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Soon after its first reported synthesis in 1936 [1], [Ru(bpy)3]Cl,
(bpy = 2,2'-bipyridine) and its derivatives attracted significant
attention due to their photophysical properties [2-4]. These
complexes can efficiently absorb visible light through a metal-
to-ligand charge transfer (MLCT) transition, resulting in a
long-lived charge-separated species. In this excited state,
[Ru(bpy)3]Cl, is both a more potent oxidant and reductant than
in its ground state. This reactivity, in combination with the re-
versible redox behavior of the metal complex, enables reduc-
tive or oxidative quenching cycles in the presence of electron
donors and acceptors. Furthermore, [Ru(bpy)3]Cl, can engage
in Forster and Dexter energy transfer processes, enabling the
transfer of excited-state energy to molecules that do not them-
selves absorb visible light. This versatility is arguably the
reason for the tremendous impact of [Ru(bpy)3]Cl, on several
research areas, including solar energy conversion [5],
optosensing [6], photodynamic therapy [7,8] and bioimaging
[9].

Scattered examples of [Ru(bpy)3]Cl, being used as a photocata-
lyst for visible-light-driven organic synthesis appeared in the
scientific literature as early as the 1970s [10]. However, these
remained largely isolated cases — more mechanistic curiosities

than general synthetic platforms.
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The narrative shifted significantly in the late 2000s, when
interest in early pioneering work on photocatalysis was revis-
ited, and systematic investigations began to demonstrate its
broad applicability [11]. This renewed momentum was driven
by contributions from numerous groups across the field. At the
same time, advances in technology — particularly the accessi-
bility of various light sources (most notably LEDs) — made pho-
tochemical transformations much more practical to implement.
Two decades later, photocatalysis and photochemistry remain
among the most studied topics in modern organic synthesis.
Nowadays, chemists can choose from a wide range of organo-
metallic [12,13], organic [14,15], or heterogeneous photocata-
lysts [16,17] to trigger visible-light photoredox catalysis, and
this arsenal of catalysts is constantly expanding. In this thematic
issue, the Dell’ Amico group describes the development of a
new class of organic donor—acceptor photocatalysts that show
promising activity for several transformations [18]. Additional-
ly, Hoffmann and co-workers contributed a Review article
discussing photocatalysts capable of harnessing low-energy red
light to trigger chemical reactions [19].

In addition to photoredox catalysis, several mechanistic

platforms that leverage light — such as the use of electron

donor—acceptor complexes [20], proton-coupled electron
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transfer [21], hydrogen atom transfer [22], halogen atom
transfer [23], and energy transfer catalysis [24,25] — have been
established as powerful additions to the arsenal of photon-
driven reactions. Three articles in this thematic issue exemplify
this: The Molloy group developed an intramolecular
[2 + 2]-cycloaddition of alkenylboronic esters using energy
transfer catalysis [26]. Gualandi and co-workers leveraged a
combination of photoredox and HAT catalysis to realize the
intramolecular nucleophilic amidation of alkenes with B-lactams
[27]. Further, Luridiana and colleagues developed a method for
the alkylation of a dehydroalanine derivative using silane-medi-
ated halogen atom transfer [28].

Dual catalytic approaches that merge photocatalysis with Lewis
acid [29], organo- [30], or transition metal catalysis [31] have
enabled access to bond formations that are otherwise chal-
lenging to achieve. In particular, the combination of nickel ca-
talysis and photoredox catalysis has become one of the most
studied strategies to forge carbon—carbon bonds. The groups of
Soengas and Rodriguez-Solla used this strategy to develop a

general method for the synthesis of enaminones [32].

Light-induced transition metal catalysis that does not require
exogenous photocatalysts has emerged as a new paradigm in
photochemical synthesis [33]. Here, a transition metal complex
plays a dual role by harnessing photon energy to facilitate bond-
breaking and bond-forming events. For example, Sipos and
co-workers demonstrate in this thematic issue that visible light
increases the reaction rate of palladium-catalyzed Negishi cross-
couplings [34].

The integration of enabling technologies has also contributed to
the success of photocatalytic organic synthesis [35]. Automated
reaction platforms, high-throughput experimentation tech-
niques, and flow chemistry are being harnessed to push the
limits of light-driven reactions [36]. Terada and colleagues
show in this thematic issue how flow chemistry is used to sig-
nificantly improve the yield of a m-Lewis acidic metal-cata-
lyzed cyclization-radical addition sequence [37]. Recently,
chemists have begun studying reactions that combine the advan-
tages of photochemical methods and mechanochemistry. This
thematic issue contains a Perspective article from the Capaldo
laboratory that surveys these efforts and discusses future possi-
bilities [38].

Without a doubt, the growing interest in light-mediated organic
synthesis has also resulted in a renaissance of radical chemistry.
Once regarded as “[...] messy, unpredictable, unpromising and
essentially mysterious” [39], radical-based methods have
become central to modern organic chemistry, spanning applica-

tions in the life sciences. The Perspective article from the

Beilstein J. Org. Chem. 2025, 21, 1645-1647.

Molander group on the photocatalyzed elaboration of antibody-

based bioconjugates underscores this impact [40].

This thematic issue celebrates the profound impact of light-
mediated synthesis across fundamental, methodological, and
applied domains. As guest editors, we are deeply grateful to all
contributors and thank all referees for their careful evaluations,
which helped maintain the scientific rigor of this collection. We
hope this collection inspires further exploration and innovation

in this rapidly advancing field.
Timothy Noél and Bartholoméus Pieber

Amsterdam and Klosterneuburg, August 2025
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Amino acids are vital motifs in the domain of biochemistry, serving as the foundational unit for peptides and proteins, while also

holding a crucial function in many biological processes. Due to their bifunctional character, they have been also used for combina-

torial chemistry purposes, such as the preparation of DNA-encoded chemical libraries. We developed a practical synthesis for

o-heteroaryl-a-amino acids starting from an array of small heteroaromatic halides. The reaction sequence utilizes a photochemical-

ly enhanced Negishi cross-coupling as a key step, followed by oximation and reduction. The prepared amino esters were validated

for on-DNA reactivity via a reverse amidation—hydrolysis—reverse amidation protocol.

