\SH Me o)K/\s

MeCN (deg.), 48 h

0.1 M 2.0 equiv white LED, ~40°C 40

Entry Deviation from standard conditions Conversion [%]° 40 [%]d

1 None >99 94

2 Methyl 4-bromobenzoate as substrate 5 4

3 1.0 equiv of thiol 50 46

4 Pyridine (5.0 equiv) as base 43 n.d.o.®

5 DBU (5.0 equiv) as base 35 n.d.’

6 Reaction time 24 hours 93 92

7 Reaction time 16 hours 70 65

8 No CN-OA-m 5 3

9 No NiBr;'3H,0 13 6

10 No dtbbpy 4 n.d.

11 No BIPA 3 n.d.

12 No light 4 1

13 No degassing 79 68

“Reaction conditions: methyl 4-iodobenzoate (0.3 mmol), methyl 3-mercaptopropionate (0.6 mmol), CN-
OA-m (10 mg), NiBr,-3H,0 (30 pumol), dtbbpy (30 pumol), BIPA (1.5 mmol), MeCN (3.0 mL), white
LEDs at 40 °C for 48 h. "An unidentified side product was detected in all experiments (1 to 20%). ‘Conver-
sion of methyl 4-iodobenzoate determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal stand-
ard. ‘NMR yields determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal standard. °not detect-
ed because overlapping with pyridine signals. ot detected.
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7. Recycling of CN-OA-m

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with CN-OA-m (20 mg),
NiBr;:3H,0 (32.7 mg, 120 pmol, 10 mol%), dtbbpy (32.2 mg, 120 umol, 10 mol%) and methyl 4-
bromobenzoate (258.0 mg, 1.2 mmol, 1.0 equiv). Subsequently, MeCN (6 mL), BIPA (691.3 mg, 6.0
mmol, 5.0 equiv) and methanol (64.9 mg, 2.4 mmol, 2.0 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
until fine dispersion of the solids was achieved. Thereafter, the mixture was degassed by bubbling argon
for 10 min. The final reaction mixture was irradiated in the high intensity 440 nm photoreactor with
rapid stirring. After 16 hours, one equivalent of 1,3,5-trimethoxybenzene (201.8 mg, 1.2 mmol) was
added and the mixture was stirred for 5 min. The reaction mixture was centrifuged at 3500 rpm for 60
min and the liquid phase was carefully separated and analyzed by '"H-NMR. The solid was washed twice
with MeCN (6 mL, followed by centrifugation at 3500 rpm for 30 min and separation of the liquid

phase), lyophilized (overnight) and reused in the next reaction.

Table S16. Recycling of CN-OA-m.*

CN-OA-m (3.33 mg/mL)
NiBry-3H,0 (10 mol%)
CO,Me dtbbpy (10 mol%) CO,Me
/©/ BIPA (5.0 equiv.) /©/
+ MeOH
Br . MeCN (deg.), 16 h MeO
02M 2.0 equiv. blue LED 22

Cycle Yield [%]"
1 91
2 92
3 84
4 79
5 96
6 92

"Reaction conditions: methyl 4-bromobenzoate (1.2 mmol), methanol
(2.4 mmol), CN-OA-m (20 mg), NiBr,-3H,0 (120 pmol), dtbbpy (120
pmol), BIPA (6.0 mmol), MeCN (6.0 mL), blue LEDs for 16 h. "NMR
yields determined by "H-NMR using 1,3,5-trimethoxybenzene as inter-
nal standard.
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Figure S9. Fresh CN-OA-m (A) and CN-OA-m after six recycling experiments (B).

Measurement Nickel concentration [mg/g]
1 217
2 214
3 219
Average 217

Table S17. ICP-OES analysis of recovered CN-OA-m after the recycling study.
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8. Scope and Limitations

8.1. General procedure for the semi-heterogeneous dual nickel/photocatalytic etherification.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with the aryl bromide (1.2
mmol, 1.0 equiv), NiBr,-3H,0 (32.7 mg, 120 pmol, 10 mol%), dtbbpy (32.2 mg, 120 umol, 10 mol%)
and CN-OA-m (20 mg). Subsequently, MeCN (6.0 mL), BIPA (691.3 mg, 6.0 mmol, 5.0 equiv) and the
alcohol (2.0 — 4.0 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 until a fine dispersion of the solids
was achieved. Thereafter, the mixture was degassed by bubbling argon for 10 min. The final reaction
mixture was irradiated in the low intensity RGB photoreactor with white light at 40 °C with rapid stir-
ring (1400 rpm).After the respective reaction time, an aliquot of the reaction mixture (~200 uL) was
filtered, diluted with DMSO-d; 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 40
mL). The combined organic phases were washed with aqueous NaOH (1M, 2x40 ml) and brine (40
mL), dried over Na,SO4 and concentrated. The product was purified by flash column chromatography

(SiO,, Hexane/EtOAc) on a Grace™ Reveleris™ system using a 12 g cartridge.

/©/002Me
NN

1

Methyl 4-(hexyloxy)benzoate. From methyl 4-bromobenzoate (258.0 mg, 1.2 mmol, 1.0 equiv) and 1-
hexanol (245.2 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 48 hours
in 87% yield (246.0 mg, 1.04 mmol) as colorless oil using an elution gradient of 0-4% of ethyl acetate in
hexane.

'H NMR (400 MHz, CDCl3) & 7.97 (d, J = 8.9 Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H), 3.99 (t, ] = 6.6 Hz,
2H), 3.87 (s, 3H), 1.84 — 1.74 (m, 2H), 1.51 — 1.39 (m, 2H), 1.37 — 1.28 (m, 4H), 0.97 — 0.77 (m, 3H).
C NMR (101 MHz, CDCl3) & 166.92, 162.94, 131.55, 122.26, 114.03, 68.18, 51.84, 31.56, 29.09,
25.68,22.61, 14.05. These data are in full agreement with those previously published in the literature."

S29
234



Supporting Information — Chapter 8
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2
Methyl 4-hydroxybenzoate. From methyl 4-bromobenzoate (258.0 mg, 1.2 mmol, 1.0 equiv) and water
(108.1 mg, 6.0 mmol, 5.0 equiv), using DMF as solvent. The title compound was isolated after irradia-
tion for 120 hours in 52% yield (93.8 mg, 0.62 mmol) as white solid using an elution gradient of 0-10%
of ethyl acetate in hexane.
'H NMR (400 MHz, CDCl3) & 7.98 (d, J = 8.8 Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 6.18 (s, 1H), 3.92 (s,
3H). >C NMR (101 MHz, CDCl3) & 167.35, 160.13, 131.98, 122.40, 115.28, 52.12. These data are in

full agreement with those previously published in the literature.'®

o
/\/\/\O

4
4-(hexyloxy)benzonitrile. From 4-bromobenzonitrile (218.4 mg, 1.2 mmol, 1.0 equiv) and 1-hexanol
(245.2 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 48 hours in 91%
yield (221.3 mg, 1.09 mmol) as colorless oil using an elution gradient of 0-4% of ethyl acetate in hex-
ane.

'H NMR (400 MHz, CDCl3) & 7.55 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 3.98 (t, ] = 6.5 Hz,
2H), 1.91 — 1.67 (m, 2H), 1.52 — 1.39 (m, 2H), 1.37 — 1.30 (m, 4H), 0.94 — 0.86 (m, 3H). °C NMR (101
MHz, CDCl3) & 162.45, 133.89, 119.31, 115.16, 103.53, 68.39, 31.50, 28.94, 25.61, 22.57, 14.02. These

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

N g

4-(hexyloxy)benzaldehyde. From 4-bromobenzaldehyde (222.0 mg, 1.2 mmol, 1.0 equiv) and 1-

5

hexanol (245.2 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 48 hours
in 83% yield (204.5 mg, 0.99 mmol) as yellowish oil using an elution gradient of 0-5% of ethyl acetate
in hexane.

'H NMR (600 MHz, CDCl3) & 9.82 (s, 1H), 7.76 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H), 3.98 (t, J
= 6.5 Hz, 2H), 1.79 — 1.72 (m, 2H), 1.45 — 1.38 (m, 2H), 1.34 — 1.26 (m, 4H), 0.86 (t, J = 7.1 Hz, 3H).
BC NMR (151 MHz, CDCls) 8 190.61, 164.19, 131.87, 129.70, 114.68, 68.35, 31.47, 28.97, 25.58,

22.52, 13.95. These data are in full agreement with those previously published in the literature.?'
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ST

6

1-(4-(hexyloxy)phenyl)ethan-1-one. From 4-bromoacetophenone (238.9 mg, 1.2 mmol, 1.0 equiv) and
1-hexanol (245.2 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 48
hours in 90% yield (238.0 mg, 1.08 mmol) as colorless oil using an elution gradient of 0-4% of ethyl
acetate in hexane.

'H NMR (400 MHz, CDCls) 3 7.93 (d, J = 8.9 Hz, 2H), 6.93 (d, ] = 8.9 Hz, 2H), 4.02 (t, ] = 6.6 Hz,
2H), 2.56 (s, 3H), 1.86 — 1.76 (m, 2H), 1.54 — 1.42 (m, 2H), 1.39 — 1.32 (m, 4H), 0.96 — 0.89 (m, 3H).
C NMR (101 MHz, CDCl3) & 196.82, 163.12, 130.58, 130.05, 114.11, 68.25, 31.55, 29.07, 26.36,
25.66, 22.60, 14.05. These data are in full agreement with those previously published in the literature.'’

NN i ~CO,Me

7

Methyl 3-(hexyloxy)benzoate. From methyl 3-bromobenzoate (258.0 mg, 1.2 mmol, 1.0 equiv) and 1-
hexanol (245.2 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 168
hours in 62% yield (175.4 mg, 0.74 mmol) as colorless oil using an elution gradient of 0-5% of ethyl
acetate in hexane.

'H NMR (400 MHz, CDCls) & 7.59 (d, J = 7.7 Hz, 1H), 7.53 (s, 1H), 7.29 (t, ] = 7.9 Hz, 1H), 7.08 —
7.03 (m, 1H), 3.95 (t, J = 6.6 Hz, 2H), 3.87 (s, 3H), 1.80 — 1.71 (m, 2H), 1.48 — 1.39 (m, 2H), 1.35 —
1.29 (m, 4H), 0.89 (t, ] = 7.0 Hz, 3H). °C NMR (101 MHz, CDCl3) § 166.92, 159.10, 131.32, 129.27,
121.70, 119.83, 114.60, 68.11, 52.03, 31.55, 29.14, 25.68, 22.59, 13.99. These data are in full agreement

with those previously published in the literature.*

/\/\/\o’ : “CN

8
3-(hexyloxy)benzonitrile. From 3-bromobenzonitrile (218.4 mg, 1.2 mmol, 1.0 equiv) and 1-hexanol
(245.2 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 120 hours in 85%
yield (207.3 mg, 1.02 mmol) as colorless oil using an elution gradient of 0-5% of ethyl acetate in hex-
ane.

'H NMR (600 MHz, CDCl3) § 7.31 — 7.25 (m, 1H), 7.13 (d, J = 7.6 Hz, 1H), 7.08 — 7.03 (m, 2H), 3.89
(t, J = 6.6 Hz, 2H), 1.79 — 1.66 (m, 2H), 1.44 — 1.36 (m, 2H), 1.33 — 1.25 (m, 4H), 0.86 (t, J = 6.8 Hz,
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3H). °C NMR (151 MHz, CDCl3) § 159.19, 130.23, 124.07, 119.61, 118.65, 117.34, 113.08, 68.34,
31.47, 28.95, 25.58, 22.53, 13.94. HRMS-EI (m/z) [M*]" caled for C;3H;sNO: 203.1310; found:
203.1313.

o
/\/\/\O

9

1-bromo-4-(hexyloxy)benzene. From 1,4-dibromobenzene (283.1 mg, 1.2 mmol, 1.0 equiv) and 1-
hexanol (245.2 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 120
hours in 80% yield (245.9 mg, 0.96 mmol) as colorless oil using an elution gradient of 0-4% of ethyl
acetate in hexane.

'H NMR (600 MHz, CDCl3) & 7.36 (d, J = 8.9 Hz, 2H), 6.78 (d, J = 8.9 Hz, 2H), 3.90 (t, ] = 6.6 Hz,
2H), 1.83 — 1.72 (m, 2H), 1.51 — 1.43 (m, 2H), 1.42 — 1.31 (m, 4H), 0.94 (t, J = 6.8 Hz, 3H). °C NMR
(151 MHz, CDCl3) & 158.29, 132.18, 116.29, 112.55, 68.23, 31.62, 29.20, 25.73, 22.65, 14.07. These

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

or
/\/\/\O

10

1-chloro-4-(hexyloxy)benzene. From 1-bromo-4-chlorobenzene (229.7 mg, 1.2 mmol, 1.0 equiv) and
1-hexanol (245.2 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 168
hours in 62% yield (156.5 mg, 0.74 mmol) as colorless oil using an elution gradient of 0-1% of ethyl
acetate in hexane.

"H NMR (600 MHz, CDCls) 8 7.21 (d, J = 8.9 Hz, 2H), 6.81 (d, J] = 8.9 Hz, 2H), 3.91 (t, ] = 6.6 Hz,
2H), 1.80 — 1.72 (m, 2H), 1.48 — 1.40 (m, 2H), 1.37 — 1.30 (m, 4H), 0.91 (t, J = 6.9 Hz, 3H)."*C NMR
(151 MHz, CDCls) 6 157.75, 129.22, 125.25, 115.74, 68.31, 31.56, 29.15, 25.67, 22.58, 14.01.

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

/\/\/\O

13

1-(hexyloxy)-4-(trifluoromethyl)benzene. From 4-bromobenzotrifluoride (270.0 mg, 1.2 mmol, 1.0
equiv) and 1-hexanol (245.2 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation
for 48 hours in 79% yield (233.7 mg, 0.95 mmol) as colorless oil using an elution gradient of 0-1% of

ethyl acetate in hexane.
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'"H NMR (600 MHz, CDCL;) § 7.53 (d, J = 8.5 Hz, 2H), 6.94 (d, ] = 8.5 Hz, 2H), 3.98 (t, J = 6.6 Hz,
2H), 1.84 — 1.76 (m, 2H), 1.51 — 1.44 (m, 2H), 1.39 — 1.32 (m, 4H), 0.92 (t, J = 6.7 Hz, 3H). °C NMR
(151 MHz, CDCls) & 161.63, 126.77 (q, J = 3.6 Hz), 124.52 (q, J = 270.9 Hz), 122.56 (q, J = 32.6 Hz),
114.38, 68.19, 31.52, 29.04, 25.64, 22.56, 13.93. "°F NMR (564 MHz, CDCls) & -61.51. These data are

in full agreement with those previously published in the literature."

‘?{4
/\/\/\o

14

2-(4-(hexyloxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. From 2-(4-bromophenyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (339.6 mg, 1.2 mmol, 1.0 equiv) and 1-hexanol (245.2 mg, 2.4 mmol,
2.0 equiv). The title compound was isolated after irradiation for 168 hours in 82% yield (298.6 mg, 0.98
mmol) as yellowish oil using an elution gradient of 0-3% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCls) & 7.78 (d, J = 8.6 Hz, 2H), 6.91 (d, J = 8.6 Hz, 2H), 3.98 (t, ] = 6.6 Hz,
2H), 1.84 — 1.74 (m, 2H), 1.53 — 1.42 (m, 2H), 1.41 — 1.28 (m, 16H), 0.93 (t, ] = 6.9 Hz, 3H). °C NMR
(101 MHz, CDCls) 6 161.78, 136.51, 120.33 (br s), 113.85, 83.47, 67.74, 31.61, 29.20, 25.73, 24.87,
22.63, 14.07. These data are in full agreement with those previously published in the literature.”

(0]
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15

(4-(hexyloxy)phenyl)(phenyl)methanone. From (4-bromophenyl)(phenyl)methanone (313.3 mg, 1.2
mmol, 1.0 equiv) and 1-hexanol (245.2 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after
irradiation for 48 hours in 84% yield (286.0 mg, 1.01 mmol) as white solid using an elution gradient of
0-3% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCls) & 7.81 (d, J = 8.9 Hz, 2H), 7.75 (d, ] = 6.9 Hz, 2H), 7.54 (t, ] = 7.4 Hz,
1H), 7.45 (t, J = 7.4 Hz, 2H), 6.94 (d, ] = 8.9 Hz, 2H), 4.01 (t, J = 6.5 Hz, 2H), 1.85 — 1.75 (m, 2H), 1.52
— 1.41 (m, 2H), 1.40 — 1.29 (m, 4H), 0.97 — 0.88 (m, 3H). *C NMR (101 MHz, CDCl3) & 195.42,
162.87, 138.32, 132.55, 131.84, 129.81, 129.70, 128.17, 114.00, 68.25, 31.58, 29.10, 25.70, 22.63,

14.10. These data are in full agreement with those previously published in the literature.*®
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1-(hexyloxy)-4-(methylsulfonyl)benzene. From 1-bromo-4-(methylsulfonyl)benzene (282.1 mg, 1.2
mmol, 1.0 equiv) and 1-hexanol (245.2 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after
irradiation for 120 hours in 81% yield (247.4 mg, 0.97 mmol) as white solid using an elution gradient of
0-15% of ethyl acetate in hexane.

