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1. Anthraquinone Sulfonates as Water-Soluble Photocatalysts:

Synthetic Applications and Perspectives

X .
& (e) - RR:
045 O PCET
oo Oy
503
(@]
. O
H202 ot
DS
ROS s

Abstract: Anthraquinone sulfonates (AQS) are water-soluble and cost-effective photocatalysts
that have been attracting increasing interest due to their unique features. Their sulfonate
groups unlock the application of the photoactive anthraquinone core in aqueous solution.
Moreover, these readily available catalysts can engage with substrates through different
activation modes, such as hydrogen atom transfer (HAT) and proton-coupled electron transfer
(PCET) events. However, to date, their reactivity has not been fully explored, and further
applications are expected to emerge. In this perspective, we outline existing synthetic

applications and discuss future perspectives.

' Reproduced from manuscript submitted to ChemPhotoChem, D. Kolb,Y A. Fedulin,’ B. Kénig,*
with permission from Wiley-VCH GmbH. Schemes, tables, and text may differ from the

submitted version.

i Author contributions: D. Kolb and A. Fedulin contributed equally to this work. D. Kolb
conceived the concept of this study. D. Kolb and A. Fedulin investigated the scientific
background and wrote the manuscript. B. Konig reviewed the manuscript and is the

corresponding author.

15



16



1.1 Introduction

Organic photoredox catalysts have become cost-effective alternatives to metal-based catalysts
for the CiH activation of organic molecules.''3l Herein, even relatively simple quinone
derivatives such as naphthoquinones,*® anthraquinones,®” or DDQ®® showcase a rich
photochemistry, as these are able to interact as catalysts with substrates through different
activation modes, including hydrogen atom transfer (HAT), single electron transfer (SET), and

triplet energy transfer (EnT).#°

However, despite the versatility of these quinone-based photocatalysts, due to solubility
issues in aqueous media, their use is often restricted to organic solvents. Accordingly,
introducing ionizable substituents into these scaffolds can be a fruitful strategy to unlock their
application in water, as a sustainable solvent.['%d An example of this approach is anthraquinone
sulfonates (AQS), which gather several desirable properties. Their high solubility in agueous
environments, commercial availability, and tunable redox properties make them interesting
options for the development of photochemical reactions in water. Herein, the low pKa values
of the sulfonate groups of AQS enable the full ionization of these substances in this medium.
This simplifies their catalytic systems, as the existence of different species in equilibrium is
precluded, as it is the case of other catalysts displaying phosphate or carboxylate groups,
whose speciation in water depends on the pH of the solution.*Y! Regarding their general
structure, AQS display a photoactive anthraquinone core attached to one or multiple sulfonate
groups commonly coupled to an ammonium or sodium counteraction (Scheme 1).
In organic synthesis, the most commonly wused are sodium anthraguinone
sulfonates (SAQS) such as sodium anthraquinone-2-sulfonate (SAQS-1), sodium
anthraquinone-2,6-disulfonate (SAQS-2), sodium anthraquinone-2,7-disulfonate (SAQS-3)

AQsS 0 ®
SO3; M Jonizable substituent
S (M*: Na*, NH,")
|v|® 03;S Photoactive core
© o]
Commonly used isomers in organic synthesis
SAQS-1 O SAQS-2 O
l . l SO3Na l l : SO3Na
NaO3S
(0] (@)
SAQS-3 SAQS-4
] NaO3S @)
NaO3SSO3Na l l l
O O SO3Na

Scheme 1. General structure of AQS and most common isomers used in light-driven synthetic
methodologies.
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and sodium anthraquinone-1,5-disulfonate (SAQS-4). Herein, the number of sulfonate groups,
the symmetry, and the substitution pattern have a great impact on the solubility in water of
these catalysts, which ranges from 0.0197 M for the monosulfonated derivative AQS-1to0 0.74
M for the disulfonated derivative SAQS-3.!112 Moreover, their commercial availability and
easy preparation by sulfonating anthraquinone make these catalysts attractive options when

developing new reactions in water.

The quinone/semiquinone/hydroquinone redox system is, to date, one of the most
studied.’® Due to their rapid redox kinetics and chemical tunability, AQS have found
widespread application as electrolytes in the design of redox flow batteries (RFBs)*34'17 or

as exogenous redox mediators (RMs) for biological systems. 1821

The photophysical properties of AQS were investigated as early as the 1950s.1?2
The valuable mechanistic understanding gathered during this stage laid the foundation for the
later development of their synthetic photochemical applications. Initially, AQS were almost
exclusively employed as catalysts for the photooxidation of alcohols,?? and as photoinitiators
for polymerizations.[?® 26l More recently, several catalytic functionalization protocols have been
reported, including tandem processes and photoelectrochemistry. Upon irradiation, the
photoactive anthraquinone core leads to excited states that can engage with substrates via
HAT or proton-coupled electron transfer (PCET) events. For the latter, the excited states of
AQS have been found to display oxidation potentials up to +2.3 V in the case of SAQS-1.12"]
Furthermore, due to their ability to generate reactive oxygen species (ROS),?82%1 AQS can be
employed for the oxidation of organic compounds in water.F%3! Thus, these photocatalysts

have promising potential applications in environmental remediation.[”

To date, these substances have been predominantly employed as photoexcitable HAT
agents for the activation of Ci H bonds. However, in our opinion, the full potential of these
water-soluble catalysts has not been fully explored yet. We expect significant progress in this
field, especially as notable efforts are currently underway to further develop photochemical
reactions in water.[1%3238 - Accordingly, our intention is to provide the reader with a roadmap

of the multiple opportunities offered by AQS.

In this perspective, we outline the general properties of AQS, present existing synthetic
applications, showcase recent advances, and discuss future perspectives. For each presented
synthetic method, selected substrate scope examples are provided, plausible reaction
mechanisms are discussed, and their eventual application in the late-stage functionalization of

natural products and pharmaceuticals is showcased.
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1.2 Aqueous Photochemistry of Anthraquinone Sulfonates

Despite the many advantages provided by the solubility of AQS in water and their ability to
engage with substrates via HAT and ET events, it is of uttermost importance to understand the

different ways in which AQS can react with water itself.

Photoinduced reactions between AQS and water have been attracting attention for over
50 years. In the late 1960s it was observed that the irradiation of agueous solutions of AQSs
with near-ultraviolet and visible light yields a mixture of hydroxylated anthraquinone sulfonate
derivatives.°4% Multiple studies have been conducted to demystify the nature of this aqueous
photoreactivity. In early reports,®* 4l the hydroxylating ability of AQS was explained by
the generation of free hydroxy-radicals derived from water (Fenton-type chemistry). However
more recent studies ruled out the formation of free hydroxy-radicals in aqueous solution of
AQS.[421451 - Although until now there is no consensus on the exact mechanism, elaborated
spectroscopic studies (including laser flash photolysis) allow us to draw the following
photoreaction scheme for sodium anthraquinone-2,6-disulfonate (SAQS-2) (Scheme 2a).[*3l

First, upon irradiation, SAQS-2 undergoes photoexcitation to form the triplet species
(SAQS-2*) featuring a lifetime of less than 1 ps. Triplet SAQS-2* undergoes a fast reaction

a) Photohydroxylation of SAQS-2 in in aquesous solution. Mills 1981.143]

o
‘0,8 H,0
SesI LT
Yo
o

SAQS.2 SAQS-2*-H,0
hv | H,0 SAQS-2
‘0,8 i o o ‘0,5
3 - 3
s B . ° + SAs2®
Z 50,
0
SAQS-2-OH SAQS-2-OH*

b) Photohydroxylation of arenes with SAQS-1. Minero 20083 & Sarakha 201045

X SAQS1 XAy
\© H,0 [ —joH  + saas1-oH

hv
1 2

X =H, NO, OH

Scheme 2. Aqueous photochemistry of AQS.
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with water to form two spectroscopically distinct anthraquinone-water adducts SAQS-2*-H,O
(reported as transients B and C).[*8! Due to their short lifetimes, exact structures of SAQS-2*-
H.O were not clearly determined however, time-resolved resonance Raman spectroscopy
provided some hints).*”l Further, SAQS-2*-H,O might undergo oxidation by ground state
SAQS-2 to form an anthraquinone-hydroxy radical adduct SAQS-2-OH® and semiquinone
radical SAQS-2°. The semiquinone species SAQS-2° can then be quenched in the presence
of molecular oxygen, or, alternatively, under inert conditions, disproportionate to give the
parent anthraquinone SAQS-2 and the corresponding fully reduced hydroquinone
(SAQS-2-H,). Oxidation of SAQS-2-OH? in aqueous solution by oxygen or another oxidant
leads to the formation of stable hydroxylated products SAQS-2-OH. T h e -QH régioisomer
distribution depends on the pH of the solution and oxygen concentration.“? Noteworthy, the
photoreactivity and the intermediates observed for monosubstituted SAQS-1 are almost
equivalent to that proposed for disulfonate SAQS-2.[4546:48153]

Interestingly, light-excited SAQS-1 species can induce hydroxylation of aromatic
compounds (1) such as benzene, nitrobenzene, or phenols (Scheme 2b).B%4°l As a result,
despite their many advantages, AQS also have an important drawback: they can react with
water. Accordingly, these catalysts might not be suitable for reactions requiring prolonged
periods of time. Alternatively, an increased catalytic loading can be employed to account for
undesired catalyst losses. On the other hand, the photohydroxylating ability of aqueous AQS
towards substituted benzenes holds promise for synthetic applications, especially if operated

in a catalytic regime.

1.3 Photochemical Applications of Anthraquinone Sulfonates
Photooxidation of Alcohols to Carbonyls

AQS absorb light in the near-UV and visible range to form excited states capable of engaging
with substrates in HAT events through homolytic Ci H bond cleavage. Some advantages of
performing such reactions in water are the inert nature of this solvent towards HAT events (due
to the high BDE of its HO-H bond),®* and the increased lifetimes of the formed open-shell

species in this medium, as neutral C-centered radicals do not react with water.%

Once these C-centered radicals are formed by AQS, a wide array of transformations can
be accessed depending on the presence of radical traps. For instance, molecular oxygen is
prone to react with these open-shell species to form peroxyl radicals as reactive intermediates.
These, due to their instability, can further collapse to form stable carbonyl derivatives
(aldehydes and ketones) or carboxylic acid products upon hydrogen peroxide extrusion. 6571
Therefore, it is no surprise that the first synthetic applications of AQS were developed under

air atmosphere, making use of this ubiquitous external oxidant. Additionally, this aerobic
20



photooxidative approach has been proven efficient for the design of tandem sequences that

make use of the formed carbonyl compounds as electrophilic reactants.

Due to the relatively low bond-di ssoci ati on ener gy -akoBDEH
bonds,® alcohols are particularly attractive substrates for HAT-based transformations.
Moreover, the polarity of these functional groups allows to employ small alcohol molecules in

aqueous environments.

Pioneering work by the Cooper group in 1954 provided the first example of the application
of AQS for the photooxidation of an alcohol.?? The authors successfully employed sodium
antraquinone-2,6-disulfonate (SAQS-2) in agueous solution under aerobic conditions and 365
nm irradiation. Under these conditions, the photooxidation of ethanol (2) yielded a mixture
containing acetaldehyde (3) as the main product, hydrogen peroxide as by-product, and
significant amounts of acetic acid (4) (Scheme 3a). The latter formed presumably due to the
overoxidation of the formed acetaldehyde product, as the aldehydic Ci H bond displays a rather
low BDE and is therefore prone to undergo HAT in the presence of SAQS-2. Shortly after and
building on these results, Wells reported a series of kinetic experiments regarding the
photooxidation of several alcohols (5) (methanol, ethanol, isopropanol, and tert-butanol) with
sodium anthraquinone-2-sulfonate (SAQS-1) in aqueous solution (Scheme 3b).585%
Accordingly, this work expanded the scope of the photooxidation of alcohols to the preparation

a) Oxidation of primary alcohols: Cooper 1954221 & Wells 1960.[60
(6] (0]

SAQS-1 or SAQS-2

~SOH e o AH + )J\OH + Hy0,
H,0, 365 nm

2 air, 25 °C 3 4

b) Oxidation of secondary alcohols: Wells 1960.16%
OH (0]

SAQS-1
fhg saast o
H,0, 365 nm

5 air, 25 °C 6

c) Scope expansion for alcohols: Hollmann 2017.16

P gess %

: "+ H,0

R R 10,4000, R R *Hbe
7 30°C, 24 h 8

Selected examples
O o
OO0 O e
Mer\/))k Mex(\/))'L
3 H 3 Me
8a, TON: 424 8b, TON: 65.7 8c, TON: 154 8d, TON: 11.8 8e, TON: 19

Scheme 3. AQS catalyzed photooxidation of alcohols.
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of a ketone (6) (in this case, acetone, obtained by oxidizing isopropanol). Altogether, these
initial findings were followed by significant mechanistic speculation, wherein Newton concluded
that the photooxidation of alcohols proceeded through H-atom abstraction from the alcohol by

the electronically excited a&%thraquinone i

More recently, inspired by the previously discussed findings, Hollmann and coworkers
developed a general method for the photooxidation of alcohols (7) using SAQS-1 as HAT
catalyst (Scheme 3c). By activating a wide array of benzylic (7a and 7b), allylic (7c), and
aliphatic (7d and 7e)  U-alkoxy Ci H bonds, the corresponding aldehydes, and ketones were
successfully prepared (8a-8e) with reasonable turnover numbers (TON) (Scheme 3c).[fY
Herein, the authors proposed a mechanism based on the quenching of C-centered radicals by

molecular oxygen and the formation of peroxyl radicals as key intermediates.

Oxygenation of Aliphatic Ci H Bonds

Additionally, the Hollman group applied the same approach with SASQS-1 for the oxygenation
of aliphatic CiH bonds (9) to give the corresponding carbonyl products (10a-10d)
(Scheme 4).°Y1  Herein, the experiments performed with alkyl benzenes (10a-10d) delivered
the best turnover numbers (TON) for SAQS-1, presumably due to the relatively low BDEs
displayed by their benzylic Ci H bonds. Less activated Ci H bonds displaying notably higher

a) Oxygenation of aliphatic C—H bonds. Hollmann 2017.16]

H
Y SAQS-1 Y
R R H,0,400nm, 0, '
9 30°C, 24 h 10

Selected examples

(0] 0 O O
o O O O
MeO

10a, TON: 37.1 10b, TON: 25.2 10c, TON: 14.7 10d, TON: 41.8

O
(0]
(0] o
U 0
10e, TON: 5.1 10f, TON: 3.2 10g,TON: 6.2 10h, TON: 40.4
carvone Ketoisophorone

b) AQS-driven peroxygenase-catalyzed oxygenation. Hollmann 2020.[61

OH (@]
SAQS-1, peroxyzyme : )K
/\
NaPi buffer, 40% MeOH  ©N * Ph + CO

1 400 nm, O, 30 °C 12 13

Ph

Scheme 4. AQS-driven oxygenation methodologies.
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BDEs proved to be suitable as well (10e-10h), although with notably lower TON, as
showcased, for instance, by the oxidation of cyclohexene (10e) or cyclohexane (10f).
Furthermore, the methodology was successfully applied for the selective oxygenation of two
natural terpenes: limonene (9g) to carvone (10g), and isophorone (9h) to ketoisophorone
(10h). Similarly to the photooxidation of alcohols to carbonyl compounds, Hollmann suggested
the formation of peroxyl radicals in the presence of oxygen. However, the oxygenation of
aliphatics by anthraquinones is still the subject of ongoing investigations and mechanistic

speculation.®?

In a later publication, Hollman and coworkers reported SAQS-1 as an efficient catalyst for
driving the peroxygenase-catalyzed oxygenation of ethylbenzene (11) to give 1-phenylethanol
(12) and acetophenone (13) (Scheme 4b), showcasing the combined advantages of water-
solubility, excellent reactivity, and compatibility with peroxyzymes as enzymatic systems. 63
Moreover, the initial oxidation of ethylbenzene (11) to 1-phenylethanol (12) was performed in
an asymmetric fashion, although with low enantioselectivity (34% ee). This same approach
was applied to the oxidation of cyclohexane to cyclohexanol and cyclohexanone with similar

results.