Introduction

DNA-encoded chemical library (DEL) technology is a power-
ful tool for hit identification [1,2]. DELs are chemically synthe-
sized libraries in which every member is covalently attached to
a unique DNA sequence serving as a molecular “barcode” [3].
The success of this technology ultimately relies on the quality
and diversity of the libraries. DEL synthesis must employ
DNA-compatible reactions; hence it operates under a limited set
of conditions [4,5]. DELSs are typically produced via split-and-
pool combinatorial chemistry methods. Using bifunctional
building blocks (BBs) can quickly increase the diversity of
these molecular libraries [6]. Hence, DEL practitioners con-

stantly seek access to novel building blocks [7].

Amino acids (AAs) are vital motifs in the domain of biochem-
istry, serving as the foundational unit for peptides and proteins,
while also holding a crucial function in many biological pro-
cesses [8]. Non-canonical amino acids (NCAs) are widely used
in medicinal chemistry [9]. Not surprisingly, they also find
broad use as bifunctional building blocks (BBs) for DELs. In an
early example, an 800-million-members DEL utilized Fmoc-
amino acids as primary diversity elements [10].

The pursuit of achieving the efficient synthesis of a-amino acids

has been an ongoing challenge since 1850, marked by the initial

report of the Strecker condensation [11]. The Strecker synthesis
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and the related Bucherer—Bergs hydantoin formation remains
the most employed approach for producing this family of sub-
strates [12]. Despite its effectiveness, this approach requires
hazardous cyanides and harsh conditions for the subsequent
hydrolysis of the nitrile or the hydantoin. Additionally, it carries
significant limitations in its scope, reducing its overall applica-
bility.

A different approach for the synthesis of a-amino acids involves
the formation of dehydroamino acids and subsequent hydroge-
nation [13,14]. More recently, there have been reports of tech-
niques that utilize phase transfer catalysts (PTCs) to alkylate
glycine derivatives [15,16]. A range of less widely applicable
strategies have been developed as well [17-22].

The above-mentioned methods focus on the synthesis of
a-alkyl-amino acids. Moving to a-aryl-amino acids, the
Clayden group published an excellent asymmetric a-arylation
method to access quaternary amino acids with high enan-
tiomeric purity [23]. The synthesis of formally glycine-derived
tertiary a-aryl-amino acids is much less developed. The most
common strategy for obtaining these substrates is by lithiation
of an aromatic ring followed by coupling with a glycine deriva-
tive (Scheme 1a). For example, this approach was applied to the
synthesis of N-substituted pyrazoles and poly-substituted isoth-
iazoles [24,25]. Glycine derivatives can be reacted with indoles
using copper catalysis or metallophotoredox catalysis [26]. Le

et al. reported the use of the same approach for imidazo[1,2-

a) coupling with glycine derivatives

Beilstein J. Org. Chem. 2024, 20, 1922-1932.

alpyridines [27,28]. However, the selectivity of these photo-
redox reactions is driven by the structural properties of the
heteroaromatic ring. During the preparation of this article,
the Meggers group published an outstanding enantioselective
iron-catalyzed a-amination pathway (Scheme 1b) [29]. The
method is widely applicable to a broad range of substrates,
however, it utilizes a catalyst that is not commercially available
and small heteroaromatic rings are underrepresented in the

scope.

Recognizing the importance of small heteroaromatic rings and
the amino acid motif in medicinal chemistry [30-33], and
aiming to expand our in-house DEL BB collection, we sought
to develop a synthetic route capable of providing a broad range
of a-heteroaryl-a-amino acids in a cost-effective manner
(Scheme 1c¢).

Herein, we describe the synthesis and on-DNA validation of
non-canonical a-heteroaryl-a-amino acids. We envisioned that
a-heteroaryl acetates accessed through Negishi coupling can be
used as key intermediates towards NCAs (Scheme 1c). Indeed,
oximation of these motifs followed by reduction gave access to
the desired NCAs.

Results and Discussion
Negishi cross-coupling step
The Negishi reaction provides convenient access to compounds

featuring C(sp2)-C(sp>) bonds. However, the general view is

X NC)S NHR
Li,Mg/[Cu]/hv
J\C)D() + RHN__COOR l\X COOR
X=N,SorC
b) Megger's a-amination
NHBoc
RN COOH BocNHOMSs, [Fe]
( J/k Ny SCOooH
R// |
<4

c) this work
-N
A/&A HN Negishi
coupling
N g \
A=N,0,SorC
®=¢-X X=ClorBr

Scheme 1: Known and improved synthetic strategies to access a-(hetero)aryl-amino acids.
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that this transformation is less reliable than its orthogonal coun-
terpart, the Suzuki reaction. Recent years have seen significant
developments in Negishi reaction methodologies [34-39]. In
particular, Alcazar et al. developed continuous flow protocols
for both the generation of alkylzinc halides and for the subse-
quent Negishi cross-coupling reaction [40-44]. We successfully
adapted Alcazar’s protocols for the synthesis of otherwise chal-
lenging heteroaryl-alkyl connections (see Table S1 in Support-
ing Information File 1). We decided to explore the potential of
this methodology for the formation of a-heteroarylacetates. In
particular, we were curious to see whether this methodology
translates well for five-membered heteroarene substrates (e.g.,
thiazoles, pyrazoles, imidazoles) which are usually underrepre-
sented in the peer-reviewed literature in comparison to phenyl
groups or their six-membered counterparts (e.g., pyridines,
pyrimidines) [42]. Furthermore, the increasing importance of
small heteroaromatic rings containing nitrogen, sulfur and/or
oxygen in medicinal chemistry is well depicted by the list of
recently approved drugs by the FDA [31]. Fezolinetant (an NK3
receptor antagonist) and quizartinib (FLT3 inhibitor) are just a
couple of examples among the drugs reaching the market in the

last year.