'H NMR (600 MHz, CDCls) & 7.82 (d, J = 8.8 Hz, 2H), 6.97 (d, J = 8.8 Hz, 2H), 3.99 (t, ] = 6.5 Hz,
2H), 2.99 (s, 3H), 1.81 — 1.73 (m, 2H), 1.47 — 1.40 (m, 2H), 1.35 — 1.28 (m, 4H), 0.88 (t, J = 7.0 Hz,
3H). C NMR (151 MHz, CDCl3) 8 163.28, 131.93, 129.46, 114.89, 68.55, 44.83, 31.45, 28.91, 25.56,
22.52,13.97. These data are in full agreement with those previously published in the literature."

|\
/\/\/\O =N 17

3-(hexyloxy)pyridine. From 3-bromopyridine (189.6 mg, 1.2 mmol, 1.0 equiv) and 1-hexanol (245.2
mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 168 hours in 39% yield
(84.2 mg, 0.47 mmol) as yellowish oil using an elution gradient of 0-3% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCl3) 6 8.31 (d, J = 2.6, 1.0 Hz, 1H), 8.21 (dd, J = 4.3, 1.8 Hz, 1H), 7.24 — 7.15
(m, 2H), 4.00 (t, J = 6.5 Hz, 2H), 1.89 — 1.73 (m, 2H), 1.54 — 1.42 (m, 2H), 1.41 — 1.30 (m, 4H), 0.92 (t,
J=7.0 Hz, 3H). °C NMR (101 MHz, CDCls) & 155.25, 141.88, 138.04, 123.79, 120.98, 68.30, 31.55,
29.13, 25.64, 22.60, 14.05. HRMS (ESI) m/z calcd for C;H;sNO [(M+H)"] 180.1388, found 180.1385.

N
| N 18
/\/\/\O _N

5-(hexyloxy)pyrimidine. From 3-bromopyrimidine (190.8 mg, 1.2 mmol, 1.0 equiv) and 1-hexanol
(245.2 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 168 hours in 55%
yield (118.6 mg, 0.66 mmol) as yellowish oil using an elution gradient of 0-10% of ethyl acetate in hex-
ane.

'H NMR (400 MHz, CDCl3) 5 8.74 (s, 1H), 8.31 (s, 2H), 3.97 (t, ] = 6.5 Hz, 2H), 1.78 — 1.67 (m, 2H),
1.44 — 1.33 (m, 2H), 1.31 — 1.20 (m, 4H), 0.82 (t, J = 6.6 Hz, 3H). °C NMR (101 MHz, CDCl;) &
153.02, 151.20, 143.45, 68.66, 31.37, 28.89, 25.41, 22.46, 13.91. These data are in full agreement with

those previously published in the literature.'’
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Methyl 4-methoxybenzoate. From methyl 4-bromobenzoate (258.0 mg, 1.2 mmol, 1.0 equiv) and
methanol (76.9 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 24 hours
in 80% yield (160.1 mg, 0.96 mmol) as white solid using an elution gradient of 0-5% of ethyl acetate in
hexane. The reaction can also be carried out in methanol as solvent resulting in 78 % (156.2 mg, 0.94
mmol) of the title compound after 8 hours irradiation.

'H NMR (400 MHz, CDCl3) & 7.95 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H), 3.84 (s, 3H), 3.79 (s,
3H). >C NMR (101 MHz, CDCls) & 166.78, 163.29, 131.53, 122.52, 113.54, 55.32, 51.77. These data

are in full agreement with those previously published in the literature.”’

5 /©/002Me
D
> ’
Methyl 4-methoxybenzoate-d;. From methyl 4-bromobenzoate (258.0 mg, 1.2 mmol, 1.0 equiv) and
methanol-d, (84.14 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 24
hours in 92% yield (185.4 mg, 1.10 mmol) as white solid using an elution gradient of 0-4% of ethyl ace-
tate in hexane.
"H NMR (600 MHz, CDCls) & 7.93 (d, J = 9.0 Hz, 2H), 6.85 (d, J = 9.0 Hz, 2H), 3.82 (s, 3H). °*C NMR
(151 MHz, CDCl3) 6 166.73, 163.29, 131.50, 122.51, 113.52, 54.47 (hept, J = 21.9 Hz), 51.70. HRMS-
El (m/z) [M”‘]+ calcd for CoH7D3035: 169.0818; found: 169.0816. These data are in full agreement with

those previously published in the literature.”®

/©/C02Me
Sandl

Methyl 4-(benzyloxy)benzoate. From methyl 4-bromobenzoate (258.0 mg, 1.2 mmol, 1.0 equiv) and
benzyl alcohol (259.5 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 48
hours in 92% yield (267.4 mg, 1.10 mmol) as white solid using an elution gradient of 0-5% of ethyl ace-
tate in hexane.

'H NMR (400 MHz, CDCl3) & 8.01 (d, J = 8.9 Hz, 2H), 7.46 — 7.32 (m, 5H), 7.00 (d, J = 8.9 Hz, 2H),
5.12 (s, 2H), 3.89 (s, 3H). >C NMR (101 MHz, CDCls) & 166.83, 162.48, 136.24, 131.62, 128.69,
128.22, 127.51, 122.82, 114.46, 70.08, 51.89. These data are in full agreement with those previously
published in the literature.”
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Methyl 4-(2,2,2-trifluoroethoxy)benzoate. From methyl 4-bromobenzoate (258.0 mg, 1.2 mmol, 1.0
equiv) and 2,2,2-trifluoroethanol (480.19 mg, 4.8 mmol, 4.0 equiv). The title compound was isolated
after irradiation for 96 hours in 86% yield (240.4 mg, 1.03 mmol) as white solid using an elution gradi-
ent of 0-15% of ethyl acetate in hexane.

'H NMR (600 MHz, CDCls) & 7.98 (d, J = 8.6 Hz, 2H), 6.92 (d, J = 8.6 Hz, 2H), 4.37 (q, J = 8.0 Hz,
2H), 3.86 (s, 3H). °C NMR (151 MHz, CDCl;) 8 166.35, 160.68, 131.69, 124.41, 123.08 (q, ] = 278.3
Hz), 114.30, 65.44 (q, ] = 36.3 Hz), 51.88. ""F NMR (564 MHz, CDCl3) § -74.01. These data are in full

agreement with those previously published in the literature.*’

CO,Me
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Methyl 4-(allyloxy)benzoate. From methyl 4-bromobenzoate (258.0 mg, 1.2 mmol, 1.0 equiv) and allyl
alcohol (139.4 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 72 hours
in 83% yield (192.1 mg, 1.00 mmol) as colorless oil using an elution gradient of 0-3% of ethyl acetate in
hexane.

'H NMR (400 MHz, CDCl3) & 7.95 (d, J = 8.9 Hz, 2H), 6.88 (d, J = 8.9 Hz, 2H), 6.06 — 5.93 (m, 1H),
5.38 (d, ] = 17.1 Hz, 1H), 5.27 (d, J = 10.6 Hz, 1H), 4.53 (d, J = 5.3 Hz, 2H), 3.84 (s, 3H). °C NMR
(101 MHz, CDCl3) 8 166.72, 162.28, 132.55, 131.52, 122.64, 118.00, 114.25, 68.76, 51.78. These data

are in full agreement with those previously published in the literature.’'

/©/002Me
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Methyl 4-(3-hydroxypropoxy)benzoate. From methyl 4-bromobenzoate (258.0 mg, 1.2 mmol, 1.0
equiv) and 1,3-propandiole (365.3 mg, 4.8 mmol, 4.0 equiv). The title compound was isolated after irra-
diation for 24 hours in 74% yield (186.5 mg, 0.89 mmol) as colorless oil using an elution gradient of 0-
35% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCl3) & 7.97 (d, T = 8.8 Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 4.16 (t, ] = 6.1 Hz,
2H), 3.91 — 3.82 (m, 5H), 2.24 — 2.19 (m, 1H), 2.10 — 2.02 (m, 2H)."?C NMR (101 MHz, CDCl;) &
166.98, 162.64, 131.61, 122.53, 114.06, 65.43, 59.77, 51.94, 31.88. HRMS-EI (m/z) [M*]" calcd for
C11H1404: 210.0892; found: 210.0883.
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methyl 4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)benzoate. From methyl 4-bromobenzoate (258.0
mg, 1.2 mmol, 1.0 equiv) and 1,2-isopropylideneglycerol (317.2 mg, 2.4 mmol, 2.0 equiv). The title
compound was isolated after irradiation for 48 hours in 88% yield (279.8 mg, 1.05 mmol) as reddish
solid using an elution gradient of 0-15% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCl3) & 7.98 (d, J = 9.0 Hz, 2H), 6.93 (d, J = 9.0 Hz, 2H), 4.49 (p, ] = 5.8 Hz,
1H), 4.20 — 3.88 (m, 4H), 3.88 (s, 3H), 1.46 (s, 3H), 1.40 (s, 3H)."”>C NMR (101 MHz, CDCl3) § 166.76,

162.22, 131.59, 123.02, 114.11, 109.90, 73.81, 68.79, 66.68, 51.91, 26.77, 25.32. HRMS-EI (m/z)
[M"‘]+ calcd for C14H305: 266.1154; found: 266.1152.

COzMe
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Methyl 4-(2-cyanoethoxy)benzoate. From methyl 4-bromobenzoate (258.0 mg, 1.2 mmol, 1.0 equiv)
and 3-hydroxypropanenitrile (341.2 mg, 4.8 mmol, 4.0 equiv). The title compound was isolated after
irradiation for 72 hours in 76% yield (187.1 mg, 0.91 mmol) as white solid using an elution gradient of
0-2% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCls) & 7.97 (d, J = 8.5 Hz, 2H), 6.89 (d, J = 8.5 Hz, 2H), 4.20 (t, ] = 6.3 Hz,
2H), 3.86 (s, 3H), 2.84 (t, I = 6.2 Hz, 2H). °C NMR (101 MHz, CDCl3) § 166.57, 161.31, 131.67,
123.61, 117.05, 114.14, 62.63, 51.97, 18.55. HRMS-EI (m/z) [M*]" caled for C;;H;;NOj;: 205.0739;
found: 205.0746.

/©/002Me
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Methyl 4-(3-(dimethylamino)propoxy)benzoate. From methyl 4-bromobenzoate (258.0 mg, 1.2
mmol, 1.0 equiv) and N,N’-dimethyl-3-hydroxypropylamine (247.6 mg, 2.4 mmol, 2.0 equiv). The title
compound was isolated after irradiation for 48 hours in 79% yield (224.3 mg, 0.95 mmol) as yellowish
wax using an elution gradient of 0-15% of methanol in dichloromethane.

'H NMR (400 MHz, CDCls) & 7.95 (d, J = 8.9 Hz, 2H), 6.88 (d, J = 8.9 Hz, 2H), 4.04 (t, ] = 6.4 Hz,
2H), 3.85 (s, 3H), 2.46 (m, 2H), 2.25 (s, 6H), 1.96 (m, 2H).”>C NMR (101 MHz, CDCl3) & 166.85,
162.76, 131.53, 122.38, 114.04, 66.26, 56.13, 51.82, 45.36, 27.22. HRMS-EI (m/z) [M*]" calcd for
Ci3H19NOs: 237.1365; found: 237.1358.
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Methyl 4-isopropoxybenzoate. From methyl 4-bromobenzoate (258.0 mg, 1.2 mmol, 1.0 equiv) and
isopropyl alcohol (288.5 mg, 4.8 mmol, 4.0 equiv). The title compound was isolated after irradiation for
120 hours in 84% yield (196.8 mg, 1.01 mmol) as colorless oil using an elution gradient of 0-3% of
ethyl acetate in hexane.
'H NMR (400 MHz, CDCl3) & 7.93 (d, T = 8.0 Hz, 2H), 6.84 (d, ] = 8.0 Hz, 2H), 4.63 — 4.50 (m, 1H),
3.83 (s, 3H), 1.30 (d, J = 6.2 Hz, 6H). °C NMR (101 MHz, CDCl3) & 166.78, 161.77, 131.55, 122.03,
114.93, 69.89, 51.69, 21.82. HRMS-EI (m/z) [M*]" caled for C;H 403: 194.0943; found: 194.0939.

Lo
O
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Methyl 4-(cyclohexyloxy)benzoate. From methyl 4-bromobenzoate (258.0 mg, 1.2 mmol, 1.0 equiv)
and cyclohexanol (480.8 mg, 4.8 mmol, 4.0 equiv). The title compound was isolated after irradiation for
120 hours in 82% yield (230.2 mg, 0.98 mmol) as white solid using an elution gradient of 0-4% of ethyl
acetate in hexane.

'H NMR (400 MHz, CDCl3) & 7.97 (d, J = 8.9 Hz, 2H), 6.89 (d, ] = 8.9 Hz, 2H), 4.37 — 4.28 (m, 1H),
3.87 (s, 3H), 2.03 — 1.93 (m, 2H), 1.85 — 1.74 (m, 2H), 1.63 — 1.48 (m, 3H), 1.45 — 1.24 (m, 3H). °C
NMR (101 MHz, CDCls3) 6 166.89, 161.74, 131.58, 122.01, 115.08, 75.30, 51.79, 31.58, 25.51, 23.64.

These data are in full agreement with those previously published in the literature.*?
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Methyl 4-(1-phenylethoxy)benzoate. From methyl 4-bromobenzoate (258.0 mg, 1.2 mmol, 1.0 equiv)
and 1-phenylethanol (586.4 mg, 4.8 mmol, 4.0 equiv). The title compound was isolated after irradiation
for 72 hours in 86% yield (264.8 mg, 1.03 mmol) as white solid using an elution gradient of 0-4% of
ethyl acetate in hexane.

'H NMR (400 MHz, CDCl3) & 7.94 (d, ] = 8.9 Hz, 2H), 7.41 — 7.34 (m, 4H), 7.32 — 7.26 (m, 1H, con-
tains residual solvent signal of CDCls), 6.91 (d, J = 8.9 Hz, 2H), 5.41 (q, J = 6.4 Hz, 1H), 3.87 (s, 3H),
1.69 (d, J = 6.5 Hz, 3H). >C NMR (101 MHz, CDCl;) & 166.85, 161.78, 142.47, 131.49, 128.79,
127.73, 125.49, 122.43, 115.41, 76.17, 51.85, 24.49. HRMS-EI (m/z) [M*]" caled for CisH;6Os:
256.1099; found: 256.1091.
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2,3-dihydrobenzofurane.

From 2-(2-bromophenyl)ethanol (120.6 mg, 0.6 mmol, 1.0 equiv). The title compound was isolated after
irradiation for 168 hours in 47% yield (33.4 mg, 0.28 mmol) as colorless oil using an elution gradient of
0-1% of diethyl ether in pentane.

'H NMR (400 MHz, CDCl3) & 7.23 (d, J = 6.5 Hz, 1H), 7.14 (t, ] = 7.7 Hz, 1H), 6.88 (t, ] = 7.0 Hz, 1H),
6.83 (d, J = 8.0 Hz, 1H), 4.59 (t, ] = 8.7 Hz, 2H), 3.24 (t, ] = 8.7 Hz, 2H). *C NMR (101 MHz, CDCl5)
5 160.00, 127.95, 126.89, 124.94, 120.35, 109.38, 71.05, 29.76. These data are in full agreement with

those previously published in the literature.™
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4-((4-bromophenoxy)methyl)-2,2-dimethyl-1,3-dioxolane. From 1,4-dibromobenzene (283.1 mg, 1.2

38

mmol, 1.0 equiv) and 1,2-isopropylideneglycerol (634.4 mg, 4.8 mmol, 4.0 equiv). The title compound
was isolated after irradiation for 120 hours in 61% yield (209.6 mg, 0.73 mmol) as white solid using an
elution gradient of 0-10% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCl3) & 7.36 (d, J = 8.7 Hz, 2H), 6.78 (d, J = 8.7 Hz, 2H), 4.45 (p, ] = 5.9 Hz,
1H), 4.18 — 3.85 (m, 4H), 1.45 (s, 3H), 1.39 (s, 3H). *C NMR (101 MHz, CDCl;) & 157.66, 132.27,
116.32, 113.29, 109.83, 73.88, 68.98, 66.70, 26.78, 25.34. These data are in full agreement with those

previously published in the literature.**

iNEQ“;

N-methyl-N-(3-phenyl-3-(4-(trifluoromethyl)phenoxy)propyl)acetamide. From 4-bromobenzotriflu-
oride (270.0 mg, 1.2 mmol, 1.0 equiv) and N-(3-hydroxy-3-phenylpropyl)-N-methylacetamide (994.9
mg, 4.8 mmol, 4.0 equiv). After irradiation for 168 hours and 'H NMR analysis, the NMR sample and
the reaction mixture were combined, diluted with H,O (40 mL) and extracted with ethyl acetate (3 x 40
mL). The combined organic phases were washed with brine (40 mL), dried over Na,SO4 and concen-
trated. The title compound was isolated in 66% yield (277.8 mg, 0.79 mmol) as colorless oil using an

elution gradient of 0-5% of ethyl acetate in DCM.
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"H NMR (600 MHz, CDClI3) rotameric mixture 8 7.42 — 7.36 (m, 2H), 7.34 — 7.27 (m, 4H, contains re-
sidual solvent signal of CDCls), 7.26 — 7.19 (m, 1H), 6.91 — 6.83 (m, 2H), 5.23 — 5.10 (m, 1H), 3.61 —
3.38 (m, 2H), 2.94 — 2.87 (m, 3H), 2.22 — 2.04 (m, 2H), 2.02 — 1.96 (m, 3H). >C NMR (151 MHz,
CDCl;) rotameric mixture, resonances for minor rotamer are enclosed in parenthesis 6 170.61 (170.51),
160.33 (159.94), 140.65 (139.99), (129.00) 128.76, (128.19) 127.89, (126.86 (q, J = 3.7 Hz)) 126.73 (q,
J =3.6 Hz), 125.72 (125.5), 124.36 (q, J = 271.1 Hz) (124.26 (q, J = 271.3 Hz)), 123.14 (q, 32.6 Hz)
(122.76 (q, J = 32.6 Hz)), 115.72 (115.64), 78.39 (minor rotamer overlapping with residual solvent sig-
nal), (47.03) 44.89, (37.31) 36.50, 36.30 (33.11), 21.84 (20.99). '°F NMR (564 MHz, CDCls) rotameric
mixture, resonances for minor rotamer are enclosed in parenthesis 6 -61.53 (-61.61). These data are in

full agreement with those previously published in the literature.*

8.2. General procedure for the semi-heterogeneous dual nickel/photocatalytic thioetherification.

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with methyl 4-iodobenzoate
(314.4 mg, 1.2 mmol, 1.0 equiv), NiBr,-3H,0 (32.7 mg, 120 pmol, 10 mol%), dtbbpy (32.2 mg, 120
pmol, 10 mol%) and CN-OA-m (20 mg). Subsequently, MeCN (6.0 mL), BIPA (691.3 mg, 6.0 mmol,
5.0 equiv) and the thiol (2.4 mmol, 2.0 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 until a fine
dispersion of the solids was achieved. Thereafter, the mixture was degassed by bubbling argon for 10
min. The final reaction mixture was irradiated in the low intensity RGB photoreactor with white light at
40 °C with rapid stirring (1400 rpm).After the respective reaction time, an aliquot of the reaction mix-
ture (~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 40 mL). The combined organic phases were washed with aqueous NaOH (1M, 2x40
ml) and brine (40 mL), dried over Na,SO4 and concentrated. The product was purified by flash column

chromatography (SiO,, Hexane/EtOAc) on a Grace™ Reveleris™ system using a 12 g cartridge.
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Methyl 4-((3-methoxy-3-oxopropyl)thio)benzoate. From methyl 4-iodobenzoate (314.4 mg, 1.2
mmol, 1.0 equiv) and methyl 3-mercaptopropionate (288.4 mg, 2.4 mmol, 2.0 equiv). The title com-
pound was isolated after irradiation for 48 hours in 79% yield (242.1 mg, 0.95 mmol) as white solid
using an elution gradient of 0-5% of ethyl acetate in hexane.