Tandem Photooxidative Processes

Based on the facile photooxidation of alcohols to carbonyls by AQS, such transformations can
be coupled to additional steps, thus utilizing the formed aldehydes as reactive electrophilic
intermediates. As a result, tandem photooxidative processes (TPP) in alignment with the
principles of green chemistry®l can be easily designed, thus circumventing tedious

intermediate purification steps.

Such an approach was successfully implemented with SAQS-1 by the Itoh group in 2015.6¢!
Herein, the photooxidation of benzyl alcohols (14) to benzaldehydes (Int-1) under aerobic
conditions was coupled with a subsequent aldol condensation with cyclic ketones (15).
Accordingly, the au t-Hydraxysketgnesdrogmaberzyd alcehely displayihg
various substitution patterns and cyclic ketones of different ring sizes (16a-16e) (Scheme 5).
Furthermore, by employing a derivative of L-proline as a water-soluble asymmetric
organocatalyst (OC*), the corresponding products were obtained with high diastereo- and
enantioselectivities. For this tandem process, the authors proposed the in situ generation of
benzaldehydes (Int-1) accompanied by concomitant hydrogen peroxide formation as a key
step. Once the aldehyde is formed, it is proposed to undergo a condensation reaction with the
enolate of the corresponding cyclic ketone. This final step is catalyzed by OC*, which transfers
its chiral information to the substrate, thereby enabling the nucleophilic attack of the enolate to

occur in an asymmetric fashion.
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P SAQS-1, OC* A :
+ r + HyO + H,0
Ar™ OH n H,0, blue LED, air 2 2-2

20°C, 48-120 h n
14 (0.3 mmol) 15 (1.5 mmol) 16,n=1-2

[ o (0]
via in situ

generation Ar)]\H

Int-1
Selected examples (%yield, anti:syn, %ee) [ "TTTTTTooTToTTooo |
oH O OH ‘ TBDPSO_ !
(I ) (oo

MeO,C ‘ N 2

16a, 73%, 15:1, 99%ee 16b, 65%, 17:1, 97%ee  '------ccmoooooooo- ‘

OH (0]
16¢c, 71%, 13:1, 94%ee 16d, 53%, 2.2.:1, 99%ee 16e, 55%, 3.2.:1, 99%ee

Scheme 5. Asymmetric photooxidative aldol condensation of benzyl alcohols.

More recently, the Konig group applied a similar strategy for the preparation of
benzylidenemalononitrile derivatives (19) from benzyl alcohols (17) and malononitrile (18)

(Scheme 6).17 For this, the photooxidation of the benzyl alcohols to the corresponding

SAQS-4
B-alanine CN
P + P —_— N + H,O + H,O
A0+ NCTTCN Th 6 6 am AN 2 202
air, 20 °C CN
17 18 19

Selected examples

Me CN MeO CN AcO CN

19a, 92% 19b, 94% 19¢, 71%
Br CN HO CN
19d, 69% 19¢, 75% 19f, 68%

Proposed Mechanism

(0]
2 oo’
NN N
Int-2 Int 3
SAQS-4- H
202 Int-5
Ar” O OH A
Int-4 /\
17 SAQS-4” SAQS -4 B-alanine
hV CN

Scheme 6. Tandem synthesis of benzylidenemalononitriles infon water under visible light.
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benzaldehydes intermediates, was coupled with a Knoevenagel condensation reaction. As a
result, hydrogen peroxide and water are generated as by-products. This dual catalytic system
comprises sodium anthraquinone-1,5-disulfonate (SAQS-4) as HAT c adlaaiheyast and
a green and inexpensive organocatalyst. Regarding the substrate scope, benzyl alcohol and
its derivatives with electron-donating groups gave particularly good results in terms of yield
and short reaction times (17a and 17b). Additionally, the system was found to be compatible
with various other substituents (17c-17e). Moreover, this methodology was demonstrated to
be efficient for the selective functionalization of benzylic- over aliphatic alcohols (17f). Due to
the low solubility of the formed products in an aqueous medium, they can be easily isolated in
most cases by filtering the reaction mixture, resulting in an operationally simple protocol.
Referring to the results published by Hollmann®! and Itoh,’®® the Konig group proposed a

plausible reaction mechanism for this transformation.

First, the photoexcited anthraguinone sulfonate (SAQS-4*) engages with the benzyl alcohol
a7 via HAT t o -atkexy leenzglit edical fint-2). This species can then be
guenched by molecular oxygen to generate a peroxyl radical (Int-3). The resulting O-centered
radical is proposed to reoxidize the reduced SASQS-4-H Eo its ground state (SASQS-4), and
the formed peroxide intermediate (Int-4) to decompose to the corresponding aldehyde (Int-5),
releasing hydrogen peroxide. The aldehyde, in the presence o-dlanibe as an organocatalyst,
undergoes condensation with malononitrile, which results in the formation of the corresponding

benzylidenemalononitrile product (19).

Bromination of Arenes

As an alternative to HAT activation, the excited triplet state of AQS can engage in sequential
proton-coupled electron transfer (PCET) processes. These sequences are initiated by a single
electron transfer (SET) event between the excited AQS and an aromatic substrate with an
accessible oxidation potential. The generated radical aryl cation intermediate then undergoes
subsequent proton transfer (PT). Despite of the great oxidative power of AQS, the synthetic

applications of this activation mode are limited to just a few examples.

Due to their carbonyl groups, the electron density of anthraquinones can be easily altered
by protonation, leading to modifications in their redox properties. As a result, particularly high
redox potentials can be achieved, which would otherwise be almost exclusively attainable by

notably more expensive photocatalysts such as iridium complexes or acridinium dyes.

This strategy was successfully implemented by the Kdnig group for the bromination of
electron-rich arenes (20) via aromatic CiH activation through PCET (Scheme 7).2"1 By
protonating SAQS-1 with trifluoroacetic acid (TFA), the authors claimed to achieve a redox

potential of +2.3 V, able to engage with a variety of arenes via ET. The generated radical cation
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SAQS-1 Br

| X TFA, NaBr X
+ H,O
S F CH3CN/H,0, 400 nm S F 2=z
EDG air, 20°C, 4 h EDG
20 21

Selected examples

Br
Br O
Br Br
/©/ /©/ > pr N
MeO AcHN MeO,C N \

21d, 73%
from phenazone

Br H
0
OH EtzN/\n/ Hozc><vf3
OMe © Br Br

21a, 100% 21b, 91% 21c, 63%

21e, 74% 21f, 36% 219, 31%
/N\from tramadol from lidocaine from gemfibrozil
Proposed Mechanism EDG
A

—+ %
SAQS-1-H 20

EDG © EDG
hv @ Br |\ A
F ; ; P

SAQS-1-H" SAQS-1.H® Int-6 HO, Hy0, o4

\ 0,
SAQS-1
HO,

Scheme 7. Photocatalytic bromination of electron-rich arenes.

Br

aryl species (Int-6) are postulated to undergo nucleophilic attack in the presence of bromide
anions. As a result, the corresponding aryl bromide (21) is formed while hydrogen peroxide is
formed as a by-product of the process since oxygen is used as an external oxidant for the
regeneration of the photocatalyst. This example showcases the versatility of AQS, as their

redox properties can be easily tuned in the presence of certain additives such as acids.

However, to date, the modification of the redox properties of these catalysts via protonation
of hydrogen-bonding events remains relatively unexplored. Regarding the substrate scope, the
methodology was successfully applied for the preparation of a wide array of products (21a-
219), including bioactive molecules such as phenazone (21d), tramadol (21e), lidocaine (21f)
and gemfibrozil (21g). Interestingly, a similar enhancement in reactivity by protonation was

reported for AQs in a photooxygenation process of alkanes.®?

Regarding AQS-driven brominations, the Hollmann group demonstrated more recently the
application of SAQS-1 for the bromination of thymol (22) using peroxidase (Scheme 8), which
proceeds through the in situ generation of hypobromite as the oxidizing agent.[5® Herein,
methanol is used as the sacrificial electron donor to drive this bromination process.
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Scheme 8. AQS-driven peroxidase catalyzed bromination of thymol.

Proposed Mechanism

2

Photoelectrochemical Asymmetric Cyanation of Benzylic Ci H Bonds

Another interesting application of anthraquinone sulfonates is their combination with
photoelectrochemistry. Herein, the Xu group disclosed a versatile cyanation protocol for
benzylic Ci H bonds (24).581 While trimethylsilyl cyanide (TMSCN) is used as cyanation agent,
the dual catalytic system is based on the interplay between sodium anthraquinone-2,7-
disulfonate (SAQS-3) for benzylic radical generation and a copper complex employed for
radical trapping (Scheme 9). As an alternative to other cyanation protocols based on
photoinduced HAT,®% 7 Xu and coworkers employed SAQS-3 for a two-step sequential
electron/proton transfer. In this process, the applied current was used for regenerating both
catalysts. By employing a chiral ligand (L1*) in combination with a copper salt, the
transformation was carried out in an asymmetric fashion, with high enantioselectivities. In
addition, formic acid was employed for enhancing the reactivity of SAQS-3 by increasing its
oxidation potential, a similar strategy that has already been discussed for the bromination of

electron-rich arenes by SAQS-1.7]

Due to the mild reaction conditions, the system exhibited broad functional group tolerance
(25a-25j). Its scope included, for instance, a peptide derivative (25e) and highly reactive groups
such as azides (25f) or epoxides (25g). Furthermore, the methodology was applied for the
late-stage functionalization of bioactive molecules such as ibuprofen- (25h) D-glucose- (25i)

or penicillanic acid (25j) derivatives.

Regarding the proposed mechanism, the catalytic cycle is initiated with SAQS-3 being
excited by light to give SAQS-3*, which can engage through ET with the alkyl-arene substrate.
As a result, an ion-radical pair is formed between the benzylic radical cation and the reduced

semiquinone radical. Next, a PT event takes place between both species which results in the
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Scheme 9. Photoelectrochemical asymmetric cyanation of benzylic Ci H bonds.

formation of a benzylic radical (Int-7). Subsequently, this open-shell species can be trapped
by the copper (II) complex (Int-8) to form a copper (lll) intermediate (Int-9). This complex then
releases the desired cyanated product (25), simultaneously getting reduced to a copper (I)
intermediate (Int-10), which is further oxidized by the cathode and reacts with TMSCN to
regenerate the copper (II) complex (Int-8). Similarly, the previously formed semiquinone
species is also oxidized by the cathode, thus closing the photocatalytic cycle. The electrons

gained during both steps are used for proton reduction at the anode.
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Although, as mentioned, alternative photochemical cyanation methodologies employing a HAT
approach are available,®® 71 X u 6 s soffevstaelear advantage over these by regenerating
the photocatalyst electrochemicalf yhecomhinatibrher mor e
of AQS photocatalysts with asymmetric catalysts has proven to be an efficient strategy for

preparing products with high enantioselectivities.

Environmental Applications

As discussed, upon irradiation, AQS can reach excited states from which they can react as
strong oxidants via SET or as excellent HAT agents. Moreover, these catalysts stand out for

their ability to generate ROS species,?42% in aqueous medium.

In addition, SAQS-1 has been successfully employed for the degradation of organic dyes
(immobilized on treated nylon as a heterogeneous catalyst),®¥ and its application in
wastewater treatment has also been investigated due to its ability to generate ROS under
irradiation.?® Furthermore, SAQS-1 has also been reported as an efficient microbial
photosensitizer for removing inorganic pollutants, such as nitrates, from aqueous solutions.
Herein, Zhou and coworkers reported a semi-artificial system involving this catalyst as a
photosensitizer for bacterial denitrification reactions.[?

1.4 Future Perspectives

In The current trends in synthetic organic chemistry point towards the further development of
photocatalysis as an indispensable tool for performing organic transformations in a sustainable
fashion. Prioritizing the use of green solvents is another of the key pillar of this strategy.
However, in the case of water, the options regarding available photocatalysts are limited.
Consequently, the demand for water-soluble catalysts is on the rise. In this context, AQS are
emerging as promising candidates that contribute to this shift in organic synthesis, unlocking
the application of the photoactive anthraquinone core in agueous media. Accordingly, these
catalysts enable adapting quinone photochemistry to water such as benzylic or aromatic

functionalizations.

Although this feature is relatively underexplored for AQS, when we direct our attention
toward other sulfonated photocatalysts, it becomes apparent that their water solubility can be
a significant advantage when aiming to transform highly polar biologically derived molecules.
An excellent example of this application is provided by the structurally resembling
photocatalysts to AQS, benzophenone-3 , -Big§sodium sulfonate) (BPSS). Herein, this catalyst
has been successfully employed as aunsdtbrated agent

compounds,™®74 and the isomerization of aldoses.”® Hereof, an example that might support
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a potentially similar application of AQS in the future is the recent report by the Murai group on

the oxidation of ascorbic acid by anthraquinone-2,6-disulfonate.l’®

Another feature of AQS that might be further exploited is their excellent compatibility with
other catalysts. To date, AQS have been successfully employed in combination with a wide
array of other catalysts, rangi nelanfne @ o msre mpl e o
complex catalysts such as the proline derivative employed by the Itoh group,® or the chiral
copper complex reported by Xu and coworkers.®®  This compatibility is also extended to
biological systems, in which due to the low pKa values of the sulfonate groups, speciation
issues are precluded. Herein, apart from their application as electron shuttles in biological
systems,!¥ AQS have also been employed for synthetic purposes in the presence of

enzymes,®® or as bacterial photosensitizers for denitrification processes.["?

Furthermore, as showc as e df theapplcatidrsof ctryeatnaabbei on pr
a fruitful strategy for the regeneration of AQS and the design of transformations with high atom
economies. Although this approach remains relatively underexplored to date, it also holds
great potential, as photoelectrochemistry is rising as a powerful tool for synthetic
purposes.[’’:"8 Herein, the pioneering work by the Xu group might serve as inspiration for the
development of more sustainable methodologies, precluding the need for sacrificial oxidants.

The ability of AQS, to generate a wide array of ROS species and their compatibility with
biological systems such as bacteria has enabled the application of these photosensitizers for
the degradation of a wide array of pollutants ranging from organic molecules such as organic
dyes.BY to inorganic pollutants such as nitrates.[’? Herein, AQS might be a metal-free and
more cost-effective alternative to other photocatalysts that have been investigated for similar
purposes, such as the decatungstate anion, previously reported for the photodegradation of

pesticides in water.[””]

In contrast, a particularly interesting but underexplored feature of AQS is the modification
of their reactivity by protonation. This strategy was showcased by the bromination and
cyanation protocols of the Konig?”! and Xul® groups respectively, and it can render excellent
results in the enhancement of the oxidative power of these catalysts by the addition of acids.
AQS can easily replace certain oxidative catalysts as an inexpensive and water-compatible
option. Moreover, the protonation of AQS significantly enables these photocatalysts to target

a much broader range of substrates, thus expanding the synthetic chemist's toolbox.

Lastly, in our opinion, the photophysical properties of AQS should be further investigated to
provide valuable insights and guidance in selecting different AQS isomers based on their
synthetic applications. Accordingly, the combination of experimental results, spectroscopic
studies and computational investigations might be a good strategy for drawing relationships

between structure and reactivity of these promising photocatalysts.
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1.5 Conclusions

AQS entail a class of photoorganocatalysts with outstanding properties and great potential
applications in organic synthesis. To date, their application in oxygenation reactions has been
particularly prominent, being tandem photooxidative processes of great interest, as they allow
to build molecular complexity from relatively simple molecules. Moreover, AQS have been
successfully combined with chiral catalysts, enabling the development of asymmetric
transformations in agueous media. Furthermore, the electrochemical regeneration of these
photocatalysts appears to point to the future development of more sustainable
photoelectrochemical reactions. Additionally, due to the ability of AQS to generate ROS, their
application for degrading of organic compounds holds great potential. Altogether, we expect
that further investigations and a better understanding of the reactivity of these catalysts might
bolster the development of their synthetic applications in water in the upcoming years.
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2. Tandem Synthesis of Benzylidenemalononitrile Derivatives in/on
Water under Visible Light
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Abstract: Tandem processes are valuable tools that allow to build molecular complexity while
reducing waste production and the number of steps of synthetic routes. In this work, the in situ
photooxidation of benzyl alcohols to the corresponding benzaldehydes is coupled with a
Knoevenagel condensation for the preparation of benzylidenemalononitrile derivatives. In this
rapid one-pot tandem process, sodium anthraquinone-1,5- disulfonate (SAQS )  a {aldniné®
are employed as safe and inexpensive catalysts, while air is used as a terminal oxidant.
Moreover, using water as reaction medium results in most cases in the precipitation of the

target products, thus facilitating their isolation.