As shown in Scheme 2, ethyl (bromozinc)acetate (1a) was syn-
thesized in flow by pumping a solution of ethyl 2-bromoacetate
through a pre-activated zinc column (see page 11 in Supporting
Information File 1) [44]. The Reformatsky reagent could be ob-
tained in yields varying from 70 to 90% depending on the acti-
vation state of the column. The yield of the reaction was deter-
mined by titration with iodine (see page 11 Supporting Informa-
tion File 1), affording final concentrations between 0.35 to
0.45 M in THF. The solution can be stored in the fridge under
argon for one week before being used in the Negishi reaction.
With concentrations above 0.4 M we observed crystallization of
ethyl (bromozinc)acetate at the bottom of the vial after a few
hours of storage in the fridge. The solid can be easily re-dis-
solved by gentle heating, and without affecting the product con-

centration and integrity.

After a brief screening, Pd(dba), and X-Phos (in a 1:2 ratio)
were selected as the catalyst system for the Negishi reaction

BrCH,COOEt .

in THF 0.5 M zinc

40 °C, 0.5 mL/min
dry THF, Ar atm.

Scheme 2: Reformatsky reagent production.
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(Supporting Information File 1). Preliminary experiments were
carried out with and without blue light irradiation in the
PhotoCube™ photoreactor [45]. These experiments revealed
that while the conversion of imidazoles and pyrazoles benefits
from irradiation, thiazoles seem to be largely unaffected by the
presence of light (see pages 5 and 6 in Supporting Information
File 1). In the case of indazoles, increased reaction rates were
observed in the presence of light, but the overall yield was the
same for the dark and irradiated experiments. Although these
reactions are typically complete within 4 h in the dark, irradia-
tion with blue light halves the reaction time for many com-
pounds. Overall, these observations are in line with those of
Alcazar et al. [43]. In their work, the authors demonstrated the
formation of a complex between palladium and the organozinc
reagent which is absorbing in the blue region. This complex
then accelerates the oxidative addition of the aryl halide to the
metal, which is usually the rate-limiting step for palladium-cata-
lyzed cross-couplings. Based on these results we decided to
perform all Negishi reactions under blue light irradiation.

With the optimized conditions in hand, we proceeded with the
investigation of the heteroaryl halide scope in batch (Scheme 3).
Thiazoles proved to be challenging substrates typically
affording the desired products in moderate yields (2b—h). While
2-chlorothiazole led to the production of 2b in 44% yield,
2-bromo-5-chlorothiazole only afforded 21% yield (2d). Grati-
fyingly, the reaction selectively proceeded in position 2 of the
ring. Position 4 seems to be inert to the Negishi coupling condi-
tions as illustrated by substrates 2¢ and 2g. Somewhat surpris-
ingly, LCMS analysis indicated that 1g did not go through oxi-
dative addition and remained unreacted. Formation of 2h did
not occur, however, we observed the formation of unidentified
side products. Interestingly, the presence of a free carboxylic
group is well tolerated (2f). Benzothiazole 1i proved to be an
excellent substrate for this reaction, leading to the desired
acetate 2i in high yield. A similar result was obtained for the
furanyl derivative 2j. Pyrazoles were the only substrate class
which clearly benefited from light irradiation (2k—o), displaying
not just a shorter reaction time but also higher yields. Even
unprotected pyrazoles (2k, 2m, 2n) performed well, showing
that N-protection is not mandatory for this transformation.

I, titration

P U

collection
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Reformatsky reagent (2 equiv)

I,,:::I//x Pd(dba), (5 mol %), X-Phos (10 mol %)
o JHAR Nt
‘\/ THF, Ar atm, 30—40 °C, 2 h
1b—z 457 nm LEDs hv 2b-z
X = halogen
o) o) 0
s>_>\— OEt Bra_N OEt N OEt
L T I
N S S
2b 2¢ cl 2d
44% (X = Cl) 62% (X = Br) 21% (X = Br)
o) o) o)
OEt s OEt N OEt
Nlﬁ | />_>¥ . ﬁ
s HO N S
2e o 2f 2g
50% (X = Br) 61% (X = Br) —(X=Br)
(0] e} 0
N>__>>0Et s OFt 0\ OEt
| D /) =
S N
Cl 2h 2i 2j
87% (X = Br) 87% (X = Br)
o)
OEt

-(X=Cl)
O O
OEt
~ Bn/N Nx
CF3
2| 2m
95% (X = Br)
not irradiated: 66%*

2k
73% (X = Br) 80% (X = Br)

not irradiated: 45%* not irradiated: 58%*

(0] (0]
H[“>_>L OEt Ni>—>~OEt NN, OEt
N= (N Y
2n 20 2p
48% (X =Br) 87% (X =Br) 39% (X =ClI) 48% (X =Br)

not irradiated: 26%*
N7 (6] H (0] ; O
\ OEt N N>_>\~ OFEt N>_>L OEt
L L
Z N N
2r 2s 2t
82% (X = Br) —(X=Br) 77% (X = Br)
; O H O Bn o
N OEt N OEt N OEt
r [ W
N/
N N
2v 2z
—(X=Br) —(X=Br)

92% (X =Br)
Scheme 3: Scope of ethyl heteroarylacetates. Isolated yields are given. *Dark reactions were carried out for 4 h.
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3-Bromo- and 3-chloroindazoles offered moderate yields (39%
and 48% for 2p and 2q, respectively), while 5-substituted 2r
was isolated with 82% yield. In contrast to pyrazoles and inda-
zoles, benzimidazoles and imidazoles required the protection of
the aromatic NH group (2s vs 2t; 2v vs 2u). Reactions with
unprotected imidazoles 1s and 1v led to immediate formation of
a precipitate upon addition of the Reformatsky reagent. Surpris-
ingly, 1z did not afford the expected product (2z).