'"H NMR (400 MHz, CDCl3) & 7.93 (d, J = 8.6 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H), 3.89 (s, 3H), 3.69 (s,
3H), 3.25 (t, ] = 7.4 Hz, 2H), 2.68 (t, ] = 7.4 Hz, 2H). >C NMR (101 MHz, CDCl3) § 171.90, 166.67,
142.61, 130.07, 127.24, 126.99, 52.12, 51.99, 33.68, 27.21. HRMS-EI (m/z) [M*]" calcd for C1,H;40,S:
254.0613; found: 254.0605.

COzMe
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Methyl 4-((2-hydroxyethyl)thio)benzoate. From methyl 4-iodobenzoate (314.4 mg, 1.2 mmol, 1.0
equiv) and 2-mercaptoethanol (187.5 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after
irradiation for 48 hours in 60% yield (152.9 mg, 0.72 mmol) as white solid using an elution gradient of
0-25% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCl3) & 7.91 (d, J = 7.9 Hz, 2H), 7.33 (d, J = 7.9 Hz, 2H), 3.90 (s, 3H), 3.83 (m,
2H), 3.19 (t, J = 6.2 Hz, 2H), 2.66 — 2.56 (m, 1H). *C NMR (101 MHz, CDCl3) & 166.83, 142.69,
130.05, 127.15, 127.06, 60.46, 52.20, 35.20. These data are in full agreement with those previously pub-

lished in the literature.*®
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Methyl 4-(cyclohexylthio)benzoate. From methyl 4-iodobenzoate (314.4 mg, 1.2 mmol, 1.0 equiv) and
cyclohexanethiol (278.9 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for
96 hours in 53% yield (157.8 mg, 0.63 mmol) as colorless oil using an elution gradient of 0-5% of ethyl
acetate in hexane.

'H NMR (400 MHz, CDCl3) & 7.92 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 8.1 Hz, 2H), 3.90 (s, 3H), 3.36 —
3.21 (m, 1H), 2.12 — 1.96 (m, 2H), 1.86 — 1.72 (m, 2H), 1.68 — 1.58 (m, 1H), 1.51 — 1.19 (m, 5H). °C
NMR (101 MHz, CDCl3) 6 166.80, 143.08, 129.88, 128.37, 127.03, 52.06, 44.96, 33.07, 25.95, 25.70.

These data are in full agreement with those previously published in the literature.*’
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Methyl 4-(tert-butylthio)benzoate. From methyl 4-iodobenzoate (314.4 mg, 1.2 mmol, 1.0 equiv) and
2-methylpropanethiol (216.4 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradia-
tion for 96 hours in 43% yield (117.3 mg, 0.52 mmol) as colorless oil using an elution gradient of 0-2%
of ethyl acetate in hexane.

'H NMR (400 MHz, CDCls) & 7.98 (d, J = 8.5 Hz, 2H), 7.59 (d, J = 8.5 Hz, 2H), 3.92 (s, 3H), 1.31 (s,
9H). *C NMR (101 MHz, CDCl3) & 166.72, 138.96, 136.83, 130.05, 129.45, 52.23, 46.74, 31.06. These

data are in full agreement with those previously published in the literature.”’
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Methyl 4-(phenylthio)benzoate. From methyl 4-iodobenzoate (314.4 mg, 1.2 mmol, 1.0 equiv) and
thiophenol (264.4 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated after irradiation for 144
hours in 33% yield (98.4 mg, 0.40 mmol) as white solid using an elution gradient of 0-5% of ethyl ace-
tate in hexane.

'H NMR (400 MHz, CDCl3) § 7.92 (d, J = 8.6 Hz, 2H), 7.55 — 7.48 (m, 2H), 7.45 — 7.36 (m, 3H), 7.23
(d, T = 8.6 Hz, 2H), 3.91 (s, 3H). >*C NMR (101 MHz, CDCl3) & 166.72, 144.46, 133.77, 132.31,
130.12, 129.69, 128.72, 127.52, 127.43, 52.14. These data are in full agreement with those previously

published in the literature.*®

Meo\©\ /©/C02Me
S

45

Methyl 4-((4-methoxyphenyl)thio)benzoate. From methyl 4-iodobenzoate (314.4 mg, 1.2 mmol, 1.0
equiv) and 4-methoxybenzenethiol (336.5 mg, 2.4 mmol, 2.0 equiv). The title compound was isolated
after irradiation for 168 hours in 41% yield (134.2 mg, 0.49 mmol) as white solid using an elution gra-
dient of 0-4% of ethyl acetate in hexane.

'H NMR (400 MHz, CDCls) & 7.88 (d, J = 8.6 Hz, 2H), 7.49 (d, J = 8.8 Hz, 2H), 7.10 (d, J = 8.6 Hz,
2H), 6.97 (d, T = 8.8 Hz, 2H), 3.89 (s, 3H), 3.87 (s, 3H). >C NMR (101 MHz, CDCl3) & 166.81, 160.61,
146.45, 136.81, 129.97, 126.67, 125.76, 121.52, 115.35, 55.43, 52.06. 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. https://doi.org/10.1021/acs.orglett.9b01957



Supporting Information — Chapter 8

250



Supporting Information — Chapter 9

Supporting Information - Chapter 9

Visible Light-Mediated Oxidative Debenzylation Enables the
Use of Benzyl Ethers as Temporary Protecting Groups

Cavedon, C.; Sletten, E. T.; Madani, A.; Niemeyer, O.; Seeberger, P. H.; Pieber, B.
Org. Lett. 2021, 23, 514-518.

https://doi.org/10.1021/acs.orglett.0c04026

NS}
i
\


https://doi.org/10.1021/acs.orglett.0c04026

Supporting Information — Chapter 9

Visible Light-Mediated Oxidative Debenzylation Enables the Use of Ben-

zyl Ethers as Temporary Protecting Groups

Cristian Cavedon,’ * Eric T. Sletten, Amiera Madani,t ¥ Olaf Niemeyer,! Peter H. Seeberger," +* and

Bartholomdus Piebert *

fDepartment of Biomolecular Systems, MaxPlanck Institute of Colloids and Interfaces, AmMiihlenberg 1, 14476 Potsdam,

Germany
iDepartment of Chemistry and Biochemistry, Freie Universitit Berlin, Arnimallee 22, 14195 Berlin, Germany

Correspondenceto: peter.seeberger@mpikg.mpg.de

bartholomaeus.pieber@mpikg.mpg.de



Supporting Information — Chapter 9

Table of Contents

1.
2.
3.

3.1.
3.2.
3.3.

4.

4.1.
4.2.
4.3.

S.

5.1
5.2.
5.3.
5.4.
5.5.
5.6.
5.7.
5.8.
5.9.

6.

6.1.
6.2.
6.3.
6.4.
6.5.

7.
8.

8.1.
8.2.

9.
10.

(€183 115 -1 B (3 10 10 < SO URR SR 3
Preparation of starting mMaterials .............ccceeiiiiiiiiiiiiiiiiiiiieeeeeciiiieee e e e e et e e e e e eeirree e e e e e e earaees 4
Experimental setups for photochemical eXperiments. .............coeevvviiieeeiiiiiiiiiiieeeeeeeeiieeeeeeeeeeenenns 18
B ) 11011105 o R URUPRRRPRIN 18
R 1114 BT 11 oS PPPPPPPPPP 19
Flow-photoChemiCal SETUP .....cceviiiiiiiiiee ettt e e e e e eteee e e e e e eetree e e e e e e e ennnnees 20
Preliminary investigations using photocatalyst and stoichiometric oxidants............cccoeueeernineenn. 22
Initial screening of PhotOCAtATYSTS .......ciiiiiiiiiiiiiiee e e e e 23
THME STUAY ...uevtiiiie e e ettt ettt e e e e ettt e e e e e eeat etbaeeeeeeeessesbaeeaaeeassssssssssaaaaeeannsssseaeeeeessnsssnes 24
OXIAANT SCTEEIINE ..eeeeveviiiieeeeeeeiiiiieeeeeeeeesitrtteeeeeeesestrseeeeeeasaasesseseeasesssssssseeesesssssssssseeessesnssssees 25
Reaction optimization for Protocol A and B ...........ccccciiiiiiiiiiiiiieee e 26
Selection of light source using stoichiometric DDQ..........ccvvviiiiiiiiiiiiiiiiieee e 27
Solvent screening using stoichiometric DDQ ..........cooiiiiiiiiiiiiiiiiiieie e 28
Protocol A: Optimized conditions and control eXperiments...............eeeeeeeurieeeeeereiieiiiieeeeeeeeennnee. 29
Solvent screening using dual DDQ/TBN €atalySis .........cccecuriiiiieeeiiiiiiiiiieee et 30
SCreening Of WALET COMIEIE ........ueiieieisiiiiiireeeeeiieetieeeeeeeesietrrreeeeseasssaersreeaeesasssnsseeeeessessssssssseeeens 31
Screening of different atmMOSPRETES .........uvviiieeiiiciiiiieeee ettt e e e et e e e e e e eerreeeeeeeesnnenraeeeeens 32
Screening of different CONCENIIALIONS ..........eieeiiiciuiiiiieeee ettt e e e e eeeeee e e e e e eeee e e e eneereeeeeens 33
Screening of catalyst loadings using dual DDQ/TBN catalySis.........cccceerniieiemniieeennnieeeinieeenane 34
Protocol B: Optimized conditions and control eXperiments ................cceeeeuviiieeeeeeenciiieeeee e e e, 35
In situ NMR studies using @8 LED-NMR SEtUP.........ceviiiiiiiiiiiiiiiie et 36
General remarks and eXperimental SETUP ..........oeiiiiiiieiiiiiieeeii et 36
Obtaining and processing the iz situ NMR data.........cccvviviiiiiiiiiiiiiieieeeee e 37
Photo-oxidative debenzylation of /a studied with in situ NMR SpectrosCOpY .........ccovveeeeereernennen. 38
Delayed injection experiment studied with in situ NMR spectroscopy........ccccccceeeniveiernueeecennnnee. 39
On/off experiment studied with in situ NMR SpectroSCOPY ......ccvvvviiieiiiiciiiiieeee e 40
MechaniStic RYPOLNESIS ......ceiiiiiiiiiiiiieeeiiiiiit it e ettt e e e e et e e e e e e e sttbaeeeeeeeeeaenbaeeeaeeeeesnnennes 41
SCOPE ANA HIMIEALIONS L.eeiiiiiiiiiiiiiieeeeiiiiiee it e e e e ettt eeeeeeesetbaeeeeeeeeessatrbbeeeaeesasssrsseeeeeeesssssnsseeeeens 43
[s0lated COMPOUNGS.........uuiiieieiiiiiiiie e e et e e et e e e e ettt e e e e e e nneraraeeeesessnnsneeeeeessennnsnnes 45
UNSUCCESSTUL SUDSIIALES ....eeeuiiiiiiiiiie ettt ettt e e e e s es 58
RETEIENCES. ....ee ettt ettt ettt e ettt e st e e st e e nataeeenas 61
Copies of NMR spectra of isolated compounds ..............ooeeeeiiiiiiiiiiiieeeiiiiiiee e e 62
S2



Supporting Information — Chapter 9

1. General remarks

Reagents, and solvents were purchased from commercial suppliers and used without further purification.
LED lamps for photocatalytic experiments were purchased from Kessil Lightning.! 'H-, 13C-, and '°F
spectra were recorded on a Varian 400 spectrometer (400 MHz, Agilent), a Ascend™ 400 spectrometer
(400 MHz, cryoprobe, Bruker) and a Varian 600 spectrometer (600 MHz, Agilent) at 298 K, and are
reported in ppm relative to the residual solvent peaks. Peaks are reported as: s = singlet, d = doublet, t=
triplet, q = quartet, m = multiplet or unresolved, with coupling constants in Hz. Analytical thin layer
chromatography (TLC) was performed on pre-coated TLC-sheets, ALUGRAM Xtra SIL G/UV,s4 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 using Silica 60 M (0.04-0.063 mm) silica
gel (Sigmal Aldrich). UV/Vis spectra were recorded using a UV-1900 spectrometer (Shimadzu). High-
resolution mass spectral data were obtained using a Waters XEVO G2-XS 4K spectrometer with the
XEVO G2-XS QTOF capability kit (ESI).
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2. Preparation of starting materials
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Figure S1: Overview of starting materials.

8a, 12a and 14a are commercially available and were used without further purification.
2a}? 6ap and 16a* were prepared according to procedures reported in literature.

S5a,7a,9a,10a,11a,13a and 15a were prepared from a common intermediate 21.
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Preparation of starting material /a

OBn

o\OH O AcO
WLO -0 NaH, BnBr WLO -0 1) Amberlite IRC-50-H*, H,0 Acoﬁ
0 DMF 0 BnO OAc
2) AcONa, Ac,O OAc
oﬁ/ OA‘/ 1a

Acetyl 2,4,6-tri-O-ace tyl-3-0O-be nzyl-p-D-glucopyranose (/a): Sodium hydride (3.20 g of a 60% sus-

pension in oil, 80.0 mmol) wasadded slowly at 0 °C under an argon atmosphere to a suspension of 1,2:5,6-
di-O-isopropylidene-o-D-glucofuranose (10.40 g, 40.0 mmol) in anhydrous N,N-dimethylformamide (35
mL). Then benzyl bromide (9.50 mL, 80 mmol) was added slowly and the resulting solution was stirred
at room temperature for 2 h. Methanol (10 mL) was added and after 10 min the solution was poured into
a mixture of ice and water (100 g) and extracted with diethyl ether (2x100 mL + 2x50 mL). The extract
was washed with water (2x100 mL), dried (Na2SO4) and concentrated to dryness. Amberlite IRC-50-H*
(circa 15 g after swelling) was added to a solution of the residue in water (200 mL) before stirring at 70
°C (oil bath) for 4 hours. The resin was filtered off and the solution was concentrated in vacuum and
freeze-dried. A solution of the residues (9.12 g) and anhydrous sodium acetate (1.50 g, 18.3 mmol) in
acetic anhydride (17.0 mL, 180 mmol) was heated at 110 °C (oil bath) for 5 h and then poured into a
mixture of ice and water. The aqueous phase was extracted with ether (3x100 mL) and the extract was
washed with water (2x50 mL), dried (Na2SO4) and concentrated under vacuum. The residue was purified
by flash column chromatography (30% ethyl acetate/hexane) and crystallized from hexane/diethyl ether
to obtain the title compound (10.91 g, 24.9 mmol, 62%) as a white solid.

'H NMR (400 MHz, CDCl;) 8 7.36 — 7.27 (m, 3H), 7.23 (d, J = 6.4 Hz, 2H), 5.64 (d, J = 8.2 Hz, 1H),
5.20 — 5.12 (m, 2H), 4.61 (s, 2H), 4.26 — 4.06 (m, 2H), 3.77 — 3.70 (m, 2H), 2.10 (s, 3H), 2.08 (s, 3H),
1.99 — 1.95 (m, 6H). 3C NMR (101 MHz, CDCl) & 170.8, 169.3, 169.3, 169.2, 137.5, 128.5, 128.0,
127.9, 92.0, 80.0, 74.2, 73.0, 71.5, 69.0, 61.8, 20.9, 20.8, 20.8, 20.8. HRMS (ESI) m/z: [M + Na]* Calcd
for C5Ha6NaO 1 461.1424; Found 461.1417.

These data are in full agreement with those previously published in the literature.>
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Preparation of starting material 4a

AcO o 1) 7N NHg in MeOH, THF 9 o TMSOTf, MeOH AcO o
ACOS OAc - ACOC 0__CCly —anar RSO0 OMe
n 2) CI3CCN, DBU, CH,Cl, n o \ﬂ/ CHCl, n o

OAc Ac Ac
1a 17 NH 18
AcO
HO ACO&&/O

p-TSA Aco/ﬁ/ 17, TMSOTf BnO s
M BnO OMe AcO 0

eOH OAc CH20|2 BnO OMe

19 4a OAc

AcO o
AcO
Bn&Lo CCls
OAc \ﬂ/
NH
17

2.,4,6-tri-0O-acetyl-3-0O-benzyl-p-D-glucopyranosyl trichloroace timidate (7):

Under argon, an oven dried 1000 mL round bottom flask was charged with Ia (10.7 g, 24.4 mmol, 1
equiv), dissolved in THF (750 mL), and sealed with a glass stopper. Slowly, 7N NH3; in MeOH (30 mL,
15 equiv) was added and the mixture was stirred at room temperature. After each hour, 30 mL 7N NH3 in
MeOH were added until starting material disappeared. After 4 h reaction was complete by TLC (30%
ethyl acetate/hexane). Three mL of toluene were added and a stream of air was blown over the surface of
the reaction while stirring to remove the ammonia. Once removal of the ammonia was complete, reaction
was placed on rotary evaporator and under a slight pressure the remaining ammonia was removed for 10
min. The pressure was slightly increased to remove the THF and then increased to concentrate the reaction

to completion.