' Reproduced from D. Kolb, K. Friedmann, B. Konig,* ChemCatChem 2024, 16, €202400936.
with permission from Wiley-VCH GmbH. Schemes, tables, and text may differ from the

published version.

i Author contributions: D. Kolb conceived the concept of this study and investigated the
scientific background. D. Kolb and K. Friedmann optimized the reaction conditions,
synthesized the starting materials, and conducted the mechanistic investigations. D. Kolb
performed the photoreactions with the assistance of K. Friedmann. D. Kolb wrote the
manuscript and supporting information. B. Konig supervised the project, reviewed the

manuscript, and is the corresponding author.
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2.1 Introduction

Currently, the chemical and pharmaceutical industries are experiencing a notorious shift in
terms of sustainability, wherein reducing the energy input of reactions, and restricting the use
of hazardous chemicals have become first-order priorities.! In addition, shortening the length
of synthetic routes by performing multiple steps in a single vessel can improve the overall
efficiency of the process while circumventing intermediary purification steps and reducing

waste production. ¢

Due to their low cost, bench stability, and natural prevalence, alcohols are particularly
attractive synthetic building blocks. In addition, their facile oxidation to the corresponding
aldehydes enables the design of tandem oxidative processes (TOP), wherein their initial
oxidation is coupled with an additional step.® While most of these processes rely on thermal
conditions, the relatively low CiH bond-dissociation energy ( BDE) di splalkoyyed by
positions can be easily exploited via photoinduced H-atom transfer (HAT).® Herein, equivalent
aldehyde intermediates can be accessed under notably milder reaction conditions in the
presence of a photoexcitable HAT agent and oxygen.® Accordingly, tandem photooxidative
processes (TPP) constitute a more sustainable alternative to conventional TOP, allowing to
build molecular complexity by using light. However, despite their potential applications, to date,
these remain unexplored to a large extent. In addition to the design of tandem reactions, the
replacement of hazardous organic solvents remains a major challenge. As a result, efforts are
being made to prioritize the use of green solvents such as water.'21¢6l Unfortunately, this
medium is often associated with solubility issues or revealed as incompatible with
photocatalytic systems. To overcome these limitations, water-soluble photoexcitable HAT
agents can be employed.7 For instance, sulfonated anthraquinones have been successfully
implemented in TPP, as showcased by the Itoh group in their work on the photooxidative

tandem condensation between benzyl alcohols and ketones in aqueous medium.®

Benzylidenemalononitrile derivatives, also known as tyrphostins, display a broad range of
biological properties.® In addition, these electron-poor olefins are regarded as versatile radical
traps for the elucidation of reaction mechanisms and valuable substrates for Giese-type
reactions.”! Although a plethora of different reaction conditions have been reported so far,°
their synthesis mainly relies on the classic Knoevenagel condensation, wherein an aldehyde
and an active Ci H methylene compound undergo a condensation reaction in the presence of
an organocatalyst (Scheme 1a).!Y More recently, several tandem methodologies have been
developed to access equivalent products from benzyl alcohols.*? Inspired by these previous
works,5212l and the concept of TPP, we envisioned an alternative method to the classical
reaction in alignment with the principles of green chemistry.*3 Herein, we hypothesized that

benzyl alcohols could be employed as benzaldehyde precursors in designing a Knoevenagel
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a) Conventional Knoevenagel synthesis.
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Scheme 2. Synthesis of benzylidenemalononitrile derivatives. SAQS: sodium anthraquinone-1,5-
di sul f Al:aetaalanire.
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cascade reaction in water, thus precluding organic solvents and replacing heat with light
(Scheme 1b).

2.2 Results and Discussion

Takingthel ead f r o m B wemdt dusto testthre knvisioned transformation with a dual
catalytic system involving sodium anthraguinone-2-sulfonate (SAQSL1), L-proline, and water
as solvent. Accordingly, due to their solubility in this medium, benzyl alcohol (1a) and
malononitrile  (2) were chosen as model substrates for the preparation of
benzylidenemalononitrile (3a). At first, the reaction mixture was subjected to 405 nm (0.7 W)
irradiation, under air (Table 1; entry 1). To our delight, after 2 h, the formation of a white
precipitate was observed (Figure S4). Extraction of the reaction mixture with EtOAc and
subsequent analysis via GC-FID revealed the formation of 3a in low yield (39%) (Figure S6).
In addition, the presence of unreacted starting materials (1a and 2) and the formation of the
postulated benzaldehyde intermediate were corroborated.

Motivated by these promising results, we proceeded to optimize the system by surveying
different water-soluble photocatalysts (Table 1; entries 2-4). While riboflavin (RF) proved
compatible under blue light irradiation (entry 4), sulfonated anthraquinones delivered notably
better results. In particular, sodium anthraquinone-1,5-disulfonate (SAQS3) was revealed as
the best choice, providing 3a in 63% vyield (entry 3). Next, the replacement of L-proline by
piperidine, a base commonly used for Knoevenagel condensations,*®! led to a significant drop
in yield (entry 5). This might be attributed to the oxidation of the non-protonated amine by the

excited state of the photocatalyst. In contrast, other amino acids such as g | y c i-atanine,

b

2-aminobutyric acid (GABA) gave better results (entries 6-8). Ac ¢ o r d i-atagineywas b
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Table 1. Optimization of reaction conditions.[?

ROON

“SOH + NCT @ Lo @ hipop

THoim
1a (0.1 mmol) 2 ~EHEIHEIRE 3a
h ots Organocatalysts
0 NaOSS
saast saas? LProline  Glycine GABA
Entry equiv. 2 PC (mol%) OC (mol%) t(h) LEDs Yield of 3a (%)[b]
1 1 SAQSL1 (10) L-Proline (10) 2 405nm (0.7W) 39
2 1 SAQS2 (10) L-Proline (10) 2 405 nm (0.7 W) 58
3 1 SAQS3 (10) L-Proline (10) 2 405nm (0.7W) 63
4 1 RF (1) L-Proline (10) 3 446 nm (0.7 W) 22
5 1 SAQS3 (10) Piperidine (10) 2 405nm (0.7W) 9
6 1 SAQS3 (10) Glycine (10) 2 405 nm (0.7 W) 50
7 1 SAQS3 (10) b-Alanine (10) 2 405nm (0.7W) 65
8 1 SAQS3 (10) GABA (10) 2 405nm (0.7W) 43
9 1.2 SAQS3 (10) b-Alanine (10) 2 405 nm (0.7 W) 71
10 15 SAQS3 (10) b-Alanine (10) 2 405nm (0.7W) 77
11 15 SAQS3 (10) b-Alanine (10) 2 446 nm (0.7 W) 81
12 15 SAQS3 (10) b-Alanine (10) 2 528 nm (0.2W) n.d.
13 15 SAQS3 (10) b-Alanine (5) 2 446nm (0.7W) 86
14 15 SAQS3 (10) b-Alanine (1) 2 446 nm (0.7 W) 68
15 15 SAQS3 (5) b-Alanine (5) 2 446nm (0.7W) 66
16 15 SAQS3 (10) b-Alanine (5) 3 446 nm (0.7 W) 91

[BReaction conditions: 1a (0.1 mmol), 2, photocatalyst, organocatalyst, H2O (1 mL), LEDs (radiant

power), air,20°C.PIGC-F|1 D yi el ds

extraction of the reaction mixture with EtOAc (1 mL).

d et e rtrifiionotelukne asintenngl stahdaldd, upbn

identified as the best option (3a, 65% yield) (entry 7). This safe and inexpensive naturally
occurring amino acid has been previously reported for catalyzing condensation reactions even

at mild temperatures.i*4

The reaction yield was further improved up to 77% by increasing the number of equivalents
of 2 from 1 to 1.5 (entry 10). In addition, alternative irradiation sources were examined, wherein
446 nm (0.7 W) LEDs delivered the best performance (81%) (entry 11). In contrast, when
irradiating with 523 nm (0.2 W) LEDs, 1a remained unreacted (entry 12), as SAQS3 does not
absorb in this region of the visible light spectrum (Figure S7). Afterward, the catalyst loadings
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were optimized (entries 13-15), being the loading of b-alanine reduced to 5 mol% (entry 13).
Regarding the photocatalyst, reducing its loading to 5 mol% led to a drop in yield (66%)
(entry 15). As a result, a loading of 10 mol% of SAQS3 was maintained. Conducting the
reaction for an additional hour led to excellent results (91%) (entry 16). Analysis of the reaction
mixture via GC-FID (Figure S8) revealed complete consumption of 1a, while only traces of
benzaldehyde intermediate were detected. Lastly, the product was isolated via filtration of the
reaction mixture, obtaining 3a as a white solid in very good vyield (87%). Lastly, the
methodology was successfully scaled up using 8 mmol of 1a, which resulted in the isolation of

3a in acceptable yield (59%).

With the optimized conditions in hand, we explored the substrate scope of the
transformation (Scheme 2). First, alkyl-substituted benzyl alcohols (3b-3e) were tested,
wherein very good to excellent yields were achieved (82-95%). Interestingly, neither the
relatively low BDE of the Ci H bonds of the methyl group substituents nor their disposition had
a significant impact on the reaction yield (3b-3d). However, in the case of ortho-methyl benzyl
alcohol (1b) additional reaction time was required to achieve a similar yield to the meta- and
para-substituted homologues (1c and 1d), presumably due to increased steric hindrance.
4-Ethylbenzyl alcohol (1e) required longer reaction times, presumably due to its lower solubility
in water. To our delight, product 3f, also known the drug tyrphostin A1, was prepared in

e OO

H,O + H,0,

OH — ==

H,0 (0.1 M)

1 (0.1 mmol) 2 (0.15 mmol) 446 nm, air
20°C,2-24 h

CN
©/\( W /@/\( mCN
CN
MeO CN Fyc0

3b, 2-Me, 4 h, 86%
3a, 3 h, 87% (59%) 3¢, 3-Me, 2 h, 95% 3e, 4 h, 82% 3f, 3 h, 94% 39, 24 h, 60%
3d, 4-Me, 2 h, 92%

2

CN
/@/\(CN mCN /@/\(CN /@/\(CN m
CN CN CN CN
EtO CN AcO HO F4CS O2N
3h, 3 h, 73% 3i,3h,71% 3j, 18 h, n.d. 3k, 24 h, 27% 31, 18 h, traces
/@/\(CN /@/\(CN /@/\(CN /@/\(CN mCN
CN CN CN CN CN
MeO,C NC FsC F Cl
3m, 5h, 48% 3n, 24 h, 63% 30, 24 h, 66% 3p,5h, 84% 39,3 h, 92%
Me Me
cl - ON X ON O o CN MeWCN MEWCN
. CN Br CN | CN CN CN CN

3r,6h, 75% 3s, 24 h, 69% 3t,24 h, 36% 3u, 24 h, traces 3v, 24 h, n.d. 3w, 24 h, traces

Scheme 2. Substrate scope. Reaction conditions: 1 (0.1 mmol), 2 (0.15 mmol) SAQS3 (10 mol%),
b-alanine (5 mol%), H20 (1 mL), 446 nm (0.7 W), air, 20 °C. [@isolated yield of 8 mmol scale reaction
after 7 h of irradiation at 24 °C.
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excellent yield (94%)from anisyl alcohol (1f). Similarly, 4-trifluoromethoxy- (1g), 4-ethoxy- (1h),
and 4-acetoxy benzyl alcohol delivered satisfactory results (3f-3h). In contrast, the presence
of an unprotected hydroxy group (1j) impeded reaction progress, as the starting material
remained unreacted. According to a previous study, anthraquinone sulfonates can undergo

rapid degradation under similar reaction conditions, in the presence of phenol derivatives.*%

Next, the compatibility of different heteroatoms and functional groups was further explored.
Herein, 4-(trifluoromethylthio)benzyl alcohol (1k) gave the corresponding product (3K) in poor
yield. In addition, strong electron-withdrawing groups such as nitro (1l), ester (1m), cyano (1n),
or trifluoromethyl (10) were evaluated. However, only limited success was achieved, as these
groups seemed to hinder the initial oxidation event of the alcohol. For instance, the nitro

derivative (3l) could only be detected in traces amounts (Figure S9).

Other halogenated starting materials (1p-1t) generally performed well in the tandem
process, delivering the target products in moderate to excellent yields (36-92%). While fluoro-
and chlorinated substrates (1p-1r) reacted in short reaction times, bromo- (1s) and iodo- (1t)
substituents led to a significant reaction time increase accompanied by yield decrease. In the
case of 4-iodobenzyl alcohol (1t), for instance, the formation of degradation products such as
the corresponding benzoic acid was confirmed. Here, no correlation could be drawn between

the electron-donating/withdrawing ability of the halogen atoms and the obtained yields.

Subsequently, the methodology was tested on a secondary benzyl alcohol (1u) to give the
corresponding ketone as a reactive intermediate. Although the formation of acetophenone was
confirmed by GC-MS analysis, the aimed condensation product (3u) was only observed in
trace amounts (Figure S10). This might be attributed to the lower electrophilicity, and higher
steric hindrance displayed by acetophenone compared to benzaldehyde as a reactive

intermediate.

Lastly, two aliphatic alcohols were surveyed. While 1-pentanol (1v) remained unreacted,
2-pentanol (1w) delivered the aimed product (3w) in trace amounts (Figure S11). The scope
was further explored with 1a and different active Ci H methylene compounds as nucleophiles

(Scheme S6). Unfortunately, all alternatives to malononitrile failed.

Afterward, the selectivity of the methodology was investigated. Accordingly, an
intramolecular competition experiment between an aliphatic and a benzylic alcohol was carried
out (Scheme 3a). As a result, only the monofunctionalized product 3x could be isolated in good
yield (68%). The alternative monofunctionalized product 3y (derived from the oxidation of the
aliphatic alcohol) or the bifunctionalized product 3z were not observed by GC-MS analysis
(Figure S12). Additionally, an intermolecular competition experiment between benzyl alcohol
and 1-pentanol was set (Scheme 3b), wherein 1a delivered 3a in very good yield (79%), while

1-pentanol remained unreacted (Figure S13).
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a) Intramolecular selectivity experiment:

CN _CN
OH A~ S.C. N OH \(
* NCT N cN T Ne " NC_ eyt HO + HO;
HO 8h  Ho v -
CN CN

1u (0.1 mmol) 2 (0.3 mmol) 3y, n.d.

3x, 68% 3z,nd.

b) Intermolecular selectivity experiment:

CN Me ~._ _CN
OH M s.C. A RV
@A + OMoH NN — m e

1a (0.1 mmol) 1v (0.1 mmol) 2 (0.3 mmol) 3a, 79% 3v, nd.

Scheme 3. Selective functionalization of benzyl alcohols over aliphatic alcohols. Standard conditions
(S.C.): SAQS3( 1 0 mo-klaaine (5 rbol%), H20 (1 mL), 446 nm (0.7 W), air, 20 °C.

Next, we set out to unveil the reaction mechanism of the transformation by analyzing the
reaction mixture of 3a (Scheme 4). Herein, GC-MS analysis (Figure S14) revealed the
presence of traces of benzaldehyde, thus supporting the postulated tandem process, wherein
this species is generated in situ as a key intermediate. Furthermore, TLC analysis indicated
the presence of benzoic acid as the sole side product, presumably derived from the
overoxidation of the observed benzaldehyde intermediate. According to literature, aldehydes
can readily oxidize to the corresponding acids upon exposure to air and light,[*®! a process that
might be accelerated in the presence of radical initiators such as HAT catalysts.[*” In addition,
the presence of hydrogen peroxide as by-product was confirmed. Its concentration in the
reaction mixture could be determined in the range of 2-5 mg/mL (0.06-0.15 M) employing

semiquantitative peroxide test stripes (Figure S15).