The synthesis of the Reformatsky reagent can be combined with
the Negishi cross-coupling step in a continuous flow manner
[41-43]. Continuous flow chemistry offers superior control over
reaction parameters compared to traditional batch methods. This
approach leads to reproducible reactions, improved safety fea-
tures, and it can facilitate high-throughput screening and rapid
optimization [46,47]. Homogenous heating and mixing in flow
reactors can lead to higher reaction rates and yields. In terms of
photochemistry, continuous flow setups provide enhanced light
irradiation as well [48,49]. These advantages make flow chem-
istry a powerful tool for chemical synthesis and industrial appli-
cations [50,51].

To assess the advantage of moving from batch to flow, the pro-
duction of compounds 2b and 2i was carried out with the tele-
scoped approach. Despite the difference in the yield being
minimal, the rate of the transformation showed a significant
improvement under continuous flow conditions, leading to reac-

tion completion within 30 minutes (Scheme 4).

Oxime formation
Once the ethyl heteroarylacetates scope was completed we
turned our attention to the incorporation of the amino group.

There are precedents for a-aminations, but we were not able to

Beilstein J. Org. Chem. 2024, 20, 1922-1932.

find a method suitable for our needs [52,53]. Benzylic bromina-
tion followed by nucleophilic substitution offers a general ap-
proach for the introduction of the nitrogen atom [54-56]. Conse-
quently, the continuous flow Wohl-Ziegler bromination of 2b
was attempted [57]. Even though we could observe excellent
LCMS-conversion for the mono-brominated compound, we en-
countered several problems related to the stability of the prod-

uct (see Supporting Information File 1).

To circumvent these issues, we came across the possibility of
inserting an oximino group into the benzylic position which can
then be converted into an amino group by reduction. We
reasoned that increasing the sp? fraction and the rigidity of the
whole structure will lead to increased stability of these deriva-
tives. The first exploratory attempts demonstrated the easy
preparation and the high bench stability of the oxime deriva-
tives, therefore we opted to proceed using this route. In this
study, we explored three distinct approaches commonly em-
ployed for the introduction of the oximino group into a mole-
cule. The first approach is based on the generation of the
nitrosonium ion from sodium nitrite under acidic conditions
(Scheme 5, top) [58,59]. Additionally, another very common
method involves the employment of a strong base, typically so-
dium ethoxide or methoxide, in combination with an alkyl
nitrite to promote the incorporation of the oximino group
(Scheme 5, middle) [60,61]. Furthermore, a widely adopted
strategy involves the conversion of a carbonyl group to an
oxime through condensation with hydroxylamine (Scheme 5,
bottom) [62-64].

In order to develop a synthetic approach applicable to several
different substrates, we decided to screen the three methods on

one example from each type of heteroaryl halides. According to

BrCH,COOEt ,
in THF 0.5 M ®—'| zinc |-—|><]7 9
40 °C, 0.5 mL/min 457 nm BPR
dry THF, Aratm. | ... 20 psi R
: NS
k : v haSS COOEt
[ > ' \/
40-50 °C )
./-~:w,x© Pd(dbay),, X-Phos 20 mL coil,
{ VHAR . ;
LA 0.17 mL/min, dry THF, Ar atm. 0.67 mL/min, hv
1
S, COOEt s COOEt
Lo~ I~
N N
2b 2i

47% yield (44% in batch)
productivity up to 2.3 g/h

Scheme 4: Telescoped flow synthesis of heteroarylacetates.

96% yield (87% in batch)
productivity up to 2.9 g/h
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our experimental results, thiazole 2b, benzothiazole 2i and

NaNOy, H* benzimidazole 2t react very well with sodium nitrite in an
o 0 acidic environment (Scheme 6, red section). Among the various
OEt AlkO—/AIkONO OEt subclasses of compounds, pyrazole 21 exhibited a high reactivi-
ty using 7-BuONO and EtONa in ethanol (Scheme 6, red
1. oxidation ) N+OH section). On the other hand, no reaction was observed with
haeg:tr;)te:ergl oxImes indazoles and furans using the first two conditions, requiring the
2. NH,0H, reflux

formation of the ketoesters 4j and 4r first, followed by the
functional group interconversion (FGI) with NH,OH-HCl

Scheme 5: Potential routes for the preparation of oximes. .
prep (Scheme 6, blue and green sections).

(0] . N - o
OEt direct oximation (conditions a or b) . OEt
o) G
N
2

v OH
5
OXigqs:
Iy
20 ()
hydrolysis (c) FGI (f)
o) - o
OH 1. oxidation (d) _ ?~0Et
' 2. esterification (e) @ 6
3 4
conditions

a) aq NaNO, 45 wt %, EtOH, AcOH, 0 °C; b) t-BuONO, EtONa, EtOH, 40 °C; c) LiOH, THF, MeOH, H,0, rt
d) SeO,, dioxane, reflux; e) Etl, NaHCO3, DMF, 40 °C; f) NH,OH-HCI, pyridine, EtOH, reflux

: 0 0 ; O 5 0 :
: n :
: S>_?~0Et s>_2\~0Et N OFt N OEt :
. |, \ / \ | / \ N - \ .
: N  NvOH N  NvOH Z=N  N-OH NvOH
' 5b 100% yield 5i 100% yield 5t 99% yield 51 69% yield :
E conditions a conditions b :

.

2j 4j quant. yield 5] 99% yield

(@)
%
(@]
m
o
Y
o
//
O/
O
m
Y
(@]
//
z/
<
(@] (@]
T m

E O 0 o 0 E
: OEt c OH d OEt 4 OFt;
:HN HN e HN S PN NvOH
2r 3 98% yield 4r  76% yield 5r 97% yield

Scheme 6: Oxime group insertion step.
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The Riley oxidation of the furanyl derivative 2j proceeded
smoothly yielding 4j in quantitative yield. However, obtaining
compound 4r presented some challenges due to the resistance
of ester 2r towards conventional oxidation methods (see Table
S5 in Supporting Information File 1). Consequently, a multi-
step process involving ester hydrolysis and subsequent re-esteri-
fication was necessary to achieve the desired ketoester.