Residue was dissolved in CH,CL (0.1 M, 252 mL) and at 0 °C, DBU (1.92 mL, 12.626 mmol, 0.5 equiv)
and trichloroacetonitrile (25.25 mL, 252.5 mmol, 10 equiv) were added. After 3 h of stirring at 0 °C,
reaction was complete (TLC-30% ethyl acetate/hexane). The reaction was concentrated and purified by a

silica gel chromatography with eluent containing 1% triethylamine to produce 17 asanoil (10.2 g, 18.78
mmol, 77%).

S6
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'H NMR (400 MHz, CDCl3) 6 8.63 (s, 1H), 7.34 — 7.26 (m, 3H), 7.25 — 7.21 (m, 2H), 6.50 (d, /= 3.6 Hz,
1H), 5.18 (t,J =9.8 Hz, 1H), 5.06 (dd, J = 10.0, 3.6 Hz, 1H), 4.74 — 4.57 (m, 2H), 4.18 (dd, J = 12.7, 4.8
Hz, 1H), 4.11 — 4.00 (m, 3H), 2.04 (s, 3H), 1.96 (s, 3H), 1.96 (s, 3H). 13C NMR (101 MHz, CDCl;) §
170.9, 169.9, 169.5, 160.8, 137.9, 128.6, 128.0, 127.9, 93.5, 91.0, 76.6, 75.0, 72.2, 70.7, 68.9, 61.8, 20.9,
20.9, 20.7. HRMS (ESI) m/z: [M + Na]* Calcd for C;1H24CENNaOg 562.0409; Found 562.0417.

O\
A,gﬁo&&om

OAc
19

Me thyl 2,4-di-O-ace tyl-3-O-benzyl-$-D-glucopyranosyl (1 9):

Into an oven dried 250 mL round bottom flask containing 17 (3 g, 5.5 mmol, 1 equiv) anhydrous CH,Cl,
(0.1 M, 55.5 mL) was added under argon. MeOH (0.67 mL, 16.7 mmol, 3 equiv) was then added and the
reaction was cooled to 0 °C. Slowly, TMSOT{ (0.1 mL, 0.55 mmol, 0.1 equiv) was added. After stirring
at 0 °C for 2 h reaction starting material was consumed (TLC-40% ethyl acetate/hexane). Reaction mix-

ture was quenched with triethylamine, concentrated, and purified by column chromatography to produce

18 as acolorless oil (1.6 g, 3.9 mmol, 70%)

In a 250 mL round bottom flask with 78 (1.5 g, 3.65 mmol, 1 equiv), MeOH (0.1 M, 36.5 mL) and pTSA
(695 mg, 3.65 mmol, 1 equiv) were added. Reaction was stirred at room temperature overnight. Upon
consumption of the starting material (TLC-40% ethyl acetate/hexane), reaction was concentrated, redis-
solved in ethyl acetate, and washed with water. Organic phase was then separated, dried with NaSO4, and

concentrated. Purification by column chromatography gave 19 as a white solid (537 mg, 1.46 mmol,
40%).

'H NMR (400 MHz, CDCL) & 7.37 — 7.26 (m, 3H), 7.24 (d, J = 6.7 Hz, 2H), 5.07 — 4.97 (m, 2H), 4.62
(s, 2H), 4.37 (d, J= 7.9 Hz, 1H), 3.77 — 3.68 (m, 2H), 3.60 (dd, J= 12.6, 5.0 Hz, 1H), 3.50 (s, 3H), 3.44
—3.35 (m, 1H), 2.36 (dd, J=9.2, 5.1 Hz, 1H), 2.01 (d, J = 1.9 Hz, 6H). 3C NMR (101 MHz, CDCL) &
170.5, 169.5, 138.0, 128.6, 128.0, 127.9, 101.9, 80.1, 74.4, 74.1, 72.6, 70.4, 61.6, 57.0, 21.1, 21.0. HRMS
(ESI) m/z: [M + Na]* Caled for C;sH2sNaOjs 391.1363; Found 391.1362.

S7
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Methyl 2,4,6-tri-O-acetyl-3-O-benzyl-p-D-glucopyranos yl-(1—6)-2,4,6-tri-O-ace tyl-3-O-benzyl-f-D-
glucopyranoside (4a):

Into an oven dried 250 mL round bottom flask containing glycosyl acceptor 19 (0.6 g, 1.5 mmol, 1 equiv)
glycosyl donor 77 (0.8 g, 1.6 mmol, 1.1 equiv) was added in anhydrous CH,Cl, (0.1 M, 15 mL) under
argon. Reaction was then cooled to 0 °C. Slowly, TMSOTf (0.03 mL, 0.15 mmol, 0.1 equiv) was added.
After stirring at 0 °C for 2 h the starting material was consumed (TLC-10% ethyl acetate/CH,Cl,). Reac-
tion mixture was quenched with triethylamine, concentrated, and purified by column chromatography to

produce 4a as a colorless oil (0.75 g, 1.0 mmol 68%)

'HNMR (400 MHz, CDCl) § 7.35 — 7.27 (m, 6H), 7.21 (d, J = 6.2 Hz, 4H), 5.10 (t, J= 9.6 Hz, 1H), 5.07
— 4.95 (m, 2H), 4.87 (t,J = 9.4 Hz, 1H), 4.58 (s, 4H), 4.47 (d, J = 8.0 Hz, 1H), 4.28 (d, J = 8.0 Hz, 1H),
425 — 4.19 (m, 1H), 4.08 (dd, J = 12.3, 2.3 Hz, 1H), 3.82 (d, J = 9.2 Hz, 1H), 3.67 (dt, J = 9.4, 4.7 Hz,
2H), 3.62 — 3.51 (m, 3H), 3.47 (s, 3H), 2.08 (s, 3H), 2.01 (s, 3H), 1.98 (s, 9H). 13C NMR (101 MHz,
CDCL) 5 170.9, 169.9, 169.5, 169.5, 169.3, 137.9, 137.8, 128.6, 128.0, 128.0, 128.0, 127.9, 101.8, 101.2,
80.2, 80.1, 77.4, 74.2, 74.1, 73.8, 72.6, 72.5, 72.3, 70.6, 69.6, 68.8, 62.2, 57.0, 21.1, 21.0, 21.0, 20.9, 20.9.
HRMS (ESI) m/z: [M + Na]* Caled for C3;H46NaO16 769.2678; Found 769.2704.
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Preparation of common intermediate 2/

o) o) BH3'THF, HO
HO SEt  “pyridine AcO SEt THF AcO SEt
OH OAc OAc
20 21

Ethyl 2,3-di-0-acetyl-4-0-be nzyl-B-D-thioglucopyranose (21):

To diol 20 (8 g, 25.6 mmol, 1 equiv) in a 500 mL round bottom flask, acetic anhydride (24.1 mL, 256
mmol, 10 equiv) and pyridine (80 mL) were added. Reaction stirred overnight at room temperature and
monitored for completion by TLC (50% ethyl acetate/hexanes). Upon completion reaction was co-evap-
orated with toluene (3x200 mL). To the residue (5 g, 12.6 mmol, 1 equiv) anhydrous THF (60 mL) was
added under argon and the reaction was cooled to 0 °C. After 30 min, a BH; in THF solution (1 M, 25
mL, 25.3 mmol, 2 equiv) followed by TMSOT(f (1.25 mL, 12.6 mmol, 1 eqiuv.) were added. Reaction
was then slowly warmed up room temperature after 1 h. Upon completion after 3 h (TLC- 20% ethyl
acetate/hexanes), reaction was transferred to an Erlenmeyer flask (1000 mL), diluted with 500 mL
CH,CL, and neutralized with NaHCO; (250 mL). Biphasic mixture was separated in a separatory funnel,
dried with NaSOy, concentrated, and purified by column chromatography to produce 21 as a colorless oil
(3.5 g, 8.82 mmol, 70%).

'HNMR (400 MHz, CDCl) §7.35 — 7.23 (m, 5H), 5.24 (t,J = 9.4 Hz, 1H), 4.89 (t, J=9.7 Hz, 1H), 4.62
(q, J=11.4 Hz, 2H), 4.50 (d, J = 10.0 Hz, 1H), 3.90 (dd, J = 12.3, 2.4 Hz, 1H), 3.75 — 3.66 (m, 2H), 3.46
—3.40 (m, 1H), 2.78 — 2.58 (m, 2H), 2.28 (s, 1H), 2.03 (s, 3H), 1.92 (s, 3H), 1.24 (t, J = 7.5 Hz, 3H). 13C
NMR (101 MHz, CDCL) § 170.1, 169.8, 137.5, 128.5, 128.0, 128.0, 83.3, 79.5, 75.8, 75.3, 74.8, 70.6,
61.4, 24.3, 20.8, 20.8, 14.9. HRMS (ESI) m/z [M + Na]* Caled for CioHyNaO;S 421.1291; found
421.1276.

S9
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Preparation of starting material 5a

HO BzCl, pyridine BzO
BnO o] 4-dimethylaminopyridine BnO o
AcO SEt » AcO SEt

OAc OAc
21 CH,Cl, 5a

Ethyl 2,3-di-O-acetyl-4-0-be nzyl-6-0-be nzoyl-p-D-thioglucopyranose (5a):

Into a 100 mL round bottom flask with 27 (0.8 g, 2 mmol, 1 equiv), CH,Cl, (14 mL) was added followed
by pyridine (1.4 mL, 10 mmol, 5 equiv), benzoyl chloride (0.75 mL, 3.5 mmol, 1.75 equiv), and 4-dime-
thylaminopyridine (16 mg, 0.13 mmol) at0 °C. Reaction warmed to room temperature and stirred for 2 h
while monitoring for completion by TLC (30% ethyl acetate/hexanes). Reaction was then concentrated

with toluene and purified by column chromatography to produce 5a as a colorless solid (893 mg, 1.8
mmol, 89%).

'H NMR (400 MHz, CDCL) §8.03 (d, J = 7.0 Hz, 2H), 7.59 (t, J="7.5 Hz, 1H), 7.47 (t,J = 7.7 Hz, 2H),
7.32 —7.23 (m, 2H), 7.24 — 7.17 (m, 3H), 5.32 (t, J = 8.7 Hz, 1H), 4.98 (t, J = 9.7 Hz, 1H), 4.63 — 4.55
(m, 3H), 4.53 (d, J= 10.0 Hz, 1H), 4.46 (dd, J = 12.1, 3.8 Hz, 1H), 3.82 — 3.66 (m, 2H), 2.79 — 2.52 (m,
2H), 2.07 (s, 3H), 1.9 (s, 3H), 1.23 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz, CDCl) § 170.2, 170.0,
166.2, 137.1, 133.4, 129.8, 129.8, 128.7, 128.6, 128.3, 128.2, 83.4, 77.4, 77.3, 76.2, 75.8, 75.0, 70.6, 63.3,
24.4, 21.0, 21.0, 15.1. HRMS (ESI) m/z: [M + Na]* Caled for CogH30NaOsS 525.1553; Found 525.1553.
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Preparation of starting material 3a

P
CFj3 OH BzO
BzO BnO (e} BzO o
BnO * NIS, TFOH ~ AcO TMSOTf  BnO o
SEt AcO
AcO 00 \—CF3
OAc CH,Cl, CH,Cl, OAc

5a 22 O\/ CFs 3a

2,2,2-Trifluoroethyl 2,3-di-O-ace tyl-4-0O-be nzyl-6-0-be nzoyl-D-glucopyranose (3a):

Under an argon atmosphere, CH,Cl, (7 mL) was added in an oven dried flask containing 5a (300.0 mg,
0.75 mmol, 1 equiv), trifluoroethanol (0.11 mL, 1.5 mmol, 2 equiv), and molecular sieves (4 A, 100
mg/mL). The resulting solution was cooled to 0 °C and N-iodosuccinimide (219 mg, 1.5 mmol, 1.3 equiv)
was added. After 30 mins, triflic acid (6 L, 0.075 mmol, 0.1 equiv) was added slowly. After stirring the
resulting solution overnight TLC (30% ethyl acetate/hexanes), the reaction was diluted with CH,Cl, and
washed with 10% sodium thiosulfate solution followed by NaHCOj; solution. Combined organic layers
were dried over Na2SO4 and concentrated under vacuum. The residue was purified by flash column chro-
matography (30% ethyl acetate/hexane) to obtain orthoester 22 as a white solid. Orthoester 22 (150 mg,
0.28 mmol, 1 equiv) was then rearranged by subjecting it to TMSOTT (0.01 mL, 0.07 mmol, 0.25 equiv)
in CH,CL (10 mL) under argon for 1 h (TLC-30% ethyl acetate/hexanes). Reaction was diluted with
CH,CL, and washed with NaHCOj; saturated solution. Organic layer was collected, dried with NaSOy,
concentrated, and purified by column chromatography to produce 3a as a colorless solid (120 mg, 0.22
mmol, 80%, a/p 8:92).

Characterization for 3a-: 'H NMR (400 MHz, CDCl;) 6 8.03 (d, J = 6.9 Hz, 2H), 7.61 (t,J = 7.4 Hz,
1H), 7.49 (d, J = 7.9 Hz, 2H), 7.33 — 7.19 (m, 5H), 5.34 — 5.27 (m, 1H), 4.97 (dd, J= 9.7, 7.9 Hz, 1H),
4.69 —4.55 (m, 5H), 4.49 (dd, J=12.2, 4.0 Hz, 1H), 4.16 — 4.03 (m, 1H), 3.99 —3.87 (m, 1H), 3.84 —3.69
(m, 2H), 2.06 (s, 3H), 2.00 (s, 3H). 13C NMR (101 MHz, CDCl) & 170.1, 170.0, 166.2, 137.0, 133.5,
129.8, 129.7, 128.8, 128.7, 128.4, 128.2, 100.9, 75.5, 75.1, 74.6, 73.6, 71.5, 65.8, 62.7, 21.0, 20.7. 9F
NMR (564 MHz, CDCL) & -74.46 (t,J = 8.5 Hz). HRMS (ESI) m/z: [M + Na]* Calcd for CycH»7F3NaOy
563.1999; Found 563.1511.
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Preparation of starting material 7a

FmocO o F ol i FmocO o
BnO mocCl, pyridine - Bnoﬁ/
AC&SB o, e SEt

OAc

21 7a

Ethyl 2,3-di-O-acetyl-4-0-benzyl-6-0-(9-fluore nylme thoxycarbonyl)-p-D-thioglucopyranose (7a):
Under an argon atmosphere, dichloromethane (6 mL) was added in a flask containing 27 (300.0 mg, 0.75
mmol). The resulting solution was cooled to 0 °C and pyridine (300 pL, 3.76 mmol) and Fmoc-Cl (340.4
mg, 1.31 mmol) were added. After stirring the resulting solution overnight, the reaction was quenched by
adding water (40 mL) and extracted with dichloromethane (3x40 mL). Combined organic layers were
washed with brine (50 mL), dried over Na2SO4 and concentrated under vacuum. The residue was purified
by flash column chromatography (20% ethyl acetate/hexane) to obtain the title compound (419.8 mg, 0.68
mmol, 90%) as a white solid.

'H NMR (400 MHz, CDCl3) 6 7.78 (d, J = 7.6 Hz, 2H), 7.63 (t, J= 6.2 Hz, 2H), 7.42 (t,J = 7.6 Hz, 2H),
7.36 —7.29 (m, 5H), 7.28 —7.24 (m, 2H, contains residual solvent peak), 5.29 (t,/=9.1 Hz, 1H), 4.98 (t,
J=9.7Hz 1H), 4.64 —4.56 (m, 2H, 4.53 — 4.44 (m, 2H), 4.41 (m, 2H), 4.32 — 4.23 (m, 2H), 3.75 - 3.61
(m, 2H), 2.77 — 2.60 (m, 2H), 2.07 (s, 3H), 1.98 (s, 3H), 1.25 (t, /= 7.5 Hz, 3H). 13C NMR (101 MHz,
CDCh) 6 170.1, 169.9, 155.0, 143.5, 143.3, 141.4, 137.2, 128.7, 128.3, 128.2, 128.1, 127.3, 127.3, 125.3,
125.3, 120.2, 83.4, 77.0, 76.1, 75.7, 75.0, 70.5, 70.1, 66.3, 46.8, 24.4, 21.0, 20.9, 15.1. HRMS (ESI) m/z:
[M + NH4]* Caled for C34H49NOoS 638.2424; Found 638.2449.
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Preparation of starting material 9a

0
Ho \/\OJ\CI /_/
0 pyridine
Bg\g&/SEt B;‘@O&&
OAc CHyCl»

21
Ethyl 2,3-di-O-acetyl-4-O-be nzyl-6-0O-allyloxycarbonyl-p-D-thioglucopyranose (9a):

Into a 100 mL round bottom flask with 27 (0.3 g, 0.75 mmol, 1 equiv), CH,ClL, (5 mL) was added followed
by pyridine (0.5 mL, 3.8 mmol, 5 equiv) and allyl chloroformate (0.14 mL, 1.3 mmol, 1.75 equiv) at room
temperature. Reaction was stirred overnight and monitored for completion by TLC (30% ethyl ace-

tate/hexanes). Reaction was then concentrated with toluene and purified by column chromatography to

produce 9a as a colorless solid (315 mg, 0.65 mmol, 86%).