A series of control experiments were carried out to get additional insight into the reaction
mechanism (Table 2). When conducting the reaction in the absence of light (entries 2 and 3)
or photocatalyst (entry 4), no product was observed. In contrast, the pr e ¢ | u s ratamine o f
(entry 5) led to significant product formation (33%), however, in lower yield compared to the
standard reaction conditions (91%). Herein, the reaction between benzaldehydes and
malononitrile has been previously reported to proceed even without catalysts.*8 Furthermore,
benzyl alcohol (1a) was subjected to the optimized conditions in the absence of 2 (entry 6)
(Figure S16), which resulted in the oxidation of la to benzoic acid, as the aldehyde

intermediate can undergo an additional oxidation step.[*617]

Conducting the reaction under nitrogen atmosphere led to product formation in almost

stoichiometric amounts, referred to the photocatalyst loadings (entries 7 and 8). Under these

0 0
sS.C. H20,
12 + 2 — > 3a[a]+ Ph)J\OH + F’h)J\H +* HO + o firmed by
91% 4a 5a

semiquantitative

traces traces analysis

Scheme 4. Analysis of the reaction mixture of 3a. S.C.: standard conditions. PIGC-FID yield determined
us i n g -triluorotolugne as internal standard.
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Table 2. Control experiments.

S

S
NC/\CN > Ph/\l/ + Hzo + H202
CN

Ph”™ TOH +
H,O (0.1 M)

1a (0.1 mmol) 2 (0.15 mmol) 4;::‘0'?%? 3a
Entry Deviation from conditions Yield of 3a (%)
1 - 91
2 No light n.d.
3 No light; 60 °C n.d.
4 No SAQS3 n.d.
5 N o -afanine 33
6 No 2 n.d.
7 Under N2 9
8 Under N2; 15 mol% SAQS3 12
9 Under Oz (1 atm.) 63
10 TEMPO (1 equiv.) Traces

[[GC-FID yields determined using U, Gtiflibrotoluene as
internal standard.

conditions, no H>O, generation was detected (Figure S17). This suggests that in the absence
of oxygen, the reduced form of the photocatalyst cannot be regenerated due to the lack of a
terminal oxidant. Instead, SAQS3 might be reduced to the corresponding hydroquinone
(Scheme S7). Using an oxygen balloon instead of ambient air atmosphere (entry 9) led to a
satisfactory yield of 3a (63%), however inferior to the optimized conditions (91%). This might
be attributed to the quenching of the photocatalyst in the presence of a significant excess of
oxygen, as well as the undesired oxidation of the benzaldehyde to benzoic acid (as revealed
by TLC-analysis). Lastly, the reaction was conducted in the presence of TEMPO as a radical
scavenger (entry 10), which hampered reaction progress. Unfortunately, no radical trapping

adduct could be isolated or detected.

In accordance with the performed mechanistic studies and previous reports,>7¢9 g
plausible reaction mechanism was proposed for the tandem photooxidative process
(Scheme 5). At first, the alcohol starting material (I) engages with the photoexcited
anthraquinone (SAQS*) via HAT to deliver a benzylic radical (1), which is postulated to further
react with molecular oxygen to give a peroxyl radical (l1l). This intermediate then reacts with
the reduced form of the photocatalyst (SAQS H)Evia HAT, regenerating its ground state
(SAQS) while giving the corresponding peroxide (IV), which, upon H;O: release, forms

benzaldehyde (V). This electrophilic intermediate then undergoes a condensation reaction with
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O,

OH ;» Ar)\
I
OH SO,Na
H HAT
Ar)\OH
I NaO;S H0;
SAQSH
O SO;Na SOzNa
0, NC” T CN
e Vi
EnT p-Ala
NaO,S O NaO,S O H,O
SAQS* SAQS
CN
\\:// Ar/y
CN
hv vii

Scheme 5. Proposed reaction mechanism.

malononitrile (VI) , c at a l-alanimedo giveythe fcorresponding benzylidenemalononitrile
derivative (VII) and water as by-product.

2.3 Conclusions

To summarize, we have developed a light-driven cascade reaction for the preparation of
benzylidenemalononitrile derivatives using water as reaction medium. Herein, benzyl alcohols
are employed as bench-stable starting materials and oxidized by air to benzaldehydes in a
photooxidative process catalyzed by sodium anthraquinone-1,5-disulfonate. The in situ
generated electrophilic intermediates are then reacted with malononitrile in the presence of
b-alanine as a green and inexpensive organocatalyst. Due to the solubility of both catalysts in
water, the reaction is carried out in this medium, which results in several cases in the direct
precipitation of the final condensation products. Overall, the methodology is operationally
simple, prioritizes the use of non-hazardous chemicals, and proceeds in short reaction times

at room temperature.
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2.4 Experimental Section
2.4.1 General Information

Chemicals and solvents: All commercially available chemicals were purchased in high quality
and used without further purification. Solvents for column chromatography were distilled before
use. Petrol ether is abbreviated as PE, while ethyl acetate is abbreviated as EtOAc. Moisture-
sensitive reactions were carried out using dry solvents in oven-dried glassware. Solvents were

removed in a rotary evaporator at temperatures below 40 °C under reduced pressure.

Manual Column Chromatography (CC): flash silica gel 60 M (particle size 40i6 3 & m,
2307 440 mesh, Merck) was used as the stationary phase. Binary eluent mixtures are reported

as v/v solutions normalized to 100 volume units.

Flash Column Chromatography (FCC): flash silica gel (Merck, 40-6 3 e m) was used a:
stationary phase. Binary eluent mixtures are reported as v/v solutions normalized to

100 volume units. Purification by automated flash column chromatography was performed on

a Biotage® IsoleraTM Spektra One device using either pre-packed Biotage® columns or silica

gel 60 M (particle size 4016 3 & mj| 44@ng€h, Merck) self-packed columns.

Analytical TLC: performed on silica gel pre-coated aluminium sheets (Macherey-Nagel®, silica
gel 60 G/UV254, 0.2 mm). Visualization was accomplished by exposure to UV light (254 nm)
or dipping the plate in KMnO, stain. Eluent mixtures for TLC are reported as v/v solutions

normalized to 100 volume units.

Nuclear magnetic resonance (NMR): spectra were recorded at room temperature (20 °C) using
a Bruker Avance 400 (400 MHz for *H, 101 MHz for **C, 376 MHz for °F) NMR spectrometer.
Chemi cal shi ft sscateasparts gepnallion [ooh] relative td the solvent residual
peaks as internal standard. Coupling constants J are given in Hertz [Hz], and the multiplicity
of the signals is abbreviated as singlet (s), broad singlet (bs), doublet (d), doublet of doublets
(dd), triplet (t), doublet of triplets (dt), triplet of doublets (td), quadruplet (q), or multiplet (m).
Signals are reported as follows: (multiplicity, coupling constant J, number of protons). Spectra

were analyzed using MestReNova 6.0.2.

High Resolution Mass Spectrometry (HRMS): spectra were obtained from the central analytical
mass spectrometry facilities of the Faculty of Chemistry and Pharmacy, University of
Regensburg. All mass spectra were recorded on a Finnigan MAT 95, Thermo Quest Finnigan
TSQ 7000, Finnigan MATSSQ 710 A, or an Agilent QZ OF 6540 UHD instrument.

GC-FID and GC-MS: GC measurements were performed on a GC 7890 from Agilent
Technologies. Data acquisition and evaluation were done with Agilent Chem Station
Rev.C.01.04. GCi MS measurements were performed on a 7890A GC system from Agilent

Technologies with an Agilent 5975 MSD Detector. Data acquisition and evaluation were done
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with MSD Chem Station E.02.02.1431. A capillary coumn HP-5 MS/ 30 m x 0. 25

film and helium as carrier gas (flow rate of 1 mL/min) were used. The injector temperature (split
injection: 40:1 split) was 280 °C, and the detection temperature was 300 °C (FID). GC
measurements were made and investigated via the integration of the signal obtained. The GC
oven temperature program was adjusted as follows: initial temperature of 40 °C was kept for
3 min, the temperature was increased at a rate of 15 °C/min over 16 minutes until 280 °C was
reached and maintained for 5 min, the temperature was again increased at a rate of 25 °C/min

throughout 48 s until a final temperature of 300 °C was reached and maintained for 5 min.

Semiquantitative H,O, determination: the H.O, concentration of the reaction mixture was
determined semiquantitatively using Quantofix© peroxide test sticks. Upon reaction
completion, an aliquot of 100 pL of reaction mixture was diluted with distilled water (dilution
factor = 100), and the peroxide test strip was immersed in the resulting solution for 1 s. After
15 s, a picture was taken from the test stick.

Photoreactor setup in batch: photoreactions were irradiated with LEDs (EAGLERISE®
ELP8X3LS, _ = 446 nm (x 45), average radiant flux 690 £+ 10 mW, 36 V, 700 mA). Reaction
mixtures were exposed to light under stirring (250 rpm, magnetic stirrer) from the bottom side
of the vial. The system's temperature was controlled by a cooling circuit consisting of an

aluminium cooling block connected to a cryostat (Figure S1).

The optical power of the LEDs was determined using a FieldMaxII-TOTM laser power meter
equipped with a PM3 sensor. The emission spectrum of the LEDs (Figure S2) was recorded
using an Ocean Optics HR4000CG-UV-NIR Glass fiber and diffusor.

Figure S1. Photoreactor setup. A: cryostat connected to the aluminium cooling block. B: cooling block
and LED on top of the stirrer. C: LED module.
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Figure S2. Led emission spectrum of the LED used for the photoreactions.

Glassware absorption: photoreactions were carried out in WICOM 20 mm crimp-cap vials
(5 mL, 38.5 x 22.0 mm) made of borosilicate glass. The vials transmit 100% of incident light

above 350 nm (Figure S3).
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Figure S3. Absorption spectrum of vials used for photoreactions.

51



2.4.2 General Synthetic Procedures
General Procedure for Photoreactions (GP1)

SAQS3 (10 mol%)
B-alanine (5 mol%) CN
RT>OH + NC~ CN - R/\( + H0 + Hy0,
H,0 (0.1 M) CN
446 nm (0.7 W)
air, 20 °C, 2-24 h

1 (0.1 mmol) 2 (0.15 mmol) 3

Scheme S1. General procedure for photocatalytic reactions in batch. SAQS3: sodium anthraquinone-
1,5-disulfonate.

A 5 mL crimp-cap vial equipped with a PTFE-coated stirring bar was loaded with the
corresponding alcohol (0.1 mmol, 1.0 equiv.), malononitrile (10.1 mg, 0.15 mmol, 1.5 equiv.),
b-alanine (0.5 mg, 5 umol, 5 mol%), sodium anthragquinone-1,5-disulfonate (3.7 mg, 10 umol,
10 mol%) and distilled water (1 mL). The vial was sealed with a PTFE septum, sonicated for
10 s, and the reaction was kept open to air via a needle. Lastly, the reaction mixture was stirred
(250 rpm) under irradiation using a blue LED set-up (_ = 446 nm (x 45), optical power = 0.7 W)
at 20 °C (temperature controlled by an aluminium cooling block connected to a cryostat).
Reaction progress was monitored by TLC or GC analysis. Depending on the product, different

work-up procedures were followed:

GP1la (compounds 3a-3f, 3h, 3l, 3m, 3n, 3p-3s): after 2-24 h, the mixture was filtered under
reduced pressure using a Buchner funnel and the resulting solid washed with distilled water
(2 mL). The obtained solid was dissolved in CHCIs (5 mL), and the solvent was removed under
reduced pressure to give the corresponding product as a solid. For product 3s, further
purification via CC (PE/EtOAc = 96/4) was required.

GP1b (compounds 3g, 3k, 30, 3t, 3x): after 8-24 h, 100 mg of NaCl were added to the reaction
mixture, and the product was extracted with EtOAc (3 x 1 mL). The combined organic layers
were dried over Na,SO., and the solvent was removed under reduced pressure. The crude
product was purified via CC.

e
=
A

=

Figure S4. Reaction of la. A:reaction mixture before irradiation. B: reaction mixture after 3 h
irradiation. C: Filtered product. D: Isolated product.
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Scale-up Procedure for Photoreactions

SAQS3 (10 mol%)

B-alanine (5 mol%)
Ph” OH + NC~ “CN coim Ph/\( + H,0 + H,0,
2

446 0.7W
1a (8 mmol) 2 (12 mmol) air Zchc 7 h) 3a

Scheme S2. Scale up for the photocatalytic synthesis of 3a.

A 900 mL crystallizer (height 75 mm, @ 140 mm) equipped with a PTFE-coated stirring bar
was loaded with benzyl alcohol (680 pL, 8 mmol, 1.0 equiv.), malononitrile (792 mg, 12 mmol,
1.5 equiv.), -afanine (40 mg, 0.4 mmol, 5 mol%), sodium anthraquinone-1,5-disulfonate
(296 mg, 0.8 mmol, 10 mol%) and distilled water (80 mL). The resulting reaction mixture was
stirred (400 rpm) under irradiation using a plate equipped with six blue LEDs (each one:
_ =446 nm (z 45), optical power = 0.7 W) placed on top of the crystallizer at 24 °C. After 7 h,
the mixture was filtered under reduced pressure using a Buichner funnel, and the resulting solid
was washed with distilled water (20 mL). The obtained solid was dissolved in CHCIsz (50 mL)
and dried over Na,SO,. Lastly, the solvent was removed under reduced pressure to give 3a

as a pale brown solid (726 mg, 59%).

Figure S5. Photoreactor scale-up setup. A: LED module. B: reaction mixture before irradiation. C:
reaction mixture during irradiation. D: reaction mixture after 7 h irradiation.
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General Procedure for the Synthesis of Starting Materials (GP2)

O

Dry MeOH (20 mL oH 1Te,R=Et
H NaBH4' . ( - /©/\ 19, R=0CF;
= 1.20 equiv. 0°C, 0,5-18 h R 1k, R = SCF3

1 1n, R =CN

Scheme S3 General procedure for the synthesis of benzyl alcohols as starting materials.

Based on a procedure previously reported in our laboratories.?” In an oven-dried round bottom
flask, the corresponding benzaldehyde (2.50 mmol, 1.00 equiv.) was dissolved in dry MeOH
(10 mL). The mixture was cooled to 0 °C and a solution of NaBH4 (114 mg, 3.00 mmol,
1.20 equiv.) in dry MeOH (10 mL) was added dropwise. The resulting mixture was stirred at
0 °C for 0,5-18 h. After confirming reaction completion by TLC analysis, the reaction was
guenched with water (10 mL), and the product was extracted with EtOAc (5 x 10 mL). The
combined organic layers were dried over Na.SO4, and the solvent was removed under reduced
pressure. For 1e, 1g, and 1Kk, the crude product was purified via CC or FCC (PE/EtOAC).

2.4.3 Synthesis and Analytical Data of Starting Materials
Synthesis of 4-ethylbenzyl alcohol (1e)

Prepared according to GP2. Reaction time: 30 min. Purification via FCC

OH
/@A (PE/EtOAC = 80/20).
Et

Isolated yield: 60% (204 mg, clear oil).

IH-NMR (400 MHz, CDCls): Ui (ppm) = 7.29 (d, J = 8.0 Hz, 2H), 7.20 (d, J = 8.0 Hz, 2H), 4.65 (s,
2H), 2.66 (g, J = 7.6 Hz, 2H), 1.80 (bs, 1H), 1.24 (t, J = 7.6 Hz, 3H). ¥*C-NMR (101 MHz,
CDCL:d (ppm) = 143.8, 138. 1, IRR=80.30(PE/EICAT = 8D/20)
[KMNO4]. HRMS (EI-MS): [CoH1,0]* [M]* calcd: 136.08827; found: 136.08820.

Synthesis of 4-(trifluoromethoxy)benzyl alcohol (19)

OH Prepared according to GP2. Reaction time: 18 h. Purification via CC
/(jA (PE/EtOAC = 80/20).
F5CO

Isolated yield: 82% (394 mg, clear oil).