Reduction of the oximes

Oximes are commonly reduced to the corresponding amines
using either palladium on activated carbon and hydrogen gas
[65-68], or with zinc and a Brgnsted acid as source of hydrogen
[68,69]. Both methods were tested and after a brief optimiza-
tion process, zinc dust and HCl in a mixture of EtOH/dioxane
proved to be the best conditions in order to maximize the yield
and limit the amino ester instability issues (see Table S6 in Sup-
porting Information File 1). By slightly adjusting the reaction
time and the temperature, all oxime derivatives underwent
reduction to yield the corresponding amine. The amino esters
were effectively safeguarded against degradation through the
immediate formation of the HCI salt or by Boc-protection. This
procedure allowed us to obtain all the protected amino acids in
a yield that varies from 56 to 74% (Scheme 7).

Gram scale experiment
With the optimized synthetic route, we were able to reach the

final targets in good to excellent overall yields (from 25% to
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64%, see Scheme 7). To test the robustness of our approach, the
synthesis of compound 6i was carried out on gram scale starting
from 2.1 g of 2-bromobenzothiazole (1i). The gram scale pro-
duction showed comparable results to those obtained in the
small-scale procedure, leading to the formation of 1.8 g (67%
overall yield) of the final product 6i (Scheme 7, bottom).

On-DNA validation

Due to the large complexity of DELs, there is only limited op-
portunity to track the efficiency of individual reactions during
library synthesis. Therefore, BBs need to pass validation before
being used in library synthesis settings. For these bifunctional
amino esters, we performed a three-step validation where they
were first attached to carboxylic acid functionalized DNA head-
piece 7a (first reverse amidation). Next, the ester was hydro-
lyzed to obtain acid 9, and finally, a second reverse amidation
with aniline afforded 10.

Both the reverse amidation and the ester hydrolysis were per-
formed following literature protocols [70,71]. In these experi-
ments, compounds 6b and 6i proved to be unstable under
on-DNA conditions as they failed to form esters 8b and 8i.
Closely related structures, such as a-aminobenzothiazol-2-
ylacetic acid is known to undergo decarboxylation at room tem-
perature [72]. Compound 8t underwent decarboxylation during
the hydrolysis step. Compounds 6j, 61 and 6r passed validation

in moderate to good yields (Scheme 8).

o 1. Zn dust (3 equiv), HCI 4 N in dioxane (9 equiv), EtOH 0
OEt OEt
@ l\\l OH 2a. TEA (8 equiv), Boc,O (2.1 equiv), EtOH, rt, 2 h @ NHR

2b. HCI (2 equiv), 0.2 h

0
[ >_2LoEt >_2¥0|5t Q—?L :>—2L N@_&Loa OEt
/
NHBOC E:[ NH,CI NH cl— Bn’ NH3CI™ NH,CI 6t NHBoc
56% yleld( ) 74% yleld (b) 69% y|e|d( ) 62% yleld (b) 64% ylgld 3%4323'3'(1( )
(25%) (64%) (61%) (34%) (38%) (48%)
éram scale experiment T e
S
@ e — @ S ; .
Negishi coupling Z~N oximation N OH reduction NH3 cl

1i

9.7 mmol, 2.1 g 9.3 mmol, 2.1 g, 96%

6.5 mmol, 1.8 g, 70%
(67%)

9.3 mmol, 2.3 g, quant. yield

Scheme 7: Amino ester production: general scheme, scope and gram scale experiment. The numbers in brackets represent the overall yield for the
synthesis of the amino esters from the Negishi coupling till the reduction/protection step.
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NH,

S
[ >
N COOEt
6b

NH,

S

COOEt
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NH2

COOEt
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/
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N
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COOEt

ester 2nd reverse
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34%

legend

. failed reaction

30-50% yield

@ >50% yield

no reaction attempted

Scheme 8: Reactions scheme and results for the on-DNA experiments. The reported values represent the normalized yield for each reaction (Sup-

porting Information File 1).

Conclusion

In conclusion, by taking advantage of the recent advances in the
Negishi cross-coupling reaction we obtained a broad range of
heteroarylacetates starting from heteroaromatic halides. One
compound from each subclass of medicinal chemistry-relevant
substrates (thiazoles, pyrazoles, etc.) was used for the prepara-
tion of o-heteroaryl-a-amino esters via the insertion of an oxime
group and subsequent reduction step. The procedure relies
solely on readily available and widely used reagents, rendering
our approach well-suited for both industrial and academic

settings. The synthesized amino esters were engaged in a three-

step on-DNA validation protocol, demonstrating their possible
application for DEL production.

Supporting Information

Supporting Information File 1
Experimental part and NMR spectra.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-168-S1.pdf]
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A flow photochemical reaction system for a m-Lewis acidic metal-catalyzed cyclization/radical addition sequence was developed,

which utilizes in situ-generated 2-benzopyrylium intermediates as the photoredox catalyst and electrophilic substrates. The key

2-benzopyrylium intermediates were generated in the flow reaction system through the intramolecular cyclization of ortho-carbon-

yl alkynylbenzene derivatives by the m-Lewis acidic metal catalyst AgNTf, and the subsequent proto-demetalation with trifluoro-

acetic acid. The 2-benzopyrylium intermediates underwent further photoreactions with benzyltrimethylsilane derivatives as the

donor molecule in the flow photoreactor to provide 1H-isochromene derivatives in higher yields in most cases than the batch reac-

tion system.