'HNMR (400 MHz, CDCly) §7.37 — 7.22 (m, 5H), 5.99 — 5.87 (m, 1H), 5.41 — 5.34 (m, 1H), 5.31 — 5.23
(m, 2H), 4.93 (t, J = 10.2 Hz, 1H), 4.65 — 4.58 (m, 4H), 4.50 — 4.41 (m, 2H), 4.26 (dd, J = 11.7, 4.8 Hz,
1H), 3.72 — 3.57 (m, 2H), 2.77 — 2.59 (m, 2H), 2.05 (s, 3H), 1.96 (s, 3H), 1.24 (t, J = 7.5 Hz, 3H). 13C
NMR (101 MHz, CDCL) § 170.2, 169.9, 154.8, 137.2, 128.7, 128.3, 128.2, 119.3, 83.4, 77.0, 76.1, 75.6,
75.0, 70.5, 68.8, 66.2, 24.3, 21.0, 20.9, 15.0. HRMS (ESI) m/z: [M + Na]* Caled for Co3H3oNaOsS
505.1503; Found 505.1500.
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Preparation of starting material /0a

0 0]
DGR
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OAc OAc
21 CHaCl 10a

Ethyl 2,3-di-O-ace tyl-4-0O-be nzyl-6-O-propargyloxycarbonyl-p-D-thioglucopyranose (1 0a):

Into a 100 mL round bottom flask with 27 (0.3 g, 0.75 mmol, 1 equiv), CH,CL, (5 mL) was added followed
by pyridine (0.5 mL, 3.8 mmol, 5 equiv) and propargyl chloroformate (0.22 mL, 2.3 mmol, 3 equiv) at 0
°C. Reaction was stirred overnight and monitored for completion by TLC (30% ethyl acetate/hexanes).

Reaction was then concentrated with toluene and purified by column chromatography to produce I0a as

a colorless solid (325 mg, 0.67 mmol, 90%).

THNMR (400 MHz, CDCl) § 7.42 — 7.27 (m, 8H), 7.25 — 7.19 (m, 2H), 5.26 (t, J = 9.1 Hz, 1H), 5.16 (s,
2H), 4.92 (t, J = 9.6 Hz, 1H), 4.56 (q, J= 11.2, 6.7 Hz, 2H), 4.49 — 4.41 (m, 2H), 4.27 (dd, J = 11.7, 4.6
Hz, 1H), 3.71 —3.56 (m, 2H), 2.75 — 2.57 (m, 2H), 2.04 (s, 3H), 1.96 (s, 3H), 1.23 (t, J= 7.5 Hz, 3H). 13C
NMR (101 MHz, CDCL) & 170.2, 169.9, 154.9, 137.2, 135.2, 128.8, 128.7, 128.5, 128.3, 128.2, 83.4,
77.4, 77.1, 76.1, 75.6, 75.0, 70.5, 70.0, 66.3, 24.3, 21.0, 20.9, 15.0. HRMS (ESI) m/z: [M + Na]* Caled
for Co3H,sNa0,S 503.1346; Found 503.1326.
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Preparation of starting material //a

HO o TsO o N3 o
BnO p-TsCl, pyridine BnO’%iE:%QL/ NaN; BnO;E§§:%QL/
AC&/ SEt > AcO SEt ——» AcO SEt

OAc CH,Cl, OAc DMF OAc
21 11a

Ethyl 2,3-di-0O-acetyl-4-0-be nzyl-6-de oxy-6-azido-p-D-thioglucopyranose (1 1a):

Into a 50 mL round bottom flask with 27 (0.3 g, 0.75 mmol, 1 equiv), CH,CL (7.5 mL) was added fol-
lowed by pyridine (0.32 mL, 2.2 mmol, 3 equiv) and 4-toluenesulfonyl chloride (214 mg, 1.1 mmol, 1.5
equiv) at room temperature. Reaction was stirred overnight and monitored for completion by TLC (30%
ethyl acetate/hexanes). Reaction was then diluted with CH,CL and washed with 10% citric acid solution.
Organic layer was collected, dried with NaSO,, concentrated, and purified by column chromatography.
Pure residue of previous reaction was dissolved in DMF (10 mL) and NaNj3 (244 mg, 3.7 mmol, 5 equiv)
was added. Reaction was stirred overnight at 65 °C (oil bath) and monitored for completion by TLC (30%
ethyl acetate/hexanes). Reaction was then diluted with CH,CL and washed with water. Organic layer was
collected, dried with NaSO,, concentrated, and purified by column chromatography to produce I1a asa
colorless solid (193 mg, 0.46 mmol, 61%).

'H NMR (400 MHz, CDCL) & 7.38 — 7.28 (m, 3H), 7.26 — 7.22 (m, 2H), 5.25 (t, J=9.2 Hz, 1H), 4.96 (t,
J=9.7 Hz, 1H), 4.59 (q, J = 11.3 Hz, 2H), 4.49 (d, J = 10.0 Hz, 1H), 3.69 —3.49 (m, 3H), 3.34 (dd, J =
13.4, 5.2 Hz, 1H), 2.83 —2.61 (m, 2H), 2.06 (s, 3H), 1.97 (s, 3H), 1.26 (t, J= 7.5 Hz, 3H). 13C NMR (101
MHz, CDCL) § 170.2, 169.9, 137.3, 128.8, 128.4, 128.1, 83.0, 78.7, 76.3, 76.0, 75.1, 70.4, 51.1, 23.7,
21.0, 20.9, 14.8. HRMS (ESI) m/z: [M + Na]* Caled for CjoHasN3NaOgS 446.1356; Found 446.1346.
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Preparation of starting material /3a

0 0
BnO
Ho BnO)kCI _/<o
0 pyridine BnO 0
OAc CH,Cl, OAc
21 13a

Ethyl 2,3-di-O-ace tyl-4-0-be nzyl-6-0O-carboxylbe nzyl-$-D-thioglucopyranose (13a):

Into a 100 mL round bottom flask with 271 (0.3 g, 0.75 mmol, 1 equiv), CH,CL (14 mL) was added fol-
lowed by benzyl chloroformate (0.19 mL, 1.3 mmol, 1.75 equiv) and pyridine (0.5 mL, 3.7 mmol, 5 equiv)
at room temperature. Reaction was monitored for completion by TLC (30% ethyl acetate/hexanes) while
additional portions benzyl chloroformate (0.19 mL, 1.3 mmol) were added until starting material was

consumed. Reaction was then concentrated with toluene and purified by column chromatography to pro-
duce 13a as a colorless solid (245 mg, 0.46 mmol, 61%).

'H NMR (400 MHz, CDCL;) § 7.42 —7.27 (m, 8H), 7.25 — 7.19 (m, 2H), 5.26 (t,J = 9.1 Hz, 1H), 5.16 (s,
2H), 4.92 (t, J = 9.6 Hz, 1H), 4.56 (q, J= 11.2, 6.7 Hz, 2H), 4.49 — 4.41 (m, 2H), 4.27 (dd, J = 11.7, 4.6
Hz, 1H), 3.71 —3.56 (m, 2H), 2.75 — 2.57 (m, 2H), 2.04 (s, 3H), 1.96 (s, 3H), 1.23 (t, J= 7.5 Hz, 3H). 13C
NMR (101 MHz, CDCL) & 170.2, 169.9, 154.9, 137.2, 135.2, 128.8, 128.7, 128.5, 128.3, 128.2, 83.4,

77.4,77.1, 76.1, 75.6, 75.0, 70.5, 70.0, 66.3, 24.3, 21.0, 20.9, 15.0. HRMS (ESI) nvz: [M + Na]* Calcd
for C,7H3,NaOoS 555.1659; Found 555.1643.
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Preparation of starting material 15a

HO o TBSO o
BnO TBSCI, imidazole Bnok
Aco&&sa > AcO SEt

OAc CHxCl; OAc
21 15a

Ethyl 2,3-di-O-acetyl-4-0-be nzyl-6-O-tert-butyldime thylsilyl-B-D-thioglucopyranose (15a):

Into a 100 mL round bottom flask with 27 (0.3 g, 0.75 mmol, 1 equiv), CH,CL (5 mL) was added followed
by imidazole (130 mg, 1.9 mmol, 2.5 equiv) and TBSCI (142 mg, 0.94 mmol, 1.25 equiv) at room tem-
perature. Reaction was stirred overnight and monitored for completion by TLC (30% ethyl acetate/hex-

anes). Reaction was then concentrated and purified by column chromatography to produce 15« asa col-
orless solid (321 mg, 0.62 mmol, 83%).

'HNMR (400 MHz, CDCl) 6 7.37 — 7.23 (m, 5H), 5.22 (t,J =9.4 Hz, 1H), 4.91 (t,/=9.7 Hz, 1H), 4.67
(d, J=11.3 Hz, 1H), 4.59 (d, J= 11.3 Hz, 1H), 4.42 (d, J =10.0 Hz, 1H), 3.89 (s, 2H), 3.76 (t, J = 9.6
Hz, 1H), 3.37 (d, J=9.7 Hz, 1H), 2.77 — 2.57 (m, 2H), 2.04 (s, 3H), 1.91 (s, 3H), 1.25 (t, /= 7.5 Hz, 3H),
0.92 (s, 9H), 0.09 (d, J = 6.3 Hz, 6H). 13C NMR (101 MHz, CDCl;) 6 170.3, 170.0, 138.1, 128.6, 128.1,
128.0, 82.7, 80.2, 76.1, 75.4, 74.8, 70.6, 61.9, 26.0, 23.5, 21.0, 21.0, 18.5, 15.1, -4.9, -5.2. HRMS (ESI)
m/z: [M + Na]* Calcd for CysH4oNaO;SSi 535.2156; Found 535.2155.
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3. Experimental setups for photoche mical e xperiments

3.1. 440 nm setup

Batch experiments using blue light were carried out using Kessil PR160-440 LED lamps (Figure S2). One
or two sealed reaction vessels were placed on a stirring plate 4.5 cmaway from a single lamp. Full power
corresponds to 40W irradiation. 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 S2: Emission spectrumofthe Kessil PR160-440 and setup forblue light experiments.
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3.2.525 nm setup

Batch experiments using green light were carried out using Kessil PR160-525 LED (Figure S3). One
sealed reaction vessel was placed on a stirring plate 4.5 cm away from one or two lamps, depending on
the required light intensity. Full power corresponds to 40W irradiation. To avoid heating of the reaction

mixture, fans were used for cooling. All reactions were performed with maximum stirring speed.
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Figure S3: Emission spectrumofthe Kessil PR160-525 and setup for green light experiments.
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3.3. Flow-photochemical setup

Substrate, DDQ, TBN Blue light

CH,Cl, (wet)

Figure S4: Experimental setup for flow experiments.
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Substrate, DDQ, TBN Blue light Blue light
CH,Cl, (wet)
ml\l‘
e
L Air
” Loop Length=  Loop Length =
0.3 mL 3.5 mL

Figure S5: Experimental setup for extended retention time flow experiment.
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4. Preliminary investigations using photocatalyst and stoichiometric oxidants

General procedure for screening experime nts

An oven-dried, glass vial (19 x 100 mm) equipped with a stir bar was charged with 1a,the photocatalyst
and the oxidant. Subsequently, the solvent and water were added and the vial was sealed with a septum
and Parafim. The reaction mixture was stirred for 1 minute at high speed, followed by degassing with
argon for 10 minutes. The mixture was irradiated using the 440 nm setup with rapid stirring (800 rpm).
After the respective reaction time, 1,3,5-trimethoxybenzene (1 equiv) or maleic acid (1 equiv) was added

to the reaction mixture as internal standard. An aliquot of the resulting solution (~100 pL) was diluted in
DMSO-d; and subjected to 'H-NMR analysis.
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Figure S6: Example of 'H NMR analysis ofa crude reaction mixture.
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4.1. Initial screening of photocatalysts

Table S1: Photocatalyst screening (selection).*

Photocatalyst 0

Aﬁg%&/ CBry (5 equiv.) Aﬁg()/ﬁ/ . H

BnO OAC ™ leoNm0 99:1)  HO OAc

OAc 2 : OAc

0.05 mmol, 10 mM 440 nm
1a 1b PhCHO
Entry Photocatalyst Time [h] 1a[%]® 1b [%]P PhOC I{O Soumb
[%o] [%o]

1 CN-OA-m (3.33mg/mL) 15 56 34 32 90
2 Ir(ppy)s (1 mol%) 15 50 25 32 75
3 TriPhPyrilum (2 mol%) 15 68 21 21 89
4 Rose Bengal (1 mol%) 15 77 14 12 91
5 Me-Mes-Acr (4 mol%) 15 43 42 41 85

*Reaction conditions: 1a (50 umol), Photocatalyst, CBr4 (5 equiv), MeCN (5 mL), H,O (50 pL), irradiation at 440
nm (20W) at rt, degassed. "Determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal standard.

Reaction conditions that were previously reported for the oxidative cleavage of PMB ethers using visible -
light photoredox catalysis® were adapted to cleave benzyl ether 1a (Table S1). The desired product 1b
was obtained using visible light irradiation (440 nm) of the semiconductor CN-OA-m,” an iridium
polypyridyl complex and several organic photocatalysts in presence of stoichiometric amounts of the ox-

idant CBry4. 9-Mesityl-10-methylacridinium perchlorate was selected for further investigation.

Ir
/ \ ~+ ‘
(e}
BF4
CN-OA-m Ir(ppy)3 TriPhPyrilium Rose Bengal Me-Mes-Acr

Figure S7: Set of photocatalysts used for the initialinvestigation of the photo-oxidative debenzylation.
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4.2. Time study

Table S2: Time study.®

Me-Mes-Acr (4 mol%) o
A’:go/%& CBr, (5 equiv.) _ Aﬁg‘l%& . ’
BnO OAc MeCN/H,0 (99:1)  HO OAc
OAc 2 : OAc
0.05 mmol, 10 mM 440 nm
1a 1b PhCHO
Entry Time [h] 1a [%]P 1b [%]P PhCHO [%] Sum [%]°
1 2 88 10 16 98
2 4 75 21 20 96
3 8 56 34 35 90
4 13 43 42 43 85
5 19 32 47 51 79
6 26 23 46 58 69
7 31 15 39 63 54
8 48 5 24 78 29

*Reaction conditions: a (50 pmol), Me-Mes-Acr (4 mol%), CBr4 (5 equiv), MeCN (5 mL), H,O (50 pL), irra-
diation at 440 nm (20W) at 1t, degassed. ®Determined by 'H- NMR using 1,3,5-trimethoxybenzene as intemal
standard.

100 - e 1a
e 1b
904 o ® PhCHO
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= ° o
40 e °
[
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L4 °
104 o
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0 5 10 15 20 25 30 35 40 45 50
Time [h]

Figure S8: Time study. Data from Table S2.
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4.3. Oxidant screening

Table S3: Oxidant screening.”

Me-Mes-Acr (4 mol%) 0
A0 5 Oxidant (5 equiv.) AO\ 4
ACOD OAc > AcO’ OAc * H
e MeCN/H,0 (99:1) OAC
0.05 mmol, 10 mM 440 nm
1a 1b PhCHO
. . o/ 1b o1, PhCHO Sum
Entry Oxidant Time [h] 1a[%]" 1b [%] (%" (%]
| CBry 18 37 45 50 82
2 BrCClL 18 70 22 22 92
3 Na,S,05 18 76 23 19 99
4 tert-Butyl peroxide 18 94 n.d.c n.d. 94
5 Oxone 18 86 7 8 93
6 Cu(OAc), H,O 18 92 n.d. n.d. 92

*Reaction conditions: 1a (50 pmol), Me-Mes-Acr (4 mol%), Oxidant (5 equiv), MeCN (5 mL), H,O (50 pL),
irradiation at 440 nm (20W) atrt, degassed. ®Determined by "H-NMR using 1,3,5-trimethoxybenzene as intemal
standard. ‘notdetected.

Table S4: Experiment with stoichiometric amounts of DDQ as photooxidant.?

AcO . AcO AcO
o] DDQ (5 equiv) o °
Aéﬁ)o/k/om > Acgo/k/OAc + Aggo/k/OAc
OAC CH,Cly/H,0 (99:1) iy e
0.05 mmol, 10 mM 440 nm
1a 1b 1o
Entry Time 1a[%]®° 1b[%]® 1c[%]® PhCHO [%]" [S‘;I]Itl)
(1]
1 18 n.d.c ]3 17 47 99

*Reaction conditions: 1a (50 pmol), DDQ (5 equiv), MeCN (5 mL), H>O (50 pL), irradiation at 440 nm (20W)
atrt, degassed. "Determined by "H-NMR using maleic acid as internal standard. °not detected.
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5. Reaction optimization for Protocol A and B

General procedure for screening experiments

An oven-dried, glass vial (19 x 100 mm) equipped with a stir bar was charged with 7a and DDQ. Subse-
quently, the solvent and water were added and the vial was sealed with a septum and Parafiim. terz-Butyl
nitrite was added through the septum and the resulting reaction mixture was stirred for 1 minute at high
speed. The reaction vessel was degassed by bubbling argon for 10 minutes or a balloon of air was applied
through the septum. The mixture was irradiated with the respective LED lamps with rapid stirring (800
rpm). After the respective reaction time, the reaction mixture was transferred into a round-bottom flask
and solvents were removed under vacuum. Maleic acid (1 equiv) was added to the residue as internal
standard, followed by 1.5 mL of acetonitrile. Analiquot of the resulting homogeneous solution (~100 uL)
was diluted in DMSO-dg and subjected to '"H-NMR analysis (See Figure S6).
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Figure S9: UV-visible absorptionspectrumofDDQ (1.0 mM in CH>CL).
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5.1. Selection oflight source using stoichiometric DDQ

Table S5: Screening of different wavelengths.?