IH-NMR (400 MHz, CDCls): U (ppm) = 7.31 (d, J = 8.7 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 4.61 (s,
2H), 1.86 (s, 1H). 3C-NMR (101 MHz, CDCl): U (ppm) = 148.6 (g, J = 1.7 Hz), 139.5, 128.3,
124.3, 121.7, 120.5 (g, J = 257.0 Hz), 64.4. °F-NMR (376 MHz, CDCls): U (ppm)= -58.5.
R = 0.34 (PE/EtOAC = 80/20) [KMnO4]. HRMS (EI-MS): [CsH7O2Fs]* [M]* calcd: 192.03927;
found: 192.03978.
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Synthesis of 4-acetoxybenzyl alcohol (1i)

0
OH THF (8 mL OH
/©/\ + )J\ + Et3N o( m )

1.00 equiv. 1.10 equiv. 1.00 equiv. 1i

Scheme S4 Procedure for the synthesis of 4-acetoxybenzyl alcohol (1i).

Prepared according to a procedure from Nie et al.?y In an oven-dried Schlenk flask,
4-hydroxybenzyl alcohol (253 mg, 2.00 mmol, 1.00 equiv.) was dissolved in dry THF (4 mL),
and EtsN (280 pl, 2.00 mmol, 1.00 equiv.) was added under inert atmosphere. The mixture was
cooled to 0 °C and a solution of acetyl chloride (160 pl, 2.20 mmol, 1.10 equiv.) in THF (4 mL)
was slowly added. The resulting mixture was stirred at 0 °C for 2 h. Afterward, the reaction
mixture was filtered, and the solid was washed with THF (5 mL). The solvent was evaporated,
the crude redissolved in CH,Cl, (10 mL) and washed with water (10 mL). The organic layer
was dried over Na,SO4, and the solvent was removed in vacuo. The crude product was purified
via FCC (PE/EtOAc = 75/25) to obtain 1i. Isolated yield: 38% (126 mg, clear oil).

'H-NMR (400 MHz, CDCl): @i (ppm) = 7.36 (d, J = 8.5 Hz, 2H), 7.10 i 7.03 (m, 2H), 4.66 (s,

2H), 2.29 (s, 3H), 1.92 (s, 1H). 3C-NMR (101 MHz, CDCl): &4 (ppm) = 169.6, 150
128.0, 121.6, 64.7, 21.1. R; = 0.26 (PE/EtOAc = 75/25). HRMS (EI-MS): [CoH1003]* [M]*

calcd: 166.06245; found: 166.06221.

Synthesis of 4-((trifluoromethyl)thio)benzenemethanol (1k)

OH Prepared according to GP2. Reaction time: 18 h. Purification via CC
/(jA (PE/EtOAC = 80/20).
F5CS

Isolated yield: 88% (460 mg, white solid).

IH-NMR (400 MHz, CDCls): U (ppm) = 7.64 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 4.73
(s, 2H), 2.00 (s, 1H). 3C-NMR (101 MHz, CDCls): i (ppm) = 143.9, 136.5, 129.6 (g, J = 308.1
Hz), 127.6, 123.3 (g, J = 2.1 Hz), 64.4. **F-NMR (376 MHz, CDCls): U (ppm)= -43.4. R; = 0.28
(PE/EtOAC = 80/20) [KMnOs. HRMS (EI-MS): [CsH;OFsS]* [M]* calcd: 208.01642;
found: 208.01628.

Synthesis of 4-cyanobenzyl alcohol (1n)
OH Prepared according to GP2. Reaction time: 2 h.
NC/(DA Isolated yield: 56% (186 mg, clear oil).
'H-NMR (400 MHz, CDCl): Ui (ppm) = 7.61 (d, J = 8.3 Hz, 2H), 7.46 (d, J = 8.3 Hz, 2H), 4.75

(s, 2H), 2.32 (s, 1H). 3C-NMR (101 MHz, CDCls): ti (ppm) = 146.3, 132.2, 127.0, 118.8, 110.9,
64.1. HRMS (EI-MS): [CsH;NO]* [M]* calcd: 133.05222; found: 133.05199.
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Two-step synthesis of 2-(4-(hydroxymethyl)phenyl)ethan-1-ol (1x)

Step I: Esterification
e} (e}

o OH MeOH (15 mL o OMe
HO 90°C, 6 h MeO

1.00 equiv. 0.30 equiv. SM1

Step Il: Ester reduction

o
Dry MeOH (20 mL OH
)?\/©)L0Me + o LA Ny 0°C :io - /\/©/\
, , 30 min
MeO 2 HO
SM1, 1.00 equiv. 1x

Scheme S5. Synthesis of 2-(4-(hydroxymethyl)phenyl)ethan-1-ol (1x).

Step I: synthesis of methyl 4-(2-methoxy-2-oxoethyl)benzoate (SM1)

0 In a 50 mL crimp-cap vial equipped with a Teflon-coated stirring
j\/@Aj\OMe bar, 4-(carboxymethyl)benzoic acid (676 mg, 3.75 mmol,

MeO 1.00 equiv.) and concentrated H,SO4; (60 pL, 1.12 mmol,
0.30 equiv.) were dissolved in MeOH (15 mL) and stirred at 90 °C

for 6 h. Upon reaction completion, MeOH was removed under reduced pressure, and the crude
product was redissolved in EtOAc (50 mL) and washed with saturated aq. Na,COs (2 x 50 mL),
water (50 mL) and brine (50 mL). The organic phase was dried over Na,SO4, and the solvent

was removed under reduced pressure. Lastly, the crude product was purified via CC
(PE/EtOAC = 80/20) to obtain SML1. Isolated yield: 97% (755 mg, clear oil).

'H-NMR (400 MHz, CDClg): U (ppm) = 8.02 1 7.95 (m, 2H), 7.35 (d, J = 8.4 Hz, 2H), 3.90 (s,
3H), 3.69 (s, 3H), 3.68 (s, 2H). *C-NMR (101 MHz, CDCls): U (ppm) = 171.2, 166.8, 139.0,
129.8, 129.3, 129.0, 52.1, 52.0, 41.1. R; = 0.28 (PE/EtOAc = 90/10). HRMS (EI-MS):
[C11H1204]* [M]* calcd: 208.07301; found: 208.07285.

Step II: synthesis of 2-(4-(hydroxymethyl)phenyl)ethan-1-ol (1x)

OH Based on a procedure from Ernst et al.?? In a pressure tube

Ho/\/©ﬁ equipped with a Teflon-coated stirring bar, substrate SM1 (312 mg,
1.50 mmol, 1.00 equiv.) was dissolved in dry Et,O (5 mL) and added

dropwise to a suspension of LiAlHs (91 mg, 2.40 mmol) in dry Et2O (15 mL) under N
atmosphere. After refluxing the resulting mixture at 35 °C for 2 h, the mixture was quenched
with water (0.1 mL), ag. 0.3 M NaOH (0.1 mL) and water again (0.2 mL). After 10 min, Na>SO4

was added, and the resulting suspension was stirred for additional 10 min. Afterward, the

mixture was filtered through a celite plug and rinsed with Et.O (5 mL). The filtrate was washed
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with brine (20 mL), the organic phase dried over Na>SO4, and the solvent was removed under
reduced pressure. The crude product was purified via CC (PE/EtOAc = 50/50) to obtain 1x.
Isolated yield: 92% (210 mg, clear oil).

H-NMR (400 MHz, CDCls): U (ppm) = 7.34 (d, J = 8.1 Hz, 2H), 7.25 (d, J = 8.1 Hz, 2H), 4.68
(s, 2H), 3.87 (t, J = 6.5 Hz, 2H), 2.89 (t, J = 6.6 Hz, 2H), 1.93 (s, 1H), 1.64 (s, 1H).
13C-NMR (101 MHz, CDCls): U (ppm) = 139.1, 138.0, 129.2, 127.3, 65.1, 63.6, 38.8. R; = 0.30
(PE/EtOAc = 50/50) [KMnOs]. HRMS (EI-MS): [CoH1202]* [M]* calcd: 152.08318;
found: 152.08298.

2.4.4 Optimization Studies

Work-up Protocol and Analysis of Reaction Mixtures by GC-FID

The system was optimized via GC-F1 D anal ys i s-rifluomo®lueng as Uterdal U
standard. For this, a four-point calibration curve was made using commercial
benzylidenemalononitrile (3a).

After2-3 h of reaction, the vial wa s -toflpoeotoleethe in a n d

EtOAc (1 mL) was added. The vial was sealed with parafilm foil and shaken vigorously for 10 s.
Then, the seal was removed, and 100 mg NaCl were added. The vial was sealed again with
parafilm foil and shaken vigorously for 20 s. After removing the seal, the phases were allowed
to separate for 1 min. Then, an aliquot of 200 pL of the organic phase was taken with a syringe
and microfiltered. Lastly, the aliquot was analyzed via GC-FID analysis and its content in

product 3a was determined using the before-mentioned calibration curve.
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GC-FID Analysis of the Initial Experiment with 3a

@ ©/\OH Commercial reference of benzyl alcohol (1a)
@
' Commercial reference of malononitrile (2)
‘ | Lo i
e Q Commercial reference of benzaldehyde
o™~
N 3 @*H
w0
o
(s}
e
v S on  Commercial reference of benzylidenemalononitrile (3a)
3] x
s UL
o N T . . . . . ‘ . . - . . . —
v P CFs Reaction mixture
=
. - 7
: =]
&
- o
] - 8 -
3 ® 5 |
< L |

Figure S6. GC-FID chromatograms for the initial experiment with 3a. I: commercial reference of la
(9.1 min). Il: commercial reference of 2 (6.9 min). lll: commercial reference of benzaldehyde (8.2 min).
IV: commercial reference of 3a (13.3 min). V: reaction mixture of 3a (13.3 min) containing
U, Gtiflubrotoluene as internal standard (1 equiv.; 4.5 min).
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2.4.5 UV-Vis Spectrum of Sodium Anthraquinone-1,5-disulfonate

1,0 -

Absorbance (A.U.)
o o o
i [e)] oo

o
N
I

o
o
1

T T T T T T T Y T T T T 1
300 350 400 450 500 550 600
A (nm)

Figure S7. UV-Vis absorption spectrum of sodium anthraquinone-1,5-disulfonate (1 mM) in H20.
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2.4.6 GC-FID Analysis of Experiment with Optimized Conditions with 3a

i e e e

©/\OH Commercial reference of benzyl alcohol (1a)

: J L S

Commercial reference of malononitrile (2)

——09.146

NC™ CN

8243

Commercial reference of benzaldehyde
[ j H

I
[10525

Commercial reference of benzylidenemalononitrile (3a)

13.308

o /\;

z Q
z

I & t 5 P
S S SRS

\ ‘ 3 CF3 Reaction mixture
=
T
[{=}
o™
«a
2]
=
3
3 by 0 8
= © = 8 L J r~
© 0 o S | -
- al i I @ = | | -

Figure S8. GC-FID chromatograms for experiment with optimized conditions with 3a. I: commercial
reference of la (9.1 min). Il: commercial reference of 2 (6.9 min). Ill: commercial reference of
benzaldehyde (8.2 min). IV: commercial reference of 3a (13.3 min). V: reaction mixture of 3a (13.3 min)
cont ai n itiflgorotdlyelk, aslinternal standard (1 equiv.; 4.5 min).

60



2.4.7 GC-MS Analysis of Reaction Mixtures of non-isolated Products

vi

C:\Users\Andre..._221_G7014_04.D Injection 1 EI (+) MS centroid TIC

3.0x10
3.413
2.5%10
2.0x10
v
e CN
1.5x10’ O,N
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1.0x104
5.0x10%|
5.607 5.147
11.048 16,064
0.0/ NN L S S L A
T T T T T T T T T T T T T T T T T T T T T T T T T
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15000004
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114.025
5000001 27.12%
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50.982 17.51% 200.045
29.956 11.56% 017 170047 |12:35%
7.27% 7.25% || 10 160‘302 1150.020 5,479 201.031 253.125
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Figure S9. GC-MS chromatogram for 3l. Fragmentations for the interval 15.1-15.2 min.
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1.2x107 3.457
1.0x104
8.324
8.0x10% e
DN CN
CN
6.0x10™
5.688 Exact Mass: 168,07
4.0x10Y
2.0x10%] 12.432
19.528
0.04
T T T T T T T T T T T T T T T T T T T T T T T T T
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Retention time (min)
C:\Users\Andre...N372_G7191_00.D Injection 1 EI (+) MS centroid MS + spectrum 12.41..12.49
25000004 168.057
100.00%
2000000
1500000
1000000+ 140.037
128037 3187%
25.47%
114.036
5000001 51.013 77.031 103.035 14.90% 167.08( 169'053
o 10.82% 11.25% 10,449 12:53%
30010 9-16%  63.009 88.020 115.033  |129.039 153.021
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Figure S10. GC-MS chromatogram for 3u. Fragmentations for the interval 12.4-12.5 min.
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C:\Users\Andre...N356_G7166_02.D Injection 1 EI (+) MS centroid TIC

3.449
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8.0x10™
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/\)\/CN
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CN
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100.00%
250000
93.024
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Figure S11. GC-MS chromatogram for 3w. Fragmentations for the interval 9.1-9.2 min.

2.4.8 Substrate Scope of Failed Active Ci H Methylene Compounds

é@ @9
EWG
PhNY + H0 + Hy0,

Ph" SOH + EWG™ “EWG

H,0 (0.1 M) EWG
1a (0.1 mmol) 0.15 mmol 446 nm, air E
20°C,18 h
(6] O 0
CO,Et CO,Et
Ph/\/ 2 Ph/\/ 2= P PR Ph X" N0
CN CO,Et
’ 0 0 0”0
F1, traces F2,n.d. F3, traces F4, traces F5, n.d.

Scheme S6. Failed substrate scope. Reaction conditions: 1a (0.1 mmol), 2 (0.15 mmol) SAQS3
(10 mo | %)alaning (5 mol%), H20 (1 mL), 446 nm (0.7 W), air, 20 °C, 18 h.
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2.4.9 Mechanistic Studies

GC-MS Analysis of Intramolecular Competition Experiment
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Figure S12. GC-MS chromatograms for 3x. I
lI: Fragmentations for the interval 15.7-15.9 min.
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GC-MS Analysis of Intermolecular Competition Experiment
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Figure S13. GC-MS chromatogram for intermolecular competition experiment. Fragmentations for the
interval 5.0-20.0 min.
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S Analysis of Reaction Mixture of 3a
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Figure S14. GC-MS chromatogram for the reaction mixture of 3a. I: Fragmentations for the interval
5.5-5.7 min. II: Fragmentations for the interval 7.0-7.1 min. lll: Fragmentations for the interval
8.0-8.1 min. IV: Fragmentations for the interval 11.9-12.1 min.
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Chapter 2

Semiquantitative Hydrogen Peroxide Determination

The hydrogen peroxide concentration of the reaction mixture of 3a was determined
semiquantitatively using Quantofix® peroxide test sticks (Figure S15). Upon reaction
completion, an aliquot of 100 uL of reaction mixture was diluted with distilled water (dilution
factor = 100) and the peroxide test strip was immersed in the solution for 1 s. After 15 s a
picture was taken from the test stick. Upon visual evaluation, the concentration of H,O; in the

reaction mixture of 3a can be established in the range of 2-5 mg/mL (0.06-0.15 M).

Figure S15. Hydrogen peroxide test. A: test result for distilled water (blank). B: test result for a reaction
mixture of 3a after 3 h of irradiation.
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GC-MS Analysis of Reaction in the Absence of 2
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Figure S16. GC-MS chromatogram of control experiment in the absence of 2. |: Fragmentations for the
interval 7.0-7.2 min. Il: Fragmentations for the interval 9.4-9.6 min.
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Chapter 2

Semiquantitative Hydrogen Peroxide Determination of Reactions Carried out under N

Atmosphere

The hydrogen peroxide concentration of the reaction mixtures of 3a conducted under N
atmosphere was determined semiquantitatively using Quantofix® peroxide test sticks (Figure
S17). Upon reaction completion, an aliquot of 100 uL of the reaction mixture was diluted with
distilled water (dilution factor = 100), and the peroxide test strip was immersed in the solution
for 1 s. After 15 s, a picture was taken from the test stick. Upon visual evaluation, the reactions

conducted under inert atmosphere gave a negative result.

Figure S17. Hydrogen peroxide test. A: test result for distilled water (blank). B: test result for a reaction
mixture of 3a after 3 h of irradiation under N2. C: test result for a reaction mixture of 3a containing
15 mol% SAQS3 after 3 h of irradiation under No.