Introduction

Flow chemistry has been actively studied in recent years as a
method to run a reaction continuously using a flow path or tube,
rather than in a flask [1-16]. This method has attracted much
attention because, unlike a batch reaction system, it allows for
rapid generation of unstable chemical species by controlling pa-

rameters such as flow velocity and mixing properties, and in

some cases makes it possible to achieve reactions that are diffi-
cult to perform using batch chemistry [17-21]. In general, effi-
cient two-phase mixing and heat transfer, as well as ease of
scale-up, are the advantages of using a flow system. In addition,
reproducibility in a liquid-liquid flow system is improved

because the flow velocity and temperature can be precisely con-
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trolled by using a syringe pump and a temperature control unit,
respectively. Moreover, as the reaction mixture continues to
flow and the reaction can be quenched immediately when
necessary, the decomposition of an unstable product under the
reaction conditions can be avoided [22-25]. Furthermore, when
a photoreaction is performed in a flow system, there is an
advantage that the light irradiation efficiency [26-29] is in-
creased. Thus, the flow photochemical process is crucial and

beneficial to product formation.

Recently, we reported a sequential transformation consisting of
am-Lewis acidic metal-catalyzed cyclization [30-45] and subse-
quent photochemical radical addition [46-54], which affords
1H-isochromene derivatives 3 through three catalytic cycles
(Scheme 1a) [55]: catalytic cycles I and II and a photoredox
cycle of the photocatalyst [56,57] (see Supporting Information
File 1 for the overall catalytic cycles). In catalytic cycle I, the
key cationic components, 2-benzopyrylium intermediates A, are
generated in situ by the activation of the alkyne moiety of
ortho-carbonyl alkynylbenzene derivatives 1 in the presence of
the m-Lewis acidic metal catalyst [M]X [AgNTf, or Cu(NTf,),]
and subsequent intramolecular cyclization followed by proto-
demetalation with trifluoroacetic acid (TFA). In catalytic cycle
I, photoexcitation of the generated 2-benzopyrylium intermedi-
ates A under light irradiation facilitates single-electron transfer
(SET) from benzyltrimethylsilane derivatives 2 as the donor
molecule, initiating further radical reactions through the forma-
tion of radical cations B. Nucleophilic arylmethyl radicals C,
which are generated from radical cations B by desilylation,
undergo an addition reaction with 2-benzopyrylium intermedi-
ates A, giving rise to the corresponding radical cation. Catalytic
cycle II is completed through a SET from D, a reduced form of
the photoredox catalyst 2-benzopyrylium intermediates A, to
the generated radical cation, affording 1H-isochromene deriva-
tives 3. The photoredox cycle is also completed with the regen-
eration of cations A through SET from D.

The most distinctive feature of this sequential transformation is
that the in situ-generated 2-benzopyrylium intermediates A are
used not only as an electrophile but also as a photoredox cata-
lyst. However, as this reaction is carried out under relatively
harsh conditions (i.e., light irradiation, use of an excess amount
of TFA), the stability of products 3 was a concern. Indeed,
subjecting product 3a to the optimal reaction conditions with
either AgNTf, or Cu(NTf,), resulted in the significant degrada-
tion of 3a, although the degradation of 3a was partially
suppressed when AgNTf, was used (Scheme 1b). Accordingly,
we envisioned that the characteristics of the flow photochemi-
cal process, i.e., efficient light irradiation and immediate separa-
tion of the formed product from the reaction system, would be

suitable for this sequential reaction. Here, we report the results
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Scheme 1: (a) Sequential m-Lewis acidic metal-catalyzed cyclization/
photochemical radical addition for the formation of 1H-isochromene
derivatives 3 and its plausible catalytic cycles. (b) Stability of 3a under
the optimal reaction conditions of the batch reaction.

of our investigation on the use of a flow photochemical reac-
tion system to improve the yield of the present sequential trans-

formation.
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Results and Discussion

At the outset of our studies to optimize the flow reaction condi-
tions, we employed AgNTTf, as the m-Lewis acidic metal cata-
lyst because of its high solubility in 1,2-dichloroethane (1,2-
DCE) [58] and ability to partially suppress the degradation of
the product formed (Scheme 1b). When designing a flow reac-
tion system for the present sequential transformation, we
considered the fact that the transformation involves three cata-
lytic cycles. In particular, given that catalytic cycle I (see
Scheme 1a) generates, e.g., key cationic components, 2-benzo-
pyrylium intermediates A without light irradiation, it is neces-
sary to ensure that the reaction time of catalytic cycle I is not
affected by the timescale of the flow reaction. Therefore, we
adopted a dual syringe system in which two solutions are mixed
before being introduced into the photoreactor (volume: 1.0 mL)
(Table 1, top right). After several trials, we decided to fill
syringe A with o-alkynylacetophenone 1a and syringe B with
AgNTf,, P(4-CF3CgHy)3, benzyltrimethylsilane (2a, TMSBn),
and TFA (see Supporting Information File 1 for details). At this

Table 1: Screening of reaction conditions in the flow reaction system?.

TMSBnN 2a (10 equiv)
Ph AgNTf, (x mol %)
é P(4-CF3CGH4)3 (y mol %) Ph
TFA (5 equiv) (\ X
(zM)

1,2-dichloroethane ©
Me 25 °C, flow rate R (mL/h) Me Ph
1a blue LED (450 nm) 3a
0.1 mmol

syringe A: R/2 mL/h (1ain 1,2-DCE)

Beilstein J. Org. Chem. 2024, 20, 1973-1980.