AcO o DDA AcO o AcO o
ACO&& > ACO&& ACO&&
OA - OAc + OA
BnO € MeCN/H,0 (99:1) HO ¢ BzO ¢

0.05 mmol,c1)0A§1M light ohe Ohe
1a 1b 1c

Entry Light source DDQ [equiv] Time [h] 1a[%]® 1b[%]> 1c[%]® ﬁ,}l‘]‘},
1 None 2 24 93 n.d.c n.d. 93
2 440nm, 20W 1 2 11 71 6 88
3 440nm, 20W 1 16 14 75 8 97
4 440nm, 20W 1.2 2 nd. 88 5 93
5 440nm, 20W 1.5 2 n.d. 85 12 97
6 440nm, 20W 2 2 n.d. 87 12 99
7 440nm, 20W 5 2 n.d. 80 20 >99
8 525nm, 20W 1 17 28 66 n.d. 94
9 525nm, 20W 1.2 17 19 70 n.d. 89
10 525nm, 20W 1.5 17 14 79 n.d. 93
11 525nm, 20W 2 17 6 86 n.d. 92
12 525nm, 20W 5 8 5 87 n.d. 92
13 525nm, 20W 5 17 n.d. 95 n.d. 95
14 525nm, 40W 2 8 n.d. 94 n.d. 94
15 525nm, 80W 2 4 n.d. 89 n.d. 89

*Reaction conditions: 1a (50 pmol), DDQ (1-5 equiv), MeCN (5 mL), H,O (50 pL), light irradiation at rt. "Determined
by 'H- NMR using maleic acid as internal standard. “not detected.

Use of 525 nm irradiation, resulted in longer reaction times and higher selectivity (Table S5, entry 13,
95% yield) compared to 440 nm (entry 7, 80% yield). Reaction times could be reduced by using higher
light mtensity.
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5.2. Solvent screening using stoichiometric DDQ

Table S6: Screening of different solvents.*

AcO o DDAQ (2 equiv) ACO o) o %
AcO OA > AR -
BnO ¢ : HO one 520 o
Solvent/H,0 (99:1) OAc

0.05 mmol,?g‘ﬁwM 525 nm Ohe
1a 1b 1c

Entry Solvent Time [h] 1a[%]® 1b[%]® 1c[%]° [SOZI]I;
1 Acetonitrile 1 20 69 n.d.c 89
2 N,N-dimethylformamide 1 >99 n.d. n.d. >99
3 Dimethylsulfoxide 1 93 n.d. n.d. 93
4 Acetone 1 63 27 10 >99
5 N,N-dimethylacetamide 1 95 n.d. n.d. 95
6 Dioxane 1 92 n.d. n.d. 92
7 Methanol 1 94 n.d. n.d. 94
8 Tetrahydrofurane 1 94 n.d. n.d. 94
9 Dichloromethane 1 n.d. 89 7 96
10 N-methyl-2-pyrrolidone 1 93 n.d. n.d. 93
11 2-Butanone 1 54 33 n.d. 87
12 Ethyl acetate 1 39 49 n.d. 88
13 Toluene 1 97 n.d. n.d. 97
14 Chloroform 1 0 80 5 85
15 Cyclopentanone 1 90 7 n.d. 97
16 CH,ClL/MeCN (2:1) 1 18 75 n.d. 93
17 CH,ClL/MeCN (4:1) 1 22 78 n.d. >99
18 CH,CL/MeCN (4:1) 3 7 91 n.d. 98

*Reaction conditions: 1a (50 umol), DDQ (2 equiv), solvent (S mL), H>O (50 pL), irradiation at 525 nm (40W) at
rt. "Determined by 'H- NMR using maleic acid as internal standard. “not detected.
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5.3. Protocol A: Optimized conditions and control experiments

Table S7: Optimized reaction conditions and control experiments for Protocol A.*

A0\ o DDA (15equiv) O\ o AN\ o
AcO OAc » ACO oAc + ACO OAc
BnO CHCly/H,0 (99:1) HO BzO

OAc OAc OAc
0.05 mmol, 10 mM 525 nm
1a 1b 1c

. L. . o/ 1b o/ 1b o/ 1b Sum
Entry Variation Time 1a [%] 1b [%] 1c [%] [%]°

0

1 None 30 min n.d.c 96 <2 98

2 440 nm (20W) 10 min n.d. 78 16 94
3 No light 24 h >99 n.d. n.d. >09

*Reaction conditions: 1a (50 pmol), DDQ (2 equiv), CH>Clz (5 mL), H>O (50 pL), irradiation at 525 nm (80W)
atrt. "Determined by '"H-NMR using maleic acid as internalstandard. “not detected.
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5.4. Solvent screening using dual DDQ/TBN catalysis

Table S8: Solvent screening.

DDQ (30 mol%) AcO

PO o TBN (30 mol%) o A0\
ACO&& v Acok Acok
OA > OAc + OA
BnO © Solvent/H,0 (99:1) HO C BzO c

OAc OAc OAc
0.05 mmol, 10 mM 525 nm
1a 1b 1c

Entry Solvent Time o[ Ib %P lc[%pr UM
[min] [%]"

1 Acetonitrile 100 35 58 5 98
2 Dichloromethane 100 6 90 4 >99

3 Chloroform 100 3 92 4 99
4 Ethyl acetate 100 85 15 n.d.c >99

5 Acetone 100 81 15 2 98
6 2-Butanone 100 90 9 n.d. 99
7 CH,ClL,/MeCN (32) 100 27 64 3 97

8 CH,ClL/MeCN ( 7:3) 100 24 72 <2 98
9 CH,CL/MeCN (4:1) 100 33 63 4 >99

10 CH,CL/MeCN (9:1) 100 37 57 4 98

*Reaction conditions: 1a (50 pmol), DDQ (30 mol1%), TBN (30 mol1%), solvent (5 mL), H,O (50 pL), irradiation
at 525 nm (40W) at rt, air balloon. "Determined by "H-NMR using maleic acid as internal standard. “not detected.

S30



Supporting Information — Chapter 9

5.5. Screening of water content

Table S9: Screening of water contents.”

oo, Gmpem  ao o mosy

ACOh o ACO&& ACO&&
OA > OAc * OA

BnO ©  CH,LClL/H,0 (99:1) HO ¢ Bz20 ¢

0.05 mmol,?g‘;M 525 nm OAc OAc
1a 1b 1c

Entry Water content r[rl:::ﬁ 1a[%]* 1b[%]> 1c[%] [So;‘l)lllll)
1 None 100 62 33 3 98
2 0.1 % 100 65 31 n.d.e 96
3 1% 100 51 46 4 >99
4 2% 100 54 ) 4 100
3 5% 100 71 25 3 99
6 10% 100 71 21 4 96

*Reaction conditions: 1a (50 umol), DDQ (10 mol%), TBN (10 mol%), CH.Cl, (4.5-5 mL), H>O (0-500 pL),
irradiation at 525 nm (40W) at rt, air balloon. *Determined by '"H- NMR using maleic acid as internal standard.
‘not detected.
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5.6. Screening of different atmospheres

Table S10: Screening of differentatmospheres.*

DDQ (10 mol%) AcO

AcO 0 TBN (10 mol%) 0 AcO 0
Acok o=l Acoh Acoh
OA > OAc *+ OA
BnO ©  CH,LClL/H,0 (99:1) HO ¢ BzO ¢

OAc OAc OAc
0.05 mmol, 10 mM 525 nm
1a 1b 1c

Entry Variation Time 1o (o%  1b[%]® lc[%p  Sum
[min] [%]°

1 Air balloon 100 45 51 1 97

2 Oxygen balloon 100 39 54 2 95

3 Sealed vessel 100 38 57 5 >09

*Reaction conditions: 1a (50 umol), DDQ (10 mo1%), TBN (10 mo1%), CH,Cl, (5 mL), H>O (50 uL), irradiation
at 525 nm (40W) at rt. ®Determined by 'H- NMR using maleic acid as internal standard. ‘not detected.

Using balloons of air, oxygen or the sealed vessel gave no significant difference in formation of 7bor Ic.
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5.7. Screening of different concentrations

Table S11: Screening of differentconcentrations.*

DDQ (10 mol%) AcO

hoo 0 TBN (10 mol%) 0 hoo o}
Acok o Acok Acok
OA > OAc + OA
BnO € CH,ClyH,0 (99:1) HO ¢ B ¢

OAc i OAc OAc
1a 1b 1c

Entry  Concentration, Scale E::::S 1a[%]®> 1b[%]® 1c[%]" [So}:l]l;
1 5 mM, 25 pmol 100 77 21 2 >99
2 10 mM, 50 pmol 100 40 56 4 >99
3 25 mM, 125 pmol 100 56 42 1 99
4 50 mM, 250 pmol 100 66 33 1 >99
5 100 mM, 500 pmol 100 79 21 n.d.c >99
6 200 mM, 100 pmol 100 81 19 n.d. >99

*Reaction conditions: 1a (25-500 umol), DDQ (10 mo1%), TBN (10 mo1%), CH>Cl, (0.5-5 mL), H.O (50 pL),
irradiation at 525 nm (40W) at rt. "Determined by '"H-NMR using maleic acid as internal standard. “notdetected.
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5.8. Screening of catalyst loadings using dual DDQ/TBN catalysis

Table S12: Screening of catalyst loadings.?

AcO o DDQ, TBN AcO o AcO o
AcO OAc » ACO oAc + ACO OAc
BnO CHCly/H0 (99:1) HO BzO

0.05 mmol,c1)OA§1M 525 nm ohe ohe
1a 1b 1c

Entry DDQ, TBN [Tnl:;e] 1a[%]® 1b[%]" 1c[%]® [So;‘)‘]‘;
I 1 mol% 100 98 n.d.e 2 ~99
2 5 mol% 100 70 26 4 98
3 10 mol% 100 41 56 3 >99
4 15 mol% 100 35 59 5 99
5 20 mol% 100 13 80 5 98
6 25 mol% 100 2 94 4 ~99
7 30 mol% 100 7 91 2 ~99
8 40 mol% 100 n.d. 90 6 9

*Reaction conditions: 1a (50 umol), DDQ (1-40 mol%), TBN (1-40 mo1%), CH.Cl» (5§ mL), H>O (50 pL), irradi-
ation at 525 nm (40W) at rt. ®Determined by 'H- NMR using maleic acid as internal standard. “not detected.
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5.9. Protocol B: Optimized conditions and control experiments

Table S13: Optimized reaction conditions and control experiments for Protocol B.*

DDQ (25 mol%) AcO

AcO 0 TBN (25 mol%) 0 A0 0
Acok ot Acok Acok
OA > OAc + OA
BnO € CH,ClH,0 (99:1) HO ¢ B2 ¢

0.05 mmol,?g\?nM 525 nm ohe ohe
1a 1b 1c
Entry Variation Time o jool b [%]P 1% Sum
[min] [%0]
1 none 120 n.d.c 97 2 99
2 440 nm (20W) 30 min n.d. 88 9 97
3 440 nm (40W) 30 min n.d. 87 11 98
4 No light 120 96 2 n.d. 98
5 No TBN 120 77 23 n.d. >99
6 No DDQ 120 >09 n.d. n.d. >99
7 No TBN and no DDQ 120 >99 n.d. n.d. >99
8 No DDQ and no light 120 >99 n.d. n.d. >99
9 Degassed with argon 120 55 39 <2 96

*Reaction conditions: 1a (50 umol), DDQ (25 mol1%), TBN (25 mo1%), CH>Cl» (5 mL), H,O (50 uL), irradiation
at 525 nm (40W) at rt. *Determined by 'H-NMR using maleic acid as internal standard. “notdetected.
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6. In situ NMR studies using a LED-NMR setup

6.1. General remarks and experimental setup

'H NMR spectra were obtained using a Varian 600 Spectrometer (600 MHz, Bruker) at 298 K, with the
following settings: Acquisition points 30952; Acquisition time 1.3 s; Relaxation delay 1.0 s; Receiver
gain (as autogain) 101; Spectral width 16.0 ppm; Number of scans 30 ; Number of dummy scans 0.

All in situ "H NMR spectra were obtained by a sequence of experiments of 30 sec. The reaction was
carried out under blue light irradiation via an optic fiber connected to THORLABS M450LP1 (450nm,
1850 mW).

Figure S10: (A) Optic fiber inside a NMR tube (inner diameter 2.1 mm) embedded in a NMR tube (inner diameter 4.0 mm)
sealed with a septum. (B) Varian 600 Spectrometer (600 MHz, Bruker). (C) THORLABS M450LP1 lamp with optic fiber
attached.
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6.2. Obtaining and processing the in situ NMR data

=
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6.1 6.0 5.9 5.8 5.7 56 55 5.4 5.3 5.2 5.1 5.0 4.9 48 4.7 4.6 4.5 44
f1 (ppm)

Figure S11: "H NMR reaction profile ofthe debenzylation of 1a. The highlighted peaks were used to track the reaction pro-
gress: conversionof 7a (red), formation of b (blue), unidentified side products (grey and green).

Due to the formation of side products the data were presented as substrate consumption:

. substratetegral
Substrate consumption = (1 - T —— , - 100
substrate,mggml+productlmegml+51de productAlmegml+SLde product Blntegral

Diethyl ethylidenemalonate was used as internal standard in the NMR analysis to determine the mass

balance and validate the calculation.
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6.3. Photo-oxidative debenzylation of /a studied with in situ NMR spe ctroscopy

Experimental Procedure: An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with
1a (4.38 mg, 10 pmol) and DDQ (0.11 mg, 0.5 pmol, 5 mol%). Deuterated chloroform (1.0 mL) and tert-
butyl nitrite (2.39 pL, 20 umol, 2 equiv) were added and the vial was sealed with a septum and Parafilm.
After stirring for 1 minute, the reaction solution (0.5 mL) and water (5 uL.) were transferred into an oven
dried NMR tube (inner diameter 4mm). A second oven-driecd NMR tube (inner diameter 2.1 mm), was
installed coaxially inside the first one using a rubber septum. The optic fiber was inserted into the inner

NMR tube and the reaction progress was tracked over 100 min of irradiation, using 'H NMR spectroscopy.

AcO o 5 % 2 . AcO o
mol7o equiv.
Ag?&&om o Acgo/k/OAc
vl CDCIy/H,0 (99:1)

LED-NMR OAc
0.01 mmol, 10 mM
1a 1b
100
g 80
c
il
a
£ 60
3
8
o 407 -
(E n
Z [ ]
8 20 n
7]
n
[ [ ]
0 20 40 60 80 100 120
Time [min]

Figure S12: Debenzylation of 1a. Reaction conditions and concentration profile.
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6.4. Delayed injection experiment studied with in situ NMR spectroscopy

Experimental procedure: An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with
la (4.38 mg, 10 pmol) and DDQ (0.34 mg, 1.5 pmol, 15 mol%). Deuterated chloroform (1.0 mL) was
added and the vial was sealed with a septum and Parafilm. After stirring for 1 minute, the reaction solution
(0.5 mL) and water (5 puL) were transferred into an oven dried NMR tube (inner diameter 4mm). A second
oven-dried NMR tube (inner diameter 2.mml ), was installed coaxially inside the first one using a rubber
septum. The optic fiber was inserted into the inner NMR tube and the reaction progress was tracked using

TH NMR spectroscopy. After 30 minutes of irradiation, tert-butyl nitrite (4.78 uL, 40 umol, 4 equiv) was

added to the reaction solution and the irradiation was continued for 70 min.

DDQ)TBN
AcO o 15 I"/\Z) . AcO o

mol% 4 equiv.

Agcn)o/k/OAc > Acgo/k/OAc

o CDCl3/H,0 (99:1) OAC

LED-NMR

0.01 mmol, 10 mM

1a 1b

100 +

d

R

Substrate consumption [%]

0+ ]
T T T T T T
0 20 40 60 80 100
Time [min]

Figure S13: Delayed addition experiment for the debenzylation of 7a. Reaction conditions and concentration profile.
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6.5. On/off experiment studied with in situ NMR spectroscopy

Experimental Procedure: An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with
1a (4.38 mg, 10 pmol) and DDQ (0.11 mg, 0.5 pmol, 5 mol%). Deuterated chloroform (1.0 mL) and tert-
butyl nitrite (2.39 L, 20 umol, 2 equiv) were added and the vial was sealed with a septum and Parafilm.
After stirring for 1 minute, the reaction solution (0.5 mL) and water (5 uL.) were transferred into an oven
dried NMR tube (inner diameter 4mm). A second oven-driecd NMR tube (inner diameter 2.1 mm), was
installed coaxially inside the first one using a rubber septum. The optic fiber was inserted into the inner
NMR tube and the reaction progress was tracked using 'H NMR spectroscopy with cycles of 15 minutes
of irradiation and 20 minutes in the dark. After the end of the second cycle (70 minutes in total) reaction

was tracked until completion under irradiation.

DDQ)TBN
Ao o 5 mol% 2 equi AN o
mol7o equiv.
Ag%&&om —> Acﬁ’o&&om
el CDCly/H,0 (99:1)

Al
LED-NMR OAc

0.01 mmol, 10 mM
1a 1b

100

60 jr

40

20

Substrate consumption [%]

0 20 40 60 80 100
Time [min]

Figure S14: On/offexperiment forthe debenzylation of 1a. Reaction conditions and concentration profile.
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7. Mechanistic hypothesis

Based on literature® 8 and on our experimental results, we suggest the following considerations about the

mechanism of the dual DDQ/TBN catalyzed photo-oxidative cleavage of benzyl ethers (Scheme S1).

Photoirradiation of DDQ generates the highly oxidizing triplet state 3DDQ* (E = 3.18 V vs SCE)® which
is responsible for oxidation of 7a. No product formation was detected in absence of DDQ or light (Table
S14, entries 6 & 4). Moreover, in situ monitoring of the reaction by NMR spectroscopy highlighted how
interrupting irradiation inhibits product formation (Figure S14). Our evidence is too limited to discrimi-
nate whether single electron transfer (SET) or hydrogen atom transfer (HAT) is the first oxidation event
happening between 3DDQ* and 1a. However both SET/HAT and HAT/SET sequences are possible and
lead to formation of the oxacarbenium intermediate Ia* which is hydrolyzed by water to afford the prod-
uct 1b. Alternatively, after an SET event between 3DDQ¥* and 14, the reduced form of DDQ can abstract
a hydrogen atom of CH,Cl,, generating a carbon centered radical that then interacts abstracts a hydrogen

atom from the radical cation of Za.