Mechanistic Proposal in the Absence of Oxygen for the Tandem Photooxidative

Transformation

SAQS
hv Hydroquinone species
A~
NC”~ "CN SAQSH, OH SOsNa
H SAQS* SAQSH- SAQSH" SAQSH, 2 H,O
. CN
N AN . e o O &
CN
1 @\9 3 NaO3;S  OH

Scheme S7. Mechanistic proposal for the reaction in the absence of oxygen.
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2.4.10 Synthesis and Analytical Data of Products
Benzylidenemalononitrile (3a)

cn Prepared according to GP1a.

- Reaction time: 3 h
oN eaction time: 3 h.

Isolated yield: 87% (13.4 mg, white solid).

IH-NMR (400 MHz, CDCls): &i (ppm) = 7.91 (dd, J = 8.2, 0.8 Hz, 2H), 7.78 (s, 1H), 7.67 i 7.60

(m, 1H), 7.54 (dd, J = 10.6, 4.7 Hz, 2H). *C-NMR (101 MHz, CDCls): 4 ( ppm) = 159. 9,

130.9, 130.7, 129.6, 113.7, 1125, 82.9. HRMS (EI-MS): m/z for [CioHeN2]* [M]*
calcd: 154.05255, found: 154.05225.

2-Methylbenzylidenemalononitrile (3b)
~CN Prepared according to GP1la.
m Reaction time: 4 h.
Me
Isolated yield: 86% (14.4 mg, white solid).

IH-NMR (400 MHz, CDCls): U (ppm) = 8.16 i 8.01 (m, 2H), 7.54 i 7.44 (m, 1H), 7.35 (dd,
J=15.7, 7.8 Hz, 2H), 2.45 (s, 3H). *C-NMR (101 MHz,CDCl): i (ppm) = 158.
131.4, 129.9, 128.3, 127.1, 113.8, 112.5, 84.0, 19.8. HRMS (EI-MS): m/z for [C11HsN2]"* [M]*
calcd: 168.06820, found: 168.06851.

3-Methylbenzylidenemalononitrile (3c)

Prepared according to GP1la.

Me ~.-CN
Reaction time: 2 h.
CN

Isolated yield: 95% (16.0 mg, brownish solid).

IH-NMR (400 MHz, CDCls): U (ppm) = 7.76 i 7.71 (m, 2H), 7.69 (s, 1H), 7.47 i 7.40 (m, 2H),
2.43 (s, 3H). °C-NMR (101 MHz, CDCls):i (ppm) = 160.1, 139. 6,
127.9, 113.8, 112.6, 82.4, 21.2. HRMS (EI-MS): m/z for [C11HsN2]* [M]* calcd: 168.06820,
found: 168.06831.

4-Methylbenzylidenemalononitrile (3d)
~CN Prepared according to GP1la.
m Reaction time: 2 h.
Me
Isolated yield: 92% (15.5 mg, brownish solid).

1H-NMR (400 MHz, CDCls): i (ppm) = 7.81 (d, J = 8.1 Hz, 2H), 7.72 (s, 1H), 7.34 (d, J = 8.0 Hz,

2H), 2.46 (s, 3H). 3C-NMR (101 MHz, CDClz): . (ppm) = 159.8, 146.

114.0, 112.8, 81.2, 22.0. HRMS (EI-MS): m/z for [C1iHsN2]* [M]* calcd: 168.06820,
found: 168.06842.
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4-Ethylbenzylidenemalononitrile (3e)
~CN Prepared according to GP1a.
m Reaction time: 4 h.
Et
Isolated yield: 82% (14.9 mg, pale yellow solid).

'H-NMR (400 MHz, CDCls): U (ppm) = 7.84 (d, J = 8.3 Hz, 2H), 7.73 (s, 1H), 7.36 (d, J = 8.2 Hz,
2H), 2.75 (q, J = 7.6 Hz, 2H), 1.27 (t, J = 7.6 Hz, 3H). 3C-NMR (101 MHz, CDCls):
U (ppm) = 159.8, 152.4, 131.0, 129.2, 128.6, 114.0, 112.8, 81.2, 29.2, 14.9. HRMS (EI-MS):
m/z for [C12H10N2]* [M]™* calcd: 182.08385, found: 182.08338.

4-Methoxybenzylidenemalononitrile (3f)

Prepared according to GP1a.

CN
X . .
/©/\( Reaction time: 3 h.
CN
MeO

Isolated yield: 94% (17.3 mg, pale yellow solid).

H-NMR (400 MHz, CDCls): Ui (ppm) = 7.91 (d, J = 8.9 Hz, 2H), 7.65 (s, 1H), 7.01 (d, J = 8.9 Hz,

2H), 3.91 (s, 3H). 3C-NMR (101 MHz, CDCl: & (ppm) = 164.8, 158.

114.4, 113.3, 78.5, 55.8. HRMS (EI-MS): m/z for [C11HgN20]" [M]* calcd: 184.06311,
found: 184.06265.

4-(trifluoromethoxy)benzylidenemalononitrile (39)

~CN Prepared according to GP1b.
m Reaction time: 24 h.
F3CO . . .
Isolated yield: 60% (14.2 mg, white solid).
!H-NMR (400 MHz, CD,Cl,): U (ppm) =8.017 7.96 (m, 2H), 7.82 (s, 1H), 7.42 1 7.35 (m, 2H).
1B3C-NMR (101 MHz, CD.Clp): U (ppm) = 158.2, 153.0, 132.7, 129.3, 121.1, 120.2 (q,
J =259.5 Hz), 113.5, 112.4, 83.7. ' F-NMR (376 MHz, CD,Cl,): U (ppm)= -57.9. R = 0.24

(PE/EtOAc = 96/4). HRMS (EI-MS): m/z for [C1iHsN.OF3]* [M]* calcd: 238.03485,
found: 238.03419.

4-Ethoxybenzylidenemalononitrile (3h)

~CN Prepared according to GP1a.
m Reaction time: 3 h.
=10 Isolated yield: 73% (14.5 mg, white solid).
H-NMR (400 MHz, CDCls): U (ppm) = 7.89 (d, J = 8.9 Hz, 2H), 7.64 (s, 1H), 6.99 (d, J = 8.9 Hz,
2H), 4.14 (g, J = 7.0 Hz, 2H), 1.46 (t, J = 7.0 Hz, 3H). 3C-NMR (101 MHz, CDCls):
U (ppm) = 164.3, 158.9, 133.5, 123.8, 115.5, 114.5, 113.4, 78.2, 64.3, 14.5. HRMS (EI-MS):

m/z for [C12H10N20]* [M]* calcd: 198.07876, found: 198.07927.
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4-Acetoxybenzylidenemalononitrile (3i)

~CN Prepared according to GP1la.
m Reaction time: 3 h.
AcO . . .
Isolated yield: 71% (15.1 mg, white solid).

IH-NMR (400 MHz, CDCls): U (ppm) = 7.95 (d, J = 8.7 Hz, 2H), 7.74 (s, 1H), 7.30 (d, J = 8.8 Hz,

2H), 2.34 (s, 3H). 8C-NMR (101 MHz, CDCls): & (ppm) = 168. 4, 158.

123.0, 113.6, 112.5, 82.6, 21.1. HRMS (EI-MS): m/z for [C12HsgN20]* [M]* calcd: 212.05803,
found: 212.05760.

4-(trifluoromethyl)thio)benzylidenemalononitrile (3k)
~CN Prepared according to GP1b.
m Reaction time: 24 h.
FsCS
’ Isolated yield: 27% (6.9 mg, white solid).

IH-NMR (400 MHz, CD,Cl,): &i (ppm) = 7.96 i 7.92 (m, 2H), 7.85 (s, 1H), 7.81 (d, J = 8.5 Hz,
2H). C-NMR (101 MHz, CD,CL,): ii (ppm) = 158.3, 136.0, 132.6, 131.4 (q, J = 4.2, 1.9 Hz),
131.1, 129.2 (g, J = 308.6 Hz), 113.3, 112.2, 85.3. °F-NMR (376 MHz, CD:Cl):
G (ppm) = - 41.7. Ry =0.28 (PE/EtOAC = 95/5). HRMS (EI-MS): m/z for [C11HsN2FsS]* [M]*
calcd: 254.01200, found: 254.01243.

Methyl 4-(2,2-dicyanovinyl)benzoate (3m)
~CN Prepared according to GP1a.
m Reaction time: 5 h.
MeOZC . .
Isolated yield: 48% (10.1 mg, pale yellow solid).

IH-NMR (400 MHz, CDCls): U (ppm) = 8.18 (d, J = 8.1 Hz, 2H), 7.96 (d, J = 8.1 Hz, 2H), 7.83

(s, 1H), 3.96 (s, 3H). 3C-NMR (101 MHz, CDCls):&i (ppm) = 165. 4, 158.

130.4, 113.2, 112.0, 85.3, 52.7. HRMS (EI-MS): m/z for [C12HsN2O]* [M]™* calcd: 212.05803,
found: 212.05753.

4-Cyanobenzylidenemalononitrile (3n)
~CN Prepared according to GP1a.
m Reaction time: 24 h.
NC
Isolated yield: 63% (11.3 mg, white solid).

'H-NMR (400 MHz, CDCl3): U (ppm) = 8.00 (d, J = 8.3 Hz, 2H), 7.87 i 7.80 (m, 3H).
1BC-NMR (101 MHz, CDCl3): - ( p p1b6i.3, 134.2,133.1, 130.7, 117.3, 117.2,112.7, 111.7,
86.9. HRMS (EI-MS): m/z for [C11HsN3] ™ [M]* calcd: 179.04780, found: 179.04802.
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4-trifluoromethylbenzylidenemalononitrile (30)
~CN Prepared according to GP1b. Reaction time: 24 h. The crude product
m was purified via CC (PE/Acetone = 92/8).
F,sC
° Isolated yield: 66% (14.7 mg, white solid).

'H-NMR (400 MHz, CDCls): U (ppm) = 8.02 (d, J = 8.4 Hz, 2H), 7.85 (s, 1H), 7.81 (d, J = 8.4 Hz,
2H). 3C-NMR (101 MHz,CDClz): . ( pp m) = 1 53B=383Hz)113%7,130.7( 187.1,
126.55 (q, J = 3.7 Hz), 124.4, 121.7, 119.0, 112.9, 111.9, 86.0. °F-NMR (376 MHz, CDCly):
a ( p p64)0.=Rf = 0.25 (PE/Acetone = 92/8). HRMS (EI-MS): m/z for [C11HsN2F3] ™ [M]*
calcd: 222.03993, found: 222.04039.

4-Fluorobenzylidenemalononitrile (3p)

cN Prepared according to GP1a.

\ - -
i CN Reaction time: 5 h.

Isolated yield: 84% (14.4 mg, white solid).

IH-NMR (400 MHz, CDCls): @i (ppm) = 8.05 i 7.91 (m, 2H), 7.77 (s, 1H), 7.32'i 7.20 (m, 2H).

3C-NMR (101 MHz, CDCly): i ( ppm) = 167. 4, 16495Hz), 12538 (d3,

J = 3.3 Hz), 1175 (d, J = 22.3 Hz), 113.0 (d, J = 7.6 Hz), 82.41 (d, J = 2.7 Hz).
1F-NMR (376 MHz, CDCl,) : u (-10P.5n HRMS (EI-MS): m/z for [CioHsN2F]* [M]*
calcd: 172.04313, found: 172.04347.

4-Chlorobenzylidenemalononitrile (3q)

cN Prepared according to GP1la.

\ - -
. CN Reaction time: 3 h.

Isolated yield: 92% (17.3 mg, white solid).

IH-NMR (400 MHz, CDCls): Ui (ppm) = 7.86 (d, J = 8.6 Hz, 2H), 7.73 (s, 1H), 7.52 (d, J = 8.6 Hz,

2H). *C-NMR (101 MHz, CDCls): 4 (ppm) = 158.3, 141.2, 131.

83.4. HRMS (EI-MS): m/z for [C1o0HsN2CI]* [M]* calcd: 188.01358, found: 188.01386.

3-Chloro-4-fluorobenzylidenemalononitrile (3r)

cN Prepared according to GP1a.

Cl N . .
. CN Reaction time: 6 h.

Isolated yield: 75% (15.4 mg, pale-brown solid).

'H-NMR (400 MHz, CDClg): U (ppm) = 7.96 (dd, J = 6.8, 2.3 Hz, 1H), 7.88 (ddd, J = 8.6, 4.4,

2.3 Hz, 1H), 7.69 (s, 1H), 7.33 (t, J = 8.5 Hz, 1H). *C-NMR (101 MHz, CDCl):ti  ( p pl62.7, =

160.1, 156.9, 133.3, 130.8 (d, J = 8.6 Hz), 128.1 (d, J = 4.1 Hz), 123.2 (d, J = 18.5 Hz), 118.1
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(d, J=22.1Hz),112.5(d, J =110.3 Hz), 84.1. *F-NMR (376 MHz, CDCls): U (ppm) = - 103.3.
HRMS (EI-MS): m/z for [C10H4N2FCI]* [M]* calcd: 206.00416, found: 206.00367.

4-Bromobenzylidenemalononitrile (3s)

cN Prepared according to GP1a. Reaction time: 24 h. The filtered solid was

X
m purified via CC (PE/EtOAC = 96/4).
Br

Isolated yield: 69% (16.1 mg, white solid).

'H-NMR (400 MHz, CDCls): G (ppm) = 7.80 i 7.75 (m, 2H), 7.73 i 7.67 (m, 3H).
1BBC-NMR (101 MHz, CDCl3): 4 (ppm) = 158.4, 133.1, 131.8, 130.
Ri = 0.28 (PE/EtOAc = 96/4) [KMnOs]. HRMS (EI-MS): m/z for [CioHsN2Br]* [M]*
calcd: 231.96306, found: 231.96278.

4-lodobenzylidenemalononitrile (3t)

cN Prepared according to GP1b. Reaction time: 24 h. The crude product was

X
m purified via CC (PE/Acetone = 92/8).
|

Isolated yield: 36% (10.1 mg, white solid).

'H-NMR (400 MHz, CDCls): U (ppm) = 7.96 7 7.85 (m, 2H), 7.69 (s, 1H), 7.60 (d, J = 8.4 Hz,

2H). BC-NMR (101 MHz, CDCl3): 4 (ppm) = 158.7, 139.1, 131.5,
83.6. Ri = 0.23 (PE/Acetone = 92/8). HRMS (EI-MS): m/z for [CioHsNal]* [M]*

calcd: 279.94919, found: 279.9898.

2-(4-(2-hydroxyethyl)benzylidene)malononitrile (3x)

cN Prepared according to GP1b. Reaction time: 8 h. The crude

X
/\m product was purified via CC (PE/Acetone = 75/25).
HO

Isolated yield: 68% (14.8 mg, pale-yellow oil).

IH-NMR (400 MHz, CDCls): Ui (ppm) = 7.88 i 7.82 (m, 2H), 7.74 (s, 1H), 7.41 (d, J = 8.1 Hz,
2H), 3.91 (t, J = 4.7 Hz, 2H), 2.96 (t, J = 6.1 Hz, 2H), 1.63 (bs, 1H). *C-NMR (101 MHz, CDCls):
U (ppm) = 159.7, 147.1, 131.0, 130.4, 129.3, 127.4, 127.0, 113.9, 112.8, 81.9, 62.9, 39.3.
Rr = 0.31 (PE/Acetone = 75/25). HRMS (EI-MS): m/z for [C12H10N20]" [M]* calcd: 198.07876,
found: 198.07879.
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3. Synthesis of Linear Enamides and Enecarbamates via Photoredox

Acceptorless Dehydrogenation

R gt
I hv

Abstract: In recent years, several methods for the direct desaturation of aliphatic compounds

NS+ H d
|

have been developed, facilitated by the unique combination of photoredox and transition-metal
catalysis. Hereby, alkenes with high functionalization potential can be prepared in a
straightforward fashion. We adapted a previously reported system involving
tetrabutylammonium decatungstate (TBADT) as hydrogen atom transfer (HAT) agent and a
cobaloxime co-catalyst for dihydrogen evolution for the dehydrogenative preparation of linear
enamides and enecarbamates from saturated precursors. The substrate scope includes
several natural products and drug derivatives. The reaction does not require noble metal
catalysts, exhibits short reaction times compared to previous methods and is suitable for the

late-stage functionalization of drug derivatives.