time, the volumes of the solutions placed in the two syringes
were adjusted to be approximately the same. The initial condi-
tions of the flow reaction were based on those of the batch reac-
tion [0.1 mmol of 1a, 10 pmol (10 mol %) of AgNTf;, 20 umol
(20 mol %) of P(4-CF3CgHy)3, 1.0 mmol (10 equiv) of 2a, and
0.5 mmol (5 equiv) of TFA under light irradiation (blue LED:
Amax = 448 nm) at 50 °C for 1 h in 1 mL (total volume) of 1,2-
DCE] [55] with a flow rate of 3 mL/h (light irradiation time:
20 min in the flow reaction, 1 h in the batch reaction). As
shown in Table 1, product 3a was obtained in moderate yield
(entry 1: 42%, cf. batch reaction: 76%). Lowering the reaction
temperature to 25 °C reduced the yield (Table 1, entry 2: 35%),
but decreasing the amount of the phosphine ligand from
20 mol % to 5 mol % markedly improved the yield (Table 1,
entry 3: 53%). Even when the flow rate was increased from 3
mL/h to 24 mL/h (light irradiation time was shortened from
20 min to 2.5 min), the yield of 3a was maintained (Table 1,
entry 4: 53%). Under these conditions, no improvement in yield
was observed when the premixing zone (0.7 mL) was provided

blue light (A = 450 nm) irradiation

syringe A

quenched
by
thermally controlled) ag NaHCO3

syringe B

volume of premixing volume of light irradiation

syringe B: R/2 mL/h (all other reactants/reagents in 1,2-DCE) zone: 0.7 mL zone: 1.0 mL
Entry  AgNTf, P(4-CF3CgHy4)3 Conc. of 1a Flow rate Premixing Yield of 3a Recovery of 1a
(x mol %) (v mol %) (zM) (R mL/h) zone (mL) (%)P (%)P
1° 10 20 0.1 3 none 42 0
2 10 20 0.1 3 none 35 22
3 10 5 0.1 3 none 53 1
4 10 5 0.1 24 none 53 0
5 10 5 0.1 24 0.7 52
6 5 2.5 0.1 24 none 26 14
7 5 2.5 0.1 24 0.7 49 0
8 5 2.5 0.05 24 0.7 61 0
9 2 1 0.05 24 0.7 28 28
10d 5 2.5 0.05 24 0.7 77 0

aUnless otherwise noted, all reactions were carried out in a flow photochemical reactor (volume: 1.0 mL, Aynay = 450 nm) using a dual syringe system,
as shown in the table scheme. Syringe A: 0.1 mmol of 1ain 1,2-DCE (0.55 mL). Syringe B: AgNTf,, P(4-CF3CgHg4)3, TMSBn (2a), and TFA in 1,2-
DCE (0.45 mL); byield was determined by NMR analysis using 1,1,2,2-tetrabromoethane as an internal standard; At 50 °C. dReaction was con-
ducted on a 0.5 mmol scale. Syringe A: 0.5 mmol of 1a in 1,2-DCE (5.4 mL). Syringe B: 25 pmol (5 mol %) of AgNTfp, 12.5 umol (2.5 mol %) of
P(4-CF3CgH4)3, 5 mmol (10 equiv) of TMSBn (2a), and 2.5 mmol (5 equiv) of TFA in 1,2-DCE (4.6 mL).
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(Table 1, entry 5: 52%); however, the effect of adding the
premixing zone was remarkable when the amount of AgNTf,
was reduced by half (5 mol %; Table 1, entry 6 vs entry 7: 26%
vs 49%). These results suggest that the generation of 2-benzo-
pyrylium intermediates A, (i.e., catalytic cycle I) requires a
certain reaction time (at this flow rate: ca. 2 min). Moreover, the
yield of 3a was improved when the concentration of 1a was
lowered from 0.1 M to 0.05 M (Table 1, entry 8: 61%). Mean-
while, further reducing the catalyst loading from 5 mol % to
2 mol % resulted in a significant decrease in yield (Table 1,
entry 9: 28%). When the reaction was scaled up from 0.1 mmol
to 0.5 mmol of 1a in consideration of the dead volume of the
flow reactor, the product 3a was obtained in markedly im-
proved yield (Table 1, entry 10: 77%) [59] which was compa-
rable to that of the batch reaction (76%). Notably, however, the
present flow reaction was performed at 25 °C (batch: 50 °C)
with half the amount of AgNTf; (flow: 5 mol %, batch:
10 mol %), and the light irradiation time was shortened to only
2.5 minutes (batch: 1 h). Thus, under the optimal conditions

Table 2: Scope of substrates?@.

Beilstein J. Org. Chem. 2024, 20, 1973-1980.

(Table 1, entry 10), the flow reaction system proved extremely
useful for improving the efficiency of the present photochemi-

cal sequential transformation.

With the optimal flow reaction conditions in hand, we next in-
vestigated the scope of substrates 1 by introducing a series of
substituents to the terminal phenyl group. The results of the
batch reaction system are also shown for comparison in Table 2
(right-hand side) [55]. As expected, the use of the flow reaction
system significantly increased yields, although the yields ob-
tained in the reactions of substrates having an electron-donat-
ing methoxy group were low to moderate regardless of the sub-
stitution pattern (Table 2, entries 1, 2, and 6). Indeed, when a
methoxy group was introduced at the para-position, product 3b
was obtained in low yield (Table 2, entry 1: 14%). Because this
yield was lower than that obtained in the batch reaction (48%),
the flow reaction conditions for 1b were thoroughly reconsid-
ered (see Supporting Information File 1 for details). As a result,
extending the premixing time and the light irradiation time

R1 AgNTTf, (5 mol %)
O P(4-CF3CgHy)3 (2.5 mol %)
2 TFA (5 equiv
RY Z RS e e sives © e
. 1,2-dichloroethane (0.05 M)
O 0 2a (10 equiv)
R5 25 °C, flow rate (24 mL/h)
Me blue LED (450 nm)
1 syringe A: 12 mL/h (1 in 1,2-DCE) 3
syringe B: 12 mL/h (all other reactants/reagents in 1,2-DCE)
Entry 1 R? R2 RS R4 RS 3 Yield of 3 Batch reaction using AgNTf,. Yield
(%)P of 3 (%)Pc
1 1b MeO H H H H 3b 14 48d
2¢ 1b 3b 54
3 1c Me H H H H 3c 76 21
4 1d Br H H H H 3d 57 10
5 1e CF3 H H H H 3e 77 65
6 1f H MeO H H H 3f 39 40
7 1g H Me H H H 3g 75 50
8 1h H Br H H H 3h 68 63
9 1i H CF3 H H H 3i 65 42
10 1j H H Me H H 3j 76 72
11 1k H H H F H 3k 79 -
12 1l H H H H F 3l 75 -