Photodecomposition of TBN generates nitrous oxide, which is oxidized to nitrogen dioxide by oxygen.
Nitrogen dioxide is known to restore 2,3-dichloro-5,6-dicyano-1,4-dihydroquinone (DDQH,) to the qui-
none form. The combined activity of DDQ and TBN was proved in a delayed injection experiment (Figure
S13), omission of TBN resulted in the reaction remaining silent after conversion of DDQ to DDQH,.

Injection of TBN allowed to turn over DDQ and completion of the reaction.
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Scheme S1: Possible mechanisms forthe photo-oxidative benzyl cleavage using dual DDQ/TBN catalysis.

ﬁ 525 nm

AcO
Acoﬁ 25 mol% 25 mol% . AcO o
BnO OAc AcO OAc

oA DCMIH;0 (99:1) HO o
0.05 mmol, 10 mM rt, air
1a 1b
O,
TBN —— NO NO, AcO o
v AC0/§S/OAC
DD DDQH
Q / 2 1b + O\ OAc
N H,0 H 1a"
” H,0
1a + 3DDQ* DDQH + 1a’
SET - ) HAT cl
DDQ™ + fa” cl OH
HAT DDA + fa° SET HO N
CN
SET -
pbQ~ + 1a” DDQH,
HAT ‘ .
CHcl, —HAT
CH,Cl, )
DDQH ™
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8. Scope and limitations

General procedure A

An oven-dried, glass vial (19 x 100 mm) equipped with a stir bar was charged with the starting material
(100 umol, 1 equiv) and DDQ (1.5 equiv per benzyl group), and then sealed with a septum and Parafilm.
After evacuating and backfilling the vial with argon 3 times, degassed DCM (5 mL) and water (50 pL)
were added through the septum and the mixture was stirred for 1 minute at high speed. The reaction
mixture was irradiated in front of two green LED lamps (525 nm) at full power until consumption of the
starting material was detected by TLC analysis. The reaction mixture was transferred into a round-bottom
flask, solvents were removed under vacuum and the residue was loaded on a silica column and purified

by flash chromatography.

In some cases chromatography afforded mixed fractions of the product and DDQ. DDQ was removed by basic
washing of the fractions with aqueous saturated NaHCO3, followed by drying over Na2SO4 and solvent evap-

oration.
General procedure B

An oven-dried, glass vial (19 x 100 mm) equipped with a stir bar was charged with the starting material
(50 or 100 umol, 1 equiv) and DDQ (25 mol% per benzyl group). Subsequently, the solvent (5.0 mL) and
water (50 uL) were added and the vial was sealed with a septum and Parafiim. ters-Butyl nitrite (2 equiv)
was added through the septum and the mixture was stirred for 1 minute at high speed. The reaction mixture
was irradiated in front of two green LED lamps (525 nm) at full power until consumption of the starting
material was detected by TLC analysis. The reaction mixture was transferred into a round-bottom flask,
solvents were removed under vacuum and the residue was loaded on a silica column and purified by flash

chromatography.
General procedure C (Continuous Flow)

A vial (5 mL) was charged with the starting material (1 equiv) and DDQ (25 mol% per benzyl group).
Subsequently, wet CH,Cl, (0.02 M) was added and the vial was sealed with a septum. ter#-Butyl nitrite (2
or 6 equiv) was added through the septum. The reaction mixture was transferred into a 10 mL syringe and
placed on a Harvard PHD 2000 syringe pump alongside a 1 mL syringe filled with air. Beginning at 1 mL
the air syringe was pushed (5 mL min-') until the plunger was equal to that of the liquid syringe at which
point the pump was set to the desired flow rate. The biphasic reaction mixture was pumped through a FPE
loop (0.3 mL) to be irradiated by one blue LED lamp (Kessil PR160-440, 440 nm, power = 100%) at a
distance of 5 cm. The reaction mixture was collected into a round-bottom flask, solvents were reduced
under vacuum (0.2 mL) and then loaded directly on asilica column and purified by flash chromatography.
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Protocol A Protocol B Protocol C
Starti terial Reaction Isolated Reaction  Isolated Retention Isolated
artmg materia time yield time yield time yield
AcO
la Agﬁ&&om 30min - 96% 1h 95% - -
OAc
1) OBn
pe)
2a o 3 lh 98% 3h 90%  2.5min  91%
g
BzO
3a ng&&o 1.5h 92% 4h 84% - -
OAc \—CF3
da &Wé& 1.5h 83% 35h 8%  10mn 8%
BzO
5a B2 e 2h 74% 6h 65% - -
OAc
FmocO ng
6a Bgﬁ&% 8h 85% 24 h 85% 10min ~ 69%
SEt
FmocO
7a BR&&&/SH 23 h 78% 52h  89% - -
OAc
FmocO O(L)ev
8a Bg‘g&g 15h 95% Bh 7% ; i
STol
(0]
AllO
9a °\ o 1.5h 79% 17 h 71% - -
Bﬁ\g&ﬁ(sa
C
= (0]
o~
10a o 25h 76% 15h 68% 3 min 77%
BR%&%A/SB
N3 0
11a 8Os SEt 4h 87% 6h 75% - -
OAc
Ph—X0 0
12a NASO/k/SPh 4h 89% 15h  86% ; ]
OBz
(0]
BnO
13a 0\, 4h 53% - - - -
BRS(%\/SEt
C
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8.1. Isolated compounds

Acetyl 2,4,6-tri-O-acetyl-B-D-glucopyranose (1b)

AcO o
AcO
HO&/OAC
OAc
1b

Protocol A

1la (43.8 mg, 100 umol) was treated according to general procedure A. Irradiation time was 30 minutes.
Flash chromatography (gradient 40-60% ethyl acetate/hexane), followed by basic washing afforded 15
(33.5 mg, 96.2 pmol, 96%) as a white solid.

Protocol B

1a (21.9 mg, 50 pmol) was treated according to general procedure B. Irradiation time was 1 hour. Flash

chromatography (40% ethyl acetate/hexane) afforded 15 (16.6 mg, 47.6 umol, 95%) as a white solid.

'H NMR (400 MHz, CDCL)  5.67 (d, J = 8.3 Hz, 1H), 5.02 —4.94 (m, 2H), 4.30 (dd, J = 12.5, 4.6 Hz,
1H), 4.12 (dd, J= 12.5, 2.2 Hz, 1H), 3.81 — 3.74 (m, 2H), 2.13 —2.12 (m, 6H), 2.12 (s, 3H), 2.09 (s, 3H).
13C NMR (151 MHz, CDCk) & 170.8, 170.8, 170.5, 169.3, 91.8, 73.9, 73.0, 72.9, 70.5, 61.8, 21.0, 20.9,
20.9, 20.9. HRMS (ESI) m/z: [M + Na]* Caled for C;4H0NaO o 371.0954; Found 371.0945.

These data are in full agreement with those previously published in the literature.!0
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1,2:5,6-Di-O-isopropylide ne-a-D-glucofuranose (2b)

0o—\OH
Fole
)
Oﬁ
2b

Protocol A

2a (35.0 mg, 100 pmol) was treated according to general procedure A. Irradiation time was 1 hour. Flash
chromatography (20% ethyl acetate/hexane) afforded 2b (25.4 mg, 97.6 umol, 98%) as a white solid.

Protocol B

2a (35.0 mg, 100 pmol) was treated according to general procedure B. Irradiation time was 3 hours. Flash
chromatography (gradient 20-40% ethyl acetate/hexane) afforded 2b (23.3 mg, 89.5 pmol, 90%) as a
white solid.

Protocol B-large scale

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with 2a (525.6 mg, 1.50 mmol, 1
equiv) and DDQ (85.1 mg, 0.375 mmol, 25 mol%). Subsequently, dichloromethane (37.5 mL) and water
(375 pL) were added and the vial was sealed with a septum and Parafilm. fert-Butyl nitrite (357 pL, 3.00
mmol, 2 equiv) was added through the septum and the emulsion was stirred for 1 minute at high speed.
The reaction mixture was irradiated at 525 nm (80W) for 4 hours. The reaction mixture was transferred
into a round-bottom flask, solvents were removed under vacuum and the residue was loaded on a silica
column. Flash chromatography (gradient 10-30% ethyl acetate/hexane) afforded 2b (366.1 mg, 1.41

mmol, 94%) as a white solid.
Protocol C

2a (14 mg, 40 pmol) was treated according to general procedure C (TBN =2 equiv, flow rate =0.115 mL
min!). Flash chromatography (30% ethyl acetate/hexane) afforded 2b (9.5 mg, 36 umol, 91%) as a white
solid.

'HNMR (600 MHz, CDCL) & 5.94 (d, J = 3.6 Hz, 1H), 4.53 (d, J= 3.6 Hz, 1H), 4.34-4.31 (m, 2H), 4.17
(dd, J=8.7, 6.2 Hz, 1H),4.07 (dd, J=7.6, 2.8 Hz, 1H), 3.98 (dd, J= 8.6, 5.3 Hz, 1H), 1.49 (s, 3H), 1.44
(s, 3H), 1.36 (s, 3H), 1.32 (s, 3H). 13C NMR (151 MHz, CDCk) & 112.0, 109.8, 105.4, 85.2, 81.3, 75.4,
73.6, 67.8, 27.0, 26.9, 26.3, 25.3.

These data are in full agreement with those previously published in the literature.!!
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2,2,2-Trifluoroethyl 2,3-di-O-ace tyl-6-O-be nzoyl-D-glucopyranose (3b)

BzO
'ZOO&&MO
C
ome  \—CF3
3b

Protocol A

3a (54.0 mg, 100 umol, o/p 8:92) was treated according to general procedure A. Irradiation time was 1.5
hours. Flash chromatography (1. gradient 5-20% ethyl acetate/DCM,; 2. gradient 5-50% ethyl acetate/hex-
ane) afforded 3b (a:f =1:10, 41.4 mg, 91.9 umol, 92%) as a white solid.

Protocol B

3a (54.0 mg, 100 umol, o/p 8:92) was treated according to general procedure B. Irradiation time was 4
hours. Flash chromatography (1. gradient 10-50% ethyl acetate/hexane; 2. gradient 10-50% ethyl ace-
tate/hexane) afforded 3b (37.7 mg, 83.7 umol, 84%, a/B 10:90) as a yellowish solid.

Characterization for 3b-p: 'H NMR (600 MHz, CDCl) 6 8.07 (d, J= 7.6 Hz, 2H), 7.61 (t, J = 7.5 Hz,
1H), 7.48 (t,J = 6.9 Hz, 2H), 5.09 (t, /= 8.3 Hz, 1H), 4.97 (t, J=8.7 Hz, 1H), 4.78 (d, J=12.2 Hz, 1H),
4.65 (d, J=17.9 Hz, 1H), 4.56 (d, J=12.2 Hz, 1H), 4.17 —4.07 (m, 1H), 4.00 —3.91 (m, 1H), 3.71 —3.64
(m, 2H), 2.09 (s, 3H), 2.06 (s, 3H). 3C NMR (151 MHz, CDCl) & 171.5, 169.7, 167.3, 133.7, 130.0,
129.4, 128.7, 123.5 (g, C-F, \J C-F = 278.8 Hz), 101.0, 75.0, 74.8, 70.9, 68.8, 66.0 (g, C-F, 2/ C-F =34.8
Hz), 63.1, 21.0, 20.6. 1F NMR (564 MHz, CDCL) & -74.44 (t, J= 8.5 Hz). HRMS (ESI) m/z: [M + Na]*
Calcd for C9H, F3sNaQOg 473.1035; Found 473.1024.
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Methyl 2,4,6-tri-O-ace tyl-3-O-benzyl-B-D-glucopyranos yl-(1—6)-2,4,6-tri-O-ace tyl-3-O-benzyl-f-D-

glucopyranoside (4b):
AcO o
AcO
¢ AcO O oM
b HO ¢
OAc
Protocol A

4a (74.7 mg, 100 umol) was treated according to general procedure A. Irradiation time was 1.5 hours.
Flash chromatography (1. gradient 50-100% ethyl acetate/hexane; 2. 80% ethyl acetate/hexane) afforded
4b (47.0 mg, 83.0 pmol, 83%) as a reddish solid.

Protocol B

4a (74.7 mg, 100 umol) was treated according to general procedure B. Irradiation time was 3.5 hours.
Flash chromatography (gradient 70-100% ethyl acetate/hexane) afforded 4b (45.1 mg, 79.6 umol, 80%)

as a white solid.

Protocol C

4a (29 mg, 40 umol) was treated according to general procedure C (TBN =6 equiv, flow rate = 0.02 mL

min!'). Flash chromatography (gradient 30-100% ethyl acetate/hexane) afforded 4b (18.5 mg, 82%) as a
white solid.

HNMR (600 MHz, CDCl;) §4.93 (t, J=9.6 Hz, 1H), 4.87 — 4.83 (m, 1H), 4.83 —4.78 (m, 2H), 4.54 (d,
J=17.8 Hz, 1H), 4.33 (d, J= 7.9 Hz, 1H), 4.25 (dd, J = 12.3, 4.8 Hz, 1H), 4.20 (dd, J= 12.3, 2.5 Hz, 1H),
3.89 (d, J= 9.8 Hz, 1H), 3.70 (td, J = 9.4, 3.6 Hz, 2H), 3.65 — 3.58 (m, 3H), 3.50 (s, 3H), 2.13 (s, 3H),
2.12 - 2.10 (m, 9H), 2.09 (s, 3H). 13C NMR (151 MHz, CDCk) 8 170.9, 170.9, 170.8, 170.7, 170.7, 101.5,
100.9, 74.2, 74.1, 74.0, 73.6, 72.1, 71.7, 71.0, 68.6, 62.1, 57.1, 21.1, 21.0, 21.0, 20.9. HRMS (ESI) m/z:
[M + NH,]* Caled for Co3H3sNO 6 584.2191; Found 584.2192.
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Ethyl 2,3-di-O-acetyl-6-0-benzoyl-p-D-thioglucopyranose (5b)

BzO o
HO
Aco&&sa
OAc
5b

Protocol A

5a (50.3 mg, 100 pumol) was treated according to general procedure A. Irradiation time was 2 hours. Flash
chromatography (gradient 20-60% ethyl acetate/hexane) afforded 5b (30.6 mg, 74.2 pmol, 74%) as a

colorless oil.
Protocol B

5a (25.1 mg, 50 umol) was treated according to general procedure B. Irradiation time was 6 hours. Flash

chromatography (30% ethyl acetate/hexane) afforded 5b(13.4 mg, 32.5 umol, 65%) as a colorless oil.

'H NMR (700 MHz, CDCl;) 6 8.06 (d, J = 8.0 Hz, 2H), 7.60 (t, J= 7.4 Hz, 1H), 7.46 (t,J = 7.0 Hz, 2H),
5.10 (t,J=8.3 Hz, 1H), 4.98 (t,J= 8.8 Hz, 1H), 4.75 (d, /= 10.0 Hz, 1H), 4.57 (d, /= 12.2 Hz, 1H), 4.52
(d, J=10.0 Hz, 1H), 3.66 (d, J = 6.8 Hz, 2H), 2.77 —2.62 (m, 2H), 2.09 (s, 3H), 2.07 (s, 3H), 1.28 — 1.24
(m, 3H). BCNMR (176 MHz, CDCl;) & 171.5, 169.8, 167.3, 133.6, 130.0, 129.6, 128.6, 83.6, 78.6, 76.6,
70.0, 69.1, 63.6, 24.3, 21.0, 20.9, 15.1. HRMS (ESI) m/z: [M + Na]* Calcd for C;9H,4NaOgS 435.1090,
found 435.108]1.

These data are in full agreement with those previously published in the literature.!2
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Ethyl 2-0-benzoyl-6-O-fluore nylme thoxycarbonyl-a-D-thiomannopyranose (6b)

FmocO OBz
HO 0
HO

SEt
6b

Protocol A

6a (73.1 mg, 100 umol) was treated according to general procedure A. Irradiation time was 8 hours. Flash
chromatography (gradient 30-45% ethyl acetate/hexane), followed by basic washing afforded 6b (46.8
mg, 85.0 pmol, 85%) as a white solid.

Protocol B

6a (36.5 mg, 50 umol) was treated according to general procedure B. Irradiation time was 24 hours. Flash

chromatography (30% ethyl acetate/hexane) afforded 6b (23.5 mg, 42.7 umol, 85%) as a yellowish solid.
Protocol C

6a (29 mg, 40 umol) was treated according to general procedure C (TBN = 6 equiv, flow rate = 0.02 mL
min'). Flash chromatography (30% ethyl acetate/hexane) afforded 6b (15.2 mg, 27.6 pmol, 69%) as a

colorless solid.

'HNMR (600 MHz, CDCl) § 8.06 (d, J= 7.8 Hz, 2H), 7.77 (d, J= 7.7 Hz, 2H), 7.62 (d, J= 6.6 Hz, 2H),
7.53 (t,J="7.8 Hz, 1H), 7.40 (dt, J= 15.6, 7.6 Hz, 4H), 7.29 (t, J=7.5 Hz, 2H), 5.49 (s, 1H), 5.45 (s, 1H),
4.66 —4.60 (m, 1H), 4.49 (d, J = 12.0 Hz, 1H), 4.47 — 4.40 (m, 2H), 4.31 —4.24 (m, 2H), 4.10 (d, J= 9.5
Hz, 1H), 3.96 (t, J = 9.7 Hz, 1H), 2.75 — 2.61 (m, 2H), 1.32 (t, J = 6.5 Hz, 3H). 13C NMR (151 MHz,
CDClL) & 166.3, 155.9, 143.4, 141.5, 133.7, 130.0, 129.6, 128.7, 128.1, 127.4, 125.4, 125.3, 120.2, 82.7,
74.2, 71.2, 70.9, 70.4, 68.6, 67.0, 46.9, 25.9, 15.1. HRMS (ESI) m/z: [M + Na]* Calcd for C3H3oNaOsS
573.1559; Found 573.1582.