' Reproduced from Ritu,’ D. Kolb,Y N. Jain,* B. Kénig,* Adv. Synth. Catal. 2023, 365, 605i 611.
with permission from Wiley-VCH GmbH. Schemes, tables, and text may differ from the

published version.

i Author contributions: Ritu and D. Kolb contributed equally to this work. Ritu conceived the
concept of this study, carried out the photoreactions, optimized the reaction conditions,
performed the mechanistic studies, and wrote the mechanistic discussion of the manuscript.
D. Kolb synthesized the starting materials, wrote the introduction and substrate scope
discussion of the manuscript, and added the characterization data to the supporting
information. X-ray crystallographic analysis was performed by the X-Ray structure analysis
department of the University of Regensburg. N. Jain and B. Koénig supervised the project,

reviewed the manuscript and are the corresponding authors.
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3.1 Introduction

The direct dehydrogenation of aliphatic compounds to olefins carried out by enzymes is an
essential transformation in living systems, and is involved in several biosynthetic pathways
such as the desaturation of fatty acids or carotenoids.™ The emulation of these reactions by
chemists has remained unmet, since the activation of two relatively inert C(sp®)i H bonds in a
single process is kinetically and thermodynamically disfavoured.”! As a result, direct
desaturations often require harsh reaction conditions involving the combination of transition
metal catalysts with external oxidants/H-acceptors,®! or in situ generation of intramolecular

radicals as H-acceptors, often at high temperatures.!

In view of this, the development of alternatives with better atom- and energy efficiency for
a conversion of alkanes to alkenes is highly desirable.® Over the last decade, photochemistry
has emerged as a technique by which transformations under milder reaction conditions can be
achieved. Heat is replaced by light for generating radicals,a4c4d4e6l gnd the use of oxidizing
agents/H-acceptors can be precluded by the design of acceptorless catalytic systems which
release dihydrogen instead.’® Preoxidized or prefunctionalized starting materials!® can be
avoided. Acceptorless cooperative HAT-based protocols for instance, have been applied for
the desaturation of aliphatic substrates including even unactivated cycloalkanesl® to
alkenes! and aromatics.’®®% Even though some of these methodologies involve
organocatalysts as HAT-mediators,”® most systems rely on a dual catalytic approach by
combining a photoexcitable HAT-catalyst, which upon irradiation is capable of generating a

C-centered radical, and a transition-metal complex required for dihydrogen evolution.”#

In the context of alkene synthesis, cobaloxime complexes have proven their efficiency as
co-catalysts in combination with photoexcitable hydrogen atom abstractors, such as

2-chloroanthraquinone,’ or tetra-n-butylammonium decatungstate (TBADT).[™@

Enamide and enamine scaffolds are valuable synthetic building blocks, which are ubiquitous
among agrochemicals, natural products, pharmaceuticals, and as monomers for the
preparation of polymeric materials.*Y The synthetic strategies for their access commonly
employ heating, activated substrates or expensive catalysts and ligands.B%? This has partly
been circumvented with the development of novel photochemical methodologies relying on
dehydrogenation processes. In this regard, the Tunge group published a protocol for the
elimination of N-acyl amino acids via a dual catalytic approach involving an acridinium-based
photocatalyst and a cobalt complex.”™ In the same year, the Gevorgyan group reported a site-
selective protocol for the desaturation of amines, wherein the position of the double bond is
controlled by the effect of a directing group attached to the substrate. The
photoexcitation of a palladium catalyst leads to an intramolecular 1,n-HAT process

and a subsequent desaturation (Scheme 1a).“¢ More recently, the EI-Sepelgy group reported
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a) Photoinduced desaturation of amines via 1, n-HAT: Gevorgyan 2018.[4¢]
R'-CI:

{ (0]
N\/\/O ) R1-Cl, base N X O\\ ,/O

: s”
2) [Pd], hv " : cl ©: ~Cl
n=0-2 ' or
R2=Bz SO,Ph | ' '

b) Photocatalyzed desaturation of amines and amides via 1,5-HAT: El-Sepelgy 2022.[1]

| Bz I RCl:
1) R-Cl, base N |
N SeNNF :
\r:/ \/\O 2) tin-coxaloxime 6 \/\O i Cl
o complex, hv

c) Desaturation of aliphatics via organophotoredox/cobalt dual catalysis: Huang 2022.17°!

2-Cl-anthraquinone (25 mol%)
Co(OAc), 4H,0 (10 mol%)
dmgH, (50 mol%)

DCE, hv, 36 h, rt

O/\/ O/\/ + H,

d) Photocatalyzed dehydrogenation of N-heterocycles: Kénig 2022.7]

x
[ ] [ ] H2 X= CO, CH2COR'
Thwaont Sy
|

e) This work: Acceptorless photocatalyzed dehydrogenation of linear amides and carbamates.

o TBADT 0
)J\N/\/R cobaloxime complex JJ\N/\/R + H, R= ketone,ester,
O CH3CN, 395 nm O ether, alkyl

6 h, rt

Scheme 3. Photochemical preparation of enamides and enecarbamates via HAT-mediated
desaturations.

an alternative methodology based on the same principle for the desaturation of a variety of
amines and amides, using a tin-cobaloxime complex instead (Scheme 1b).1*% Although both
protocols give access to a wide array of synthons in good yields, the incorporation of the
directing group requires an additional step which limits their application in late-stage
functionalization or even for the desaturation of biologically relevant molecules. As an
alternative to these approaches, the Huang group reported a versatile protocol for the
desaturation of a wide array of aliphatics. However, the system requires a particularly high-
catalyst loading, long reaction times and is limited in terms of enamide and enecarbamate

scope (Scheme 1c)."

In this context, our group recently reported the dehydrogenation of aliphatic N-heterocycles
such as cyclic enamides and enecarbamates via a novel cooperative catalytic approach
between an iridium photocatalyst and a nickel complex (Scheme 1d).["¥ This reaction proceeds

regioselectively under mild conditions, and with perfect atom economy.
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Building on the above-mentioned methodologies developed by the Huang and the Kdnig
group,™" we decided to further expand the scope of these protocols. For this purpose, we
adapted the synergistic system reported by Sorensen,[’@ for the preparation of challenging

linear enamides and enecarbamates (Scheme 1le).

3.2 Results and Discussion

We began our study with N-methyl-N-(3-oxobutyl) benzamide (1a) as the model substrate by
subjecting it to the dehydrogenation reaction conditions recently published by our group.[’
Unfortunately, only trace amounts of the desired product 1b were observed. Inspired by a
recent report from the Sorensen group,’@ we hypothesized that photoexcitable TBADT could
act as a HAT agent to form radical intermediate I. The resulting reduced form of TBADT is
oxidized by a Co(ll) complex, thus closing the catalytic cycle. We found that with 2 mol% of
TBADT as the photocatalyst, and 5 mol% of Co(dmgH)2(pyr)Cl (COPC) as the co-catalyst in
acetonitrile (50 mM) under 395 nm blue LED, the desired dehydrogenated product 1b was
formed in 9% vyield after 24 h at 25 3 . Encouraged by this result, we decided to further optimize

the reaction conditions.

Different photocatalysts were screened and only decatungstate based photocatalysts were
active (Table S1, supporting information). The reaction time was optimized, and 6 h was found
to be ideal since extending the reaction time did not increase the product yield (Table S2).

Table 1. Screening of reaction conditions.

TBADT (10 mol%),
0 Cobalt (Il) benzoate (5 mol%), 0)

dmgH, (25 mol%) B
BZ\N/\)J\ - Z\N/\)J\ + H2

I Dry CH3CN (50 mM), I

Me 395 nm, N, 25 °C, 6 h Me o

Entry Deviation from conditions Yield of 1b (%) ®!
1 - 71

2 No light n.d.

3 50 3 instead of irradiation n.d.

4 No photocatalyst n.d.

5 No cobalt catalyst n.d.

6 No dmgH:2 n.d.

7 15 mol% TBADT 65

[BReaction conditions: 1a (0.1 mmol), TBADT (10 mol%), cobalt benzoate
(5 mol%), dmgH: (25 mol%), CHsCN (2 mL), 395 nm LED (2.1 W), 25 °C,
N2. PlYields determined via GC-FID analysis using benzonitrile as I.S.
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Next, the light source, solvent, co-catalyst, and catalyst loadings were tested (Table S3-S7,
supporting information). Gratifyingly, after these optimizations, the yield of the desired
dehydrogenated product 1b increased to 71% vyield in presence of 10 mol% TBADT, 5 mol%
cobalt benzoate and 25 mol% of dimethylglyoxime (dmgHz) in acetonitrile (50 mM) under
395 nm blue LED for 6 h at 253 (Table 1, entry 1). No reaction occurred in the dark either at
room temperature or at 50 3 (Table 1, entries 2-3) confirming a visible light mediated
transformation. Similarly, no product was observed in the absence of the photo- or cobalt-
catalyst (Table 1, entries 4-5). Only trace amounts of the product were obtained when the
reaction was carried out without adding dmgH: (Table 1, entry 6), suggesting the critical role
of the dmgH; ligand framework in the hydrogen evolution process.** Furthermore, a higher
catalyst loading of 15 mol% of TBADT (Table 1, entry 7) did slightly decrease the product yield.

Inspired by our recently published desaturation protocol for N-heterocycles," several linear
structural analogues were prepared for attaining equivalent transformations (Scheme 2).
Accordingly, the optimized catalytic system was initially tested with tertiary N-substituted
scaffolds featuring an electron-withdrawing carbonyl group at the desaturation site.

Hereby, the presented methodology delivered enamide 1b and N-protected enamines
(2b-8b) as the corresponding desaturation products in moderate to good yields (30-71%). In
addition, the structure of 7b in the crystal was determined by X-ray analysis.® Notably,
enamide 1b afforded the best result (71% vyield), presumably due to the high electron-
withdrawing ability of its aromatic moiety which can stabilize the C-centered radical formed at
U-position to the nitrogen atom.!®! Although the aromatic carbamate moiety in 8b seemed to
have a similar effect on the reaction yield (64%), no clear correlation between reactivity and

structural or electronic properties could be identified.

With these preliminary results in hand, the methodology was applied to secondary amides,
furnishing several to date unreported enamides (9b-17b) in satisfactory yields (49-77%).
A possible electronic effect on the aromatic amide moiety was investigated. For this, various
para-substituted aromatic amides were prepared displaying different EDGs (9a-12a).
However, no clear trend was observed, as the reaction yield did not show a direct correlation
with the variation in the electronic properties of the tested substituents (9b-12b). The ether
group in compound 16b, a n d t-dlaaine fester substructure featured by 17b were well
tolerated. Interestingly, while for the previously discussed tertiary N-substituted derivatives the
E-isomer was exclusively obtained, secondary moieties besides 16b and 17b™" afforded
solely the corresponding Z isomer. Even though the E-configuration of these olefinic products
is thermodynamically favoured,*® the predominance of the Z-configuration among secondary
enamides suggests that Z-isomer formation might be favoured due to intramolecular hydrogen

bonding between the nitrogen and the carbonyl group. The same argument might be valid for
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TBADT

o) Cobalt (Il) benzoate 0

bi§ dngh SN
N Dry CH3CN, 395 nm N
e Np, 25°C, 6 h e

1-40a

Tertiary N-substituted derivatives

o o o o]
Bz. /\A B 2b, R = Me, 59% Boc. o Boc.. s
X 0C< , i A NTX
D ’}‘/\)LR 3b, R = Et, 49% (44% of 3a recovered) N |/ b W,
Me Me 4b,R = Ph, 58% Me Me
1b, 71% 5b, 30% (65% of 5a recovered) b, 35% (62% of 6a recovered)
9 Py v o] o}
Cbz\N/X)k N\ A4 )L /\A
| = W N PhO™ "N” %
Me A 4 {
;,/ . Me
7b, 53% 115] 8b, 64%
(CCDC 2217876)
Secondary enamides Vinylamides
18b, R =H, 52%
o oo 9 Q o 19b, R = OMe, 55%
e = 0 0
N N 20b, R =F, 49% (43% Bz, A~
H = H/l\ H/l\ NX: of 20a recovered) H =
R o MeO o 0 H 21b, R = Cl, 46% (44%
OMe R of 21a recovered) 23b, 47% (43%
- o
9b, R=H, 68% 13b, 77% 14b, 50% (252(;/ i;zgzaréig\ired) of 23a recovered)
10b, R = Me, 65% o )
11b, R = Br, 71% o B2 o)
12b, R = OMe, 75% N7 TNTTS
\ | H H/\ BZ‘N/\)LOMe Bz. Bz. AN
OMe H NT N
¢] H Bz H
16b, 78%, 17b, 50% H
:g:'ring,gfgf o Z/E = 3:20 24b, 30% (60% 26b, 48% (42% of
of 24a recovered) 25b, n.d. 26a recovered)
Natural product-, drug- and aminoacid-derivatives
Alatamide derivatives:
0 27b, R = H, 56% Bz PN Al X Ph Cbz.\ X -Ph
N~XPh 28b, R =Me, 49% (39% of Ho ve H H
H 28a recovered)
R 29b, R = OMe, 58% 31b, 56%, £/Z = 9:1 32b, 51%, E/Z = 95:5, 33b, 50%,
30b, R =F, 47%, E/Z = 95:5 from phenethylamine from phenethylamine from phenethylamine
0]
(o]
OMe 0 /\/@ OMe o o o
/\/@[ N CbZ\N/\)LOMe FmOC\N/\)LN/\)kOMe
Cbz . R H
H OMe H H H
Cl o o, o,
&l £y - o 36b, 37%, 37b, 48% (43%
34b, 53%, 35b, 51% (45%), £/Z = 9:1, E/Z =91 (54% of of 37a recovered)
from dopamine from bezafibrate 36a recovered)
Natural products
/\/@/OMe 38b, 60%, o] 39b, 46%, Lansiunamide /\)OL 406
E/Z= 9:1, ph A (E-isomer) (47% of 39a _Ph , 45%,
Bzs Alatamide isomers Ph/\)LN/\/ recovered) PR N o~ Lansamide | (46% of
H H Me 40a recovered)

Scheme 2. Substrate scope. Reaction conditions: 1a (0.1 mmol), TBADT
(0.005 mmol), dmgH2 (0.025 mmol), CH3CN (2 ml), 395 nm LED, 6 h, 253
[AReaction at 500 mg scale.

(0.01 mmol), cobalt benzoate
, N2. Givenyields are Isolated.

explaining the predominant formation of the Z-isomer of 16b, as it features a methoxy group

which can act as a hydrogen bond acceptor.

Aromatic alkylamides proved suitable too, giving the corresponding vinylamides (18b-25b)

in moderate yields (30-55%). Herein unreported desaturations of relatively simple molecules

could be carried out in a mild and straightforward fashion. These results suggest that apart

from nitrogen, an additional EWG attached to the aliphatic desaturation site is not essential for

promoting the dehydrogenation process. No electronic effect of the

aromatic amide moiety was

observed (18b-22b). However, a certain steric effect was identified, as the reaction yield
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dropped notably with increasing substitution on the aliphatic C-end of the substrate (23b and
24b) . I n addition, f urt h e rsubstituteccamidds guahtas 2bandsd nat
render the expected products (25b in this case). This is presumably due to the increased steric
hindrance, as cobaloxime complexes involving tertiary carbon centers are not common.
Contrary to the substitution degree of the carbon atoms attached to the desaturation site, the
chain length, as observed for products 18b, 23b and 26b has no relevant impact on the

reaction yield. Also, for 26a only the mono-desaturation product 26b was observed.

The reaction scope for the synthesis of biologically relevant scaffolds was also examined.
Alatamide, phenethylamine, and dopamine derivatives (27a-34a) seemed particularly
attractive targets as they have many synthetic and pharmacological applications.*¥! The
desaturation of several substrates bearing these motifs were carried out, giving access to
products with potential biological activity (27b-34b) in moderate yields (47-58%) and
exclusively (27b-29b, 32b, 33b) or predominantly (30b, 31b, 34b) in E-configuration.

Likewise, the desaturation of the methyl ester of the commercial drug bezafibrate, a potent
hypolipidemic agent,”® gave a novel derivative of this drug (35b), predominantly in its
E-configuration. Furthermore, the scalability of our methodology was demonstrated by carrying
out the desaturation of 35a on a 0.5-gram scale, giving the product 35b (45%), in slightly lower
yield than the small-scale reaction (51%). Based on the successful desaturation of 17ato 17b,
t w o-alabine derivatives were prepared. Herein, the dehydrogenation of an aminoacid ester
(36a) and a dipeptide (37a) was accomplished. Regarding the dipeptide, the desaturation
proceeded chemoselectively as a single desaturation product was isolated (37b) while the

corresponding two-fold desaturation product was only observed in trace amount by GC-MS.

Lastly, three natural products were successfully prepared by the dehydrogenation of their
saturated precursors. Alatamide (38b) for instance, an amide derived from
b-phenylethylaminel*®2% could be prepared through a facile two-step approach in moderate
yield as a diastereoisomeric mixture (E/Z = 9:1). Similarly, Lansiunamide A (39b) and
Lansamide | (40b), two naturally occurring cinnamamides,?**22 were prepared following a

two-step synthetic scheme, hereby circumventing tedious total synthesis protocols.?1%:23l

Although our method is highly efficient for the desaturation of secondary aliphatic carbon
centers, tertiary C-c e nt e r-® r @pdsitiot) to the nitrogen (except for 24b and 31b) react
less efficient, as sterics seem to prohibit the reaction (Scheme S7). In addition, as observed
for failed substrates SM-A and SM-C that did not deliver the corresponding desaturated
products, the protocol is only suitable for substrates displaying electron-withdrawing
N-protecting groups such as amides and carbamates with generally high oxidation potentials.
Free amines do not yield the desired products as the excited decatungstate anion with an

oxidation potential of around +2.44 V vs SCE acts as an oxidant via SET. As a result, if a free
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amine was subjected to the given system, most likely, a N-centered radical cation is generated

instead of a HAT event taking place.?*l

To demonstrate the synthetic utility of the products, a postfunctionalization reaction was
carried out. Herein, the E-isomer of natural product 38b was used for the preparation of

oxazole 41 (70%) via an hypervalent-iodine mediated oxidative cyclization (Scheme 3).

Spectroscopic studies, control experiments, and kinetic isotope effect (KIE) studies were
performed to investigate the reaction mechanism. An UV-Vis kinetic study was chosen to gain
insight into the combined catalyst system. A solution of substrate 1a and TBADT in acetonitrile
was irradiated (Figure S3). After 2 minutes of irradiation, an immediate growth of a broad band
(absorbance maximum at 450 nm, 630 nm, and 780 nm), characteristic for the reduced form
of TBADT was observed. Further, no significant change was observed when a solution of 1a
and cobalt complex in acetonitrile, and a solution of cobalt complex and TBADT in acetonitrile
was irradiated (Figure S4-S5). Additionally, when we irradiated 1a, TBADT, and the cobalt
complex (Figure S6), the peak at 430 nm was observed which indicated the reduction of
Co (1) to Co (Il). The results suggested that the oxidation of the reduced photocatalyst took
place by single electron transfer to Co (lll). The peak at 780 nm indicated the presence of
reduced TBADT in the reaction solution. The hydrogen evolved quantitatively as determined
by GC analysis of the crude product mixture (Fig. S7-S8) . Light AonTof fo
suggested that continuous light irradiation is required for the reaction to proceed (Fig. S11).
Kinetic isotope effects (KIE) were calculated by estimating the parallel rates of the reaction for

substrates 1a and 1a-Ds (Scheme 4a), as well as from competition experiments between la

N

0 N@/OMG PIFA, TMSOTY | >\©
N CH,Cl,/EL,0 (1:1) o
H -78°Ct0 0 °C MeO
38b 1h 41 (70%)

Scheme 3. Synthetic application of Alatamide (E-isomer) for the preparation of an oxazole.

a) KIE determined from parallel reactions

(0] y (0]
92% 94%
Bz. S.C. Bz.
1a or N%CD;), —> 1b or N CD,
,\'Ae D D Performed in Me D
separate vials
1a-Ds KIE= 1.0 1b-Ds
b) KIE determined from competition experiments
i S.C i
92%]|| 94% .C. B
1a + BZ\NYJ\CD?’ : 1b + Z\N/\’)J\CD:;
Me D D Performed in Me D
the same vial
1a-Ds KIE= 1.1 1b-Ds

Scheme 4. Kinetic Isotope Effect (KIE) measurements.
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and 1la-Ds (Scheme 4b). Small KIE values of the order 1-1.1 units were observed in both cases.

These results exclude the hydrogen evolution step as the rate determining step of the reaction.

Based on the mechanistic routes reported in the literature,"1424-2"1lye proposed a plausible
mechanism for the photocatalytic dehydrogenation of aliphatic N-hetero acyclic systems as
shown in Scheme 5. Photoexcitation of decatungstate anion [W10032]* produces a triplet
excited state *[W10032]*, which abstracts a hydrogen atom from substrate 1, producing alkyl
radical Il and the protonated reduced decatungstate [W10O32]>H*.?4 Alkyl radical 1l is
subsequently trapped by the Co(ll) complex, yielding an alkyl Co(lll) intermediate 1.4
Irradiation of Il delivers the alkene product IV along with a Co (lll)-H intermediate.[7¢:25225¢.26]
The intermediate V then engages with another proton to evolve hydrogen gas and releases a

Co(Ill) complex.i24:27

Lastly, the oxidation of the protonated reduced photocatalyst [W10032]>H* takes place by
single electron transfer (SET) from the Co(lll) intermediate (Ei, Co"/Co'= 1 0. 68 V
vs Ag/Ag* in MeCN, Ei [W10032]* ¥ [W10032]>= -0.96 V vs Ag/Ag* in MeCN), regenerating
both catalysts in their ground states.?®
O/}"\/O
H red 5 :L\\*A
O)\/O HAT [W10Os2"H"  [Co'T [Co]

SIS

_H+
*[W40035]* SET hv
A\ -
:v\ WOt [Co™ [Co"-H O/?,/O
10032 >__< v

DT H, H*

Scheme 5. Proposed plausible reaction mechanism.

3.3 Conclusions

In conclusion, we report a light-driven acceptorless cooperative HAT method for the
dehydrogenation of aliphatic carbamates and amides to the corresponding enecarbamates
and enamides. TBADT and a cobaloxime complex have been used asH-ab st r act-or and
hydride elimination agent respectively. The method features short reaction times and exhibits
broad functional group tolerance, making it suitable for late-stage functionalization of drug

derivatives.
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3.4 Experimental Section
3.4.1 General Information

Chemicals and solvents: all commercially available chemicals were purchased in high quality
and used without further purification. Solvents for column chromatography were distilled prior
to use. Moisture and oxygen-sensitive reactions were carried out using dry solvents in oven-
dried glassware under inert atmosphere of pre-dried nitrogen. The evaporation of solvents was
carried out in a rotary evaporator at temperatures below 40 °C, under reduced pressure.

Flash Column Chromatography (FCC): flash silica gel (Merck, 40-6 3 e m) was wused a!
stationary phase. Eluent mixtures are reported as v/v solutions normalized to 100 volume units.
Purification by automated flash column chromatography was performed on a Biotage®
IsoleraTM Spektra One device using either pre-packed Biotage® columns or silica gel 60 M

(particle size 4083 g m, 23040 mesh, Merck) self-packed columns.

Analytical TLC: performed on silica gel pre-coated aluminium sheets (Machery-Nagel, silica
gel 60 G/UV254, 0.2 mm). Visualization was accomplished by exposure to UV-light (254 nm
or 365 nm), or by dipping the plates in a staining solution (potassium permanganate stain, 2,4-
dinitrophenylhydrazine (2,4-DNPH) stain or ninhydrin stain) eventually accompanied by

heating. Eluent mixtures for TLC are reported as v/v solutions normalized to 100 volume units.

Nuclear magnetic resonance (NMR): spectra were recorded at room temperature using a
Bruker Avance 400 (400 MHz for *H, 101 MHz for *C, 376 MHz for **F) NMR spectrometer.
Chemi cal shi ft sscateasparts gepndllion [jgph] rélative i the solvent residual
peaks as internal standard. Coupling constants J are given in Hertz [Hz] and the multiplicity of
the signals is abbreviated as: singlet (s), broad singlet (bs), doublet (d), doublet of doublets
(dd), triplet (t), doublet of triplets (dt), triplet of doublets (td), quadruplet (q), septet (sept) or
multiplet (m). Signals are reported as follows: (multiplicity, coupling constant J, number of

protons). Spectra were analyzed using MestReNova 6.0.2.

High Resolution Mass Spectrometry (HRMS): spectra were obtained from the central analytic
mass spectrometry facilities of the Faculty of Chemistry and Pharmacy, University of
Regensburg. All mass spectra were recorded on a Finnigan MAT 95, Thermo Quest Finnigan
TSQ 7000, Finnigan MATSSQ 710 A or an Agilent QZTOF 6540 UHD instrument.

GC-FID and GC-MS: GC measurements were performed on a GC 7890 from Agilent
Technologies. Data acquisition and evaluation was done with Agilent Chem Station
Rev.C.01.04. GC'BMS measurements were performed on a 7890A GC system from Agilent
Technologies with an Agilent 5975 MSD Detector. Data acquisition and evaluation was done
with MSD Chem Station E.02.02.1431. A capillary column HP-5MS/30 m x 0.25 mm/0.25 uM

film and helium as carrier gas (flow rate of 1 mL/min) were used. The injector temperature (split
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injection: 40:1 split) was 280 °C, detection temperature 300 °C (FID). GC measurements were
investigated via integration of the signal obtained. The GC oven temperature program was
adjusted as follows: initial temperature 40 °C was kept for 3 minutes, the temperature was
increased at a rate of 15 °C/min over a period of 16 minutes until 280 °C was reached and kept
for 5 minutes, the temperature was again increased at a rate of 25 "C/min over a period of

48 seconds until the final temperature (300 °C) was reached and kept for 5 minutes.

Cyclic Voltammetry: CV measurements were carried out with a three-electrode potentiostat
galvanostat PGSTAT302N from Metrohm Autolab. Glassy carbon was used as the working
electrode, a platinum wire counter electrode, and a silver wire as the pseudo reference
electrode. Also, tetrabutylammonium tetrafluoroborate Fluka 0.1 M was used as the supporting
electrolyte. Prior to the measurement, the solvent (CH3CN) was degassed with argon. All
experiments were performed under argon atmosphere with a scan rate of 50 mV s? using

ferrocene as the internal reference.

Crystallographic Description: Full structural information has been deposited with the
Cambridge Crystallographic Data Centre as CCDC-2217876.

UV-Vis Spectroscopy: In situ UV-Vis Kinetic measurements were recorded with an-Agilent
8453 spectrophotometer in acetonitrile as solvent.

Photoreactor setup: photoreactions were irradiated with LEDs (Engine LZ4-40UB00-00US5,
_ =395 nm (£ 15), average radiant flux 2168 + 30 mW, 89 V, 700 mA). Reaction mixtures were
exposed to light under stirring (400 rpm, magnetic stirrer) from the bottom side of the vial. The

temperature of the system was controlled by a water-cooling circuit consisting of an aluminium

cooling block connected to a thermostat (Figure S1).

Figure S1. Photoreactor setup. A: LED module. B: Cooling block on top of stirrer. C: Thermostat
connected to the aluminium cooling block.
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The optical power of the LEDs was determined using a FieldMaxII-TOTM laser power meter
equipped with PM3 sensor. The emission spectrum of the LEDs (Figure S2) was recorded
using an Ocean Optics HR4000CG-UV-NIR Glass fibre and diffusor.
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Figure S2. Led emission spectrum of employed LEDs.
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3.4.2 General Synthetic Procedures

General Procedure 1 (GP1) for the Synthesis of Boc-Protected Amines as Starting
Materials (2a, 3a)

1. formic acid (10 equiv.)
o) Pd black (5 mol%) o

O MeOH MeOH, N,, 70°C 1 h
_Me e R

2. Boc,0 (1.5 equiv.) )

Me Na,COj5 (3 equiv.) Me
o
SM-A,R=Me, MeOH,25°C,16h 2a, R = Me,
SM-C, R = Et 3a, R = Et

Scheme S1. General procedure 1 for the synthesis of Boc-protected amines.

The two-step synthesis was carried out based on a procedure published by Zhan et al.’?®

Step 1. Synthesis of benzylamines (SM-A and SM-C). To a solution of vinyl ketone
(1.05 equiv.) in MeOH, N-methyl-1-phenylmethanamine (1.00 equiv.) was added dropwise at
0 °C and the resulting mixture was stirred at 25 °C for 2 h. Afterwards, the solvent was
evaporated, and the crude product was purified via flash column chromatography (FCC) to

obtain the corresponding benzylamine.

Step 2. Synthesis of Boc-protected amines (2a and 3a): To a solution of benzylamine
(1.00 equiv.) in dry MeOH, formic acid (1.00 equiv.) and palladium black (0.05 equiv.) were
added at 0 °C under N, atmosphere. After heating the suspension to reflux for 30 min, the
reaction crude was filtered through celite and rinsed with MeOH. To the filtrate, Na>COs3
(3.00 equiv.) and Boc,0 (1.50 equiv.) were added successively, and the resulting mixture was
stirred at 25 °C for 16 h. Afterwards, the solvent was evaporated, the residue redissolved in
EtOAc and washed with water. The product was extracted with EtOAc (3 x), and the combined
organic layers were successively washed with brine, dried over MgSO,, and filtered through a
silica plug. After evaporating the solvent, the crude product was purified via flash FCC to obtain
the corresponding Boc-protected amine.
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General Procedure 2 (GP2) for the Synthesis of Amides as Starting Materials (1a, 7a, 8a,
9a, 10a, 114, 12a, 13a, 144, 15a, 174, 18a, 19a, 20a, 21a, 22a, 26a, 39a)

o) o)
H NEt; (2.2 equiv.
HCI N, + R)J\CI 3 (2.2 equiv.) R)J\N’Rz
R'" "R Dry CH,Cl,, 25 °C \
116 h R’

Scheme S2. General procedure 2 for the synthesis of amides.

In an oven dried Schlenk flask, the corresponding amine hydrochloride (1.00 equiv.) was
suspended in dry CH2CI, and NEt; (2.20 equiv.) was added under N, atmosphere. Next, the
reaction mixture was cooled to 0 °C and the corresponding acy! chloride (1.10 equiv.) was
added. After stirring the suspension at 25 °C for a given time, the mixture was diluted with
CH2Cl> and washed with water. The aqueous phase was extracted with CH-Cl (3 x), and the
combined organic layers were washed with brine and dried over Na,SO.. Lastly, the solvent
was evaporated under reduced pressure, and the crude product was purified via FCC.

General Procedure 3 (GP3) for the Synthesis of Boc-Protected Amines as Starting
Materials (4a, 5a, 6a)

Scheme S3. General procedure 3 for the synthesis of Boc-protected amines.

Substrates 4a-6a were prepared based on a two-step synthesis reported by Buitrago et al.B%

Step 1: In a crimp-cap vial, to a solution of ketone (1.40 equiv.) in EtOH, ethylamine
hydrochloride (1.00 equiv.), 34% aqueous formaldehyde solution (1.00 equiv.) and
concentrated hydrochloric acid (0.05 equiv.) were added. The vial was sealed, and the mixture
refluxed at 110 °C for 16 h. Afterwards, the mixture was cooled to room temperature and the
solvent was removed under reduced pressure. Next, EtOAc was added, and the resulting
suspension was stirred for 3 h. Lastly, the precipitate was filtered and dried over high vacuum

to obtain the corresponding free amine which was used without further purification.

Step 2: In a round-bottom flask, to a solution of amine (1.00 equiv.) in THF/H,O (1/1 in Vol.),
NaOH (1.70 equiv.), and Boc.O (1.20 equiv.) were added. After stirring the mixture at 25 °C
for 16 h, THF was removed under reduced pressure and the product was extracted with CH>Cl»
(3 x). The combined organic layers were washed with brine and dried over Na,SOa. Lastly, the
solvent was evaporated, and the crude product purified via FCC to obtain the corresponding

Boc-protected amine.
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