S50

301



Supporting Information — Chapter 9

Ethyl 2,3-di-O-acetyl-6-O-fluore nylme thoxycarbonyl--D-thioglucopyranose (7b)

FmocO o
V2o
OAc
7b

Protocol A

7a (62.1 mg, 100 pmol) was treated according to general procedure A. Irradiation time was 23 hours.
Flash chromatography (gradient 10-40% ethyl acetate/hexane) afforded 7b (41.6 mg, 78.4 umol, 78%) as
a white solid.

Protocol B

7a (62.1 mg, 100 pumol) was treated according to general procedure B. Irradiation time was 52 hours.
Flash chromatography (gradient 10-40% ethyl acetate/hexane) afforded 7b (47.0 mg, 88.6 umol, 89%) as
a white solid.

'HNMR (600 MHz, CDCl;) 6 7.78 (d, J=7.5 Hz, 2H), 7.62 (d, J= 7.4 Hz, 2H), 7.42 (t, J= 7.6 Hz, 2H),
7.36 — 7.32 (m, 2H), 5.06 (t, J=9.1 Hz, 1H), 5.00 (t, /= 9.6 Hz, 1H), 4.54 —4.46 (m, 3H), 4.45 (dd, J =
7.4, 3.4 Hz, 2H), 4.27 (t, J= 7.3 Hz, 1H), 3.64 (t, J= 9.4 Hz, 1H), 3.60 — 3.56 (m, 1H), 2.76 —2.64 (m,
2H), 2.11 (s, 3H), 2.08 (s, 3H), 1.26 (t, J = 7.4 Hz, 3H). 3C NMR (151 MHz, CDCL) & 171.7, 169.7,
155.7, 143.4, 143.4, 141.5, 141.5, 128.1, 128.1, 127.4, 127.4, 125.3, 120.2, 83.6, 78.2, 77.0, 70.3, 69.9,
69.1, 66.6, 46.9, 24.3, 21.0, 20.9, 15.0. HRMS (ESI) m/z: [M + NHy]* Caled for C,7H34NOoS 548.1954;
Found 548.1987.
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Toluyl 2-0-(4-oxopentanoate )-6-O-fluore nylme thoxycarbonyl-o-D-thiomannopyranose (8b)

FmocO OLev

HO
HO

STol
8b

Protocol A

8a (78.7 mg, 100 pmol) was treated according to general procedure A. Irradiation time was 15 hours.
Flash chromatography (gradient 50-70% ethyl acetate/hexane), followed by basic washing afforded 8b
(57.6 mg, 94.9 pmol, 95%) as a reddish solid.

Protocol B

8a (78.7 mg, 100 pumol) was treated according to general procedure B. Irradiation time was 43 hours.
Flash chromatography (gradient 30-100% ethyl acetate/hexane) afforded 8b (48.0 mg, 79.1 pmol, 79%)

as a pale red solid.

THNMR (400 MHz, CDCL) 6 7.77 (d,J =17.5 Hz, 2H), 7.63 (d, /= 7.4 Hz, 2H), 7.41 (t, J=7.5 Hz, 2H),
7.37 (d, J=8.0 Hz, 2H), 7.31 (t, J=7.5 Hz, 2H), 7.08 (d, J = 7.8 Hz, 2H), 5.44 (d, /= 2.9 Hz, 1H), 5.39
(s, 1H), 4.57 (dd, J=11.9, 5.1 Hz, 1H), 4.48 —4.36 (m, 4H), 4.26 (t, /= 7.2 Hz, 1H), 3.97 (dd, J = 9.4,
3.3 Hz, 1H), 3.75 (t,J=9.6 Hz, 1H), 2.83 —2.67 (m, 2H), 2.66 —2.50 (m, 2H), 2.28 (s, 3H), 2.15 (s, 3H).
IBCNMR (101 MHz, CDCL) 6 207.9, 1723, 155.8, 143.4, 141.4, 138.4, 132.8, 130.1, 129.4, 128.1, 127.4,
127.3, 125.3, 1253, 120.2, 86.7, 73.5, 71.2, 71.1, 70.2, 68.5, 66.9, 46.9, 38.4, 29.9, 28.3, 21.3. HRMS
(ESI) m/z: [M + NHy4]* Caled for C33H3sNOgS 624.2267; Found 624.2267.
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Ethyl 2,3-di-O-ace tyl-6-0-allyloxycarbonyl-p-D-thioglucopyranose (9b)

0
A0+
o

0
'}&&&sa
OAc
9b

Protocol A

9a (48.3 mg, 100 pmol) was treated according to general procedure A. Irradiation time was 1.5 hours.

Flash chromatography (gradient 20-50% ethyl acetate/hexane) afforded 95 (30.8 mg, 78.5 umol, 79%) as

a colorless oil.

Protocol B

9a (48.3 mg, 100 umol) was treated according to general procedure B. Irradiation time was 17 hours.

Flash chromatography (gradient 20-50% ethyl acetate/hexane) afforded 95 (27.9 mg, 71.1 umol, 71%) as

a pale yellow oil.

'H NMR (400 MHz, CDCL) § 6.00 — 5.85 (m, 1H), 5.37 (d, J = 15.8 Hz, 1H), 5.28 (d, J = 11.6 Hz, 1H),
5.04 (t, J= 9.1 Hz, 1H), 4.96 (t, J = 9.6 Hz, 1H), 4.63 (d, J=5.6 Hz, 2H), 4.51 —4.38 (m, 3H), 3.65 (t,J
= 8.6 Hz, 1H), 3.57 (d, J= 9.9 Hz, 1H), 3.00 (brs, 1H), 2.76 —2.58 (m, 2H), 2.09 (s, 3H), 2.06 (s, 3H),
1.24 (t, J = 7.5 Hz, 3H). 3C NMR (101 MHz, CDCL) § 171.7, 169.8, 155.4, 131.4, 119.4, 83.4, 78.1,
76.8, 69.8, 69.0, 66.5, 24.2, 21.0, 20.9, 15.0. HRMS (ESI) m/z: [M + Na]* Caled for CiH2sNaOS
415.1039; Found 415.1026.
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Ethyl 2,3-di-O-acetyl-6-O-propargyloxycarbonyl-p-D-thioglucopyranose (10b)

:—\ (0]
o4
° (0]
HO
Aco&&sa
OAc
10b

Protocol A

10a (48.1 mg, 100 umol) was treated according to general procedure A. Irradiation time was 2.5 hours.
Flash chromatography (gradient 5-40% ethyl acetate/hexane) afforded 10b (29.8 mg, 76.3 umol, 76%) as

a colorless oil.

Protocol B

10a (48.1 mg, 100 umol) was treated according to general procedure B. Irradiation time was 15 hours.
Flash chromatography (gradient 10-30% ethyl acetate/hexane) afforded 10b (26.4 mg, 67.6 pmol, 68%)

as a colorless oil.
Protocol C

10a (19.2 mg, 40 umol) was treated according to general procedure C (TBN = 2 equiv, flow rate = 0.1
mL min!). Flash chromatography (30% ethyl acetate/hexane) afforded 10b (12 mg, 31 pumol, 77%) as a

colorless solid.

IH NMR (600 MHz, CDCL) §5.03 (t, J= 9.1 Hz, 1H), 4.97 (t,J = 9.6 Hz, 1H), 4.74 (d, J = 2.5 Hz, 2H),
451 (dd, J=11.9, 2.3 Hz, 1H), 4.48 (d, J= 9.8 Hz, 1H), 4.44 (dd, J = 11.9, 5.0 Hz, 1H), 3.70 — 3.64 (m,
1H), 3.60 — 3.56 (m, 1H), 2.75 —2.63 (m, 2H), 2.54 (t, J=2.5 Hz, 1H), 2.10 (s, 3H), 2.06 (s, 3H), 1.26 (t,
J=17.4 Hz, 3H). 13C NMR (151 MHz, CDCL) § 171.8, 169.7, 154.9, 83.5, 78.0, 77.1, 76.9, 76.1, 69.8,
69.2, 67.0, 55.7, 24.2, 21.0, 20.9, 15.0. HRMS (ESI) m/z [M + Na]* Caled for C1gH»>NaOoS 413.0882;
Found 413.0867.
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Ethyl 2,3-di-O-acetyl-6-de oxy-6-azido-p-D-thioglucopyranose (I15)

N3 o
HO
AC(&S/SE‘[
OAc
11b

Protocol A

11a (42.3 mg, 100 pmol) was treated according to general procedure A. Irradiation time was 4 hours.
Flash chromatography (gradient 5-30% ethyl acetate/hexane) afforded 711b(28.9 mg, 86.7 pumol, 87%) as

a colorless oil.

Protocol B

11a (42.3 mg, 100 pmol) was treated according to general procedure B. Irradiation time was 6 hours.
Flash chromatography (gradient 10-40% ethyl acetate/hexane) afforded 115 (24.9 mg, 74.7 umol, 75%)

as a colorless oil.

'H NMR (400 MHz, CDClL) §5.02 —4.98 (m, 2H), 4.52 — 4.48 (m, 1H), 3.70 — 3.64 (m, 1H), 3.61 (dd, J
= 12.9, 2.2 Hz, 1H), 3.58 — 3.52 (m, 1H), 3.47 (dd, J = 12.9, 5.8 Hz, 1H), 2.81 — 2.64 (m, 2H), 2.11 (s,
3H), 2.07 (s, 3H), 1.27 (t, J="7.5 Hz, 3H). 13C NMR (101 MHz, CDCL) § 172.2, 169.7, 83.1, 79.5, 77.5,
70.1, 69.6, 51.4, 23.9, 21.0, 20.9, 14.8. HRMS (ESI) m/z: [M +Na]* Calcd for C,H;sN3;NaO¢S 356.0892;
Found 356.0875.
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Phenyl 2-0O-benzoyl-4,6-0-benzylide ne-p-D-thioglucopyranose (12b)

RS
HO SPh
OBz
12b

Protocol A

12a (60.5 mg, 100 pmol) was treated according to general procedure A. Irradiation time was 4 hours.
Flash chromatography (gradient 20-30% ethyl acetate/hexane), followed by basic washing afforded 12b
(41.2 mg, 88.7 umol, 89%) as a pale red solid.

Protocol A - no irradiation

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with 12a (60.5 mg, 100 pmol)
and DDQ (34.1 mg, 150 umol, 1.5 equiv), and then sealed with a septum and Parafilm. After evacuating
and backfilling the vial with argon 3 times, previously degassed DCM (5 mL) and water (50 pl) were
added through the septum. The reaction mixture was stirred at high speed in the dark for 5 hours, when
consumption of the starting material was detected by TLC analysis. The reaction mixture was transferred
into a round-bottom flask, solvents were removed under vacuum and the residue was loaded on a silica
column. Flash chromatography (gradient 10-30% ethyl acetate/hexane), followed by washing with aque-
ous saturated NaHCO; afforded 12b (45.2 mg, 97.3 pumol, 97%) as a white solid.

Protocol B

12a (60.5 mg, 100 umol) was treated according to general procedure B. Irradiation time was 15 hours.

Flash chromatography (gradient 5-25% ethyl acetate/hexane) afforded 725 (40.1 mg, 86.3 pmol, 86%) as

a white solid.

THNMR (600 MHz, CDCl;) 6 8.10 (d, J=7.9 Hz, 2H), 7.61 (t, /J=7.4 Hz, 1H), 7.51 — 7.44 (m, 6H), 7.40
—17.35 (m, 3H), 7.33 — 7.28 (m, 3H), 5.57 (s, 1H), 5.17 (t,J=9.4 Hz, 1H), 4.91 (d, /= 10.0 Hz, 1H), 4.43
(dd, J=10.6, 4.9 Hz, 1H), 4.07 (t, J = 8.9 Hz, 1H), 3.83 (t,J = 10.2 Hz, 1H), 3.64 (t, /= 9.3 Hz, 1H),
3.59 (td, J =9.7, 5.0 Hz, I1H). 13C NMR (151 MHz, CDCL) 6 166.0, 137.0, 133.6, 133.2, 132.1, 130.2,
129.6, 129.5, 129.1, 128.6, 128.5, 128.5, 126.4, 102.1, 86.8, 80.8, 73.9, 73.4, 70.6, 68.7. HRMS (ESI)
m/z: [M + Na]* Calcd for CysH24NaOgS 487.1191; Found 487.1188.

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

S56

307



Supporting Information — Chapter 9

Ethyl 2,3-di-O-acetyl-6-O-be nzyloxycarbonyl-p-D-thioglucopyranose (13b)

0
Bn0—<
o o
HO
Aco&ﬁsa
C
13b

Protocol A

13a (53.2 mg, 100 pmol) was treated according to general procedure A. Irradiation time was 4 hours.

Flash chromatography (gradient 10-60% ethyl acetate/hexane) afforded 735 (23.6 mg, 53.3 umol, 53%)

as a colorless oil.

Protocol B

13b was not obtained under these reaction conditions.

'H NMR (400 MHz, CDCL;) § 7.42 — 7.31 (m, 5H), 5.17 (s, 2H), 5.04 (t, J = 9.1 Hz, 1H), 4.95 (t, J= 9.6
Hz, 1H), 4.51 — 4.38 (m, 3H), 3.67 — 3.52 (m, 2H), 2.76 — 2.59 (m, 2H), 2.08 (s, 3H), 2.06 (s, 3H), 1.23
(t, J=17.5 Hz, 3H). 3C NMR (101 MHz, CDCL) § 171.7, 169.7, 155.5, 135.0, 128.8, 128.8, 128.5, 83.4,

78.0, 76.8, 70.2, 69.8, 69.0, 66.6, 24.2, 21.0, 20.9, 14.9. HRMS (ESI) m/zz [M + Na]* Calcd for
CyoH26NaOoS 465.1195; Found 465.1187.
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8.2. Unsuccessful substrates

BnO o
BnO
Bno&@/SePh
N3
14a

Treatment of 74a according to general procedure B didn’t afford the desired product. After 24 hours, mass

spectrometry indicated cleavage of the phenlyselenide group.
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TBSO—\ TBSO—\ HO—\
AC&/SB e set +  PR99 SEt
OAc OAc OAc
15a 15b 15¢

Treatment of 15a according to general procedure B afforded in 24 hours a mixture of the desired product

15b and the side-product 15c.

Mass spectrometry analysis after 6 hours:
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BnO o
ng(&posn
OBn
16a

Treatment of 16a according to both general procedures A and B didn’t afford the product. High amounts
of solid precipitated during the reaction. After 24 hours, mass spectrometry indicated presence in the

solution of multiple species with different levels of deprotection.
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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. https://doi.org/10.1021/acs.orglett.0c04026
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3DDQ*

SMLCT

BIPA

Bn
Boc-Pro-OH
bpy

Bz

CB

cbz

CN

CTC

D

d

DABCO
DBU

DCM

DDQ
DDQH:
dF(CFs)ppy
diglyme
DIPEA

DMA or DMAc

Abbreviation List

Abbreviations List

Triplet excited state of DDQ

Triplet excited state resulting from a metal-to-ligand

charge transfer transition

Electron acceptor
N-tert-Butylisopropylamine

Benzyl

N-(tert-Butoxycarbonyl)proline
2,2'-Bipyridine

Benzoyl

Conduction band

Benzyloxycarbonyl

Carbon nitride

Charge-transfer complex

Electron donor

Doublet

1,4-Diazabicyclo[2.2. 2]octane
1,8-Diazabicyclo[5.4.0]Jundec-7-ene
Dichloromethane
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
2,3-Dichloro-5,6-dicyano-1,4-hydroquinone
2-(2,4-Difluorophenyl)-5-(trifluoromethyl)pyridine
Diethylene glycol dimethyl ether
N,N-diisopropylethylamine

N,N-Dimethylacetamide
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Abbreviation List

DMAP
DMF
DMPU
DMSO
donor*
dtbbpy
EDA
EI

EnT
EPR
ESI
ET

FTIR

HOMO
HPLC
HR-MS
ISC

Km

LG

LUMO

MeCN

N,N-Dimethylaminopyridine
N,N-Dimethylformamide
N,N’-Dimethylpropyleneurea
Dimethylsulfoxide

Excited state partecipating in energy transfers
4,4’-Di-tert-butyl-2,2’-bipyridine
Electron-donor acceptor (complex)
Electronic ionization

Energy transfer

Electron paramagnetic resonance spectroscopy
Electrospray ionization

Electron transfer

Fourier-transform infrared spectroscopy
Graphitic carbon nitride

Gas chromatography-mass spectrometry
1,2-Dimethoxyethane

Hydrogen atom transfer

Highest occupied molecular orbital
High-performance liquid chromatography
High resolution mass spectrometry
Intersystem crossing

Michaelis menten constant

Leaving group

Lowest unoccupied molecular orbital
Multiplet

Acetonitrile
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MeOH
Mes-Acr+
MLCT
MS
n.d.
n.d.o.
NMR
OSET
PC
PC*
PCx
pCred
PET
PG
PMB

ppy
PRC

RPKA

So

Si

SCE

SET

T,

Abbreviation List

Methanol
9-Mesityl-10-methylacridinium
Metal-to-ligand charge transfer

Mass spectrometry

Not detected

Not determined due to overlapping peaks
Nuclear magnetic resonance spectroscopy
Outer-sphere single electron transfer
Photocatalyst

Excited state of the photocatalyst
Photocatalyst after oxidative quenching
Photocatalyst after reductive quenching
Photoinduced electron tranfer
Protecting group

para-Methoxybenzyl (ether)
2-Phenylpyridyne

Photoredox catalysis

Quartet

Reaction progress kinetic analysis
Singlet

Singlet state

Singlet excited state

Saturated calomel electrode

Single electron transfer

Triplet

Triplet excited state
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Abbreviation List

TBN
TEDA?"
TEMPO
THF
TLC

Tol

Vimax
VB

VTNA

tert-Butyl nitrite
(N-(chloromethyl)triethylenediamine)
2,2,6,6-Tetramethylpiperidine-1-oxyl
Tetrahydrofurane

Thin layer chromatography

Toluene

Initial reaction rate

Maximum reaction rat

Valence band

Variable time normalization analysis
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