aUnless otherwise noted, all reactions were carried out in the flow photochemical reactor (volume: 1.0 mL, Amax = 450 nm) having a 0.7 mL premixing
zone using a dual syringe system with a flow rate of 24 mL/h (12 mL/h for each syringe) at 25 °C. Syringe A: 0.5 mmol of 1 in 1,2-DCE (5.4 mL).
Syringe B: 25 pmol (5 mol %) of AgNTfp, 12.5 pmol (2.5 mol %) of P(4-CF3CgH4)3, 5 mmol (10 equiv) of TMSBn (2a), and 2.5 mmol (5 equiv) of TFA
in 1,2-DCE (4.6 mL). ®Yield was determined by NMR analysis using 1,1,2,2-tetrabromoethane as an internal standard. Substrates 1 were not recov-
ered in all cases. All products 3 were isolated before structural assignment. “Batch reaction conditions (see ref. [55]): Unless otherwise noted, all reac-
tions were carried out using blue LED (Amax = 448 nm), 0.1 mmol of 1, 1.0 mmol (10 equiv) of TMSBn (2a), 10 pmol (10 mol %) of AgNTfp, 20 pmol
(20 mol %) of P(4-CF3CgH4)3, and 5 equiv of TFA in 1,2-DCE (1.0 mL: 0.1 M of 1) at 50 °C for 1 h. 9At 0 °C for 6 h. €The flow photochemical reactor
having a 1.1 mL premixing zone using a dual syringe system with a flow rate of 6 mL/h (3 mL/h for each syringe).
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(Table 2, entry 2) led to an improved yield; the obtained yield
was higher than that of the batch reaction system even when
half the amount of AgNTf, was used with the temperature
reduced to 25 °C (flow: 54% vs batch: 48%). Meanwhile, the
reaction of substrate 1¢ having a methyl group as a weak elec-
tron-donating group at the para-position afforded product 3¢ in
high yield (Table 2, entry 3: 76%). In addition, the reaction of
1d having a bromo group resulted in a moderate yield, but with
a significant improvement compared with the batch reaction
(Table 2, entry 4: 57% vs 10%). The reaction of 1e substituted
with a strong electron-withdrawing trifluoromethyl group
afforded the product 3e in high yield (Table 2, entry 5: 77%),
again confirming the high efficiency of the flow reaction system
(batch: 54%). Next, the effects of the substituent at the meta-po-
sition were investigated. Substrate 1f having a methoxy group
afforded compound 3f in only moderate yield (Table 2, entry 6:
39%), similar to the batch reaction (40%). The reactions of sub-
strates having a methyl, bromo, or trifluoromethyl group gave
the corresponding products 3g—i, respectively, in good yields
(Table 2, entries 7-9). The ortho-methyl-substituted substrate 1j
was also compatible, affording product 3j in good yield
(Table 2, entry 10: 76%). This yield was comparable to that of
the substrate having a methyl group at the para- or meta-posi-
tion, despite the steric hindrance of the ortho-substituent
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(Table 2, entry 10 vs entries 3 and 7). When a fluoro group was
introduced to the tethering phenyl backbone, a high yield was
obtained regardless of whether it was introduced at the 6- or
7-position (Table 2, entries 11 and 12).

Next, the effects of a carbonyl substituent, instead of a methyl
ketone substituent, were investigated (Table 3). First, the reac-
tion was performed with phenyl ketone 1m, but product 3m was
obtained in low yield (Table 3, entry 1: 7%). This yield was
lower than that obtained in the batch reaction (30%), and
because 28% of 1m were recovered, the flow reaction condi-
tions were further examined (see Supporting Information File 1
for details). Although the yield of 3m was improved to 19%
(Table 3, entry 2) by increasing the temperature of the
premixing zone from room temperature to 50 °C and reducing
the flow rate from 24 mL/h to 6 mL/h (light irradiation time was
extended from 2.5 min to 10 min), it did not exceed the yield of
the batch reaction. In contrast, aldehyde 1n having a simple
phenyl group gave product 3n in good yield (Table 3, entry 3:
72%). Because the yield of this flow reaction was better than
that of the batch reaction (65%), the reactions of aldehydes with
a series of substituents introduced to the terminal phenyl group
were further investigated (Table 3, entries 4-7). Aldehydes
having an electron-donating methyl group and an electron-with-

Table 3: Sequential transformation of phenyl ketone 1m and aldehydes 1n—r2.

"

AgNTf, (5 mol %)
P(4-CF3CgHa)s (2.5 mol %)

Z I . Ph/\SiMeg TFA (5 equiv)

O o 2a (10 equiv) 1,2-dichloroethane (0.05 M)
25 °C, flow rate (24 mL/h)
R? blue LED (450 nm)
1 syringe A: 12 mL/h (1 in 1,2-DCE) 3
syringe B: 12 mL/h (all other reactants/reagents in 1,2-DCE)
Entry 1 R! R2 R3 3 Yield of 3 Recovery of 1 Batch reaction using AgNTf,. Yield
(%)P (%)P of 3 (%)°

1 1m Ph H H 3m 7 29 30
2de 1im 3m 19 0
3 1n H H H 3n 72 0 65'
4 10 H Me H 30 82 5 -
5 1p H Br H 3p 75 0 34
6 1q H CF5 H 3q 63 18 -
7® 1r H H Me 3r 73 8 -

aUnless otherwise noted, all reactions were carried out in the flow photochemical reactor (volume: 1.0 mL, Amax = 450 nm) having a 0.7 mL premixing
zone using a dual syringe system with a flow rate of 24 mL/h (12 mL/h for each syringe) at 25 °C. Syringe A: 0.5 mmol of 1 in 1,2-DCE (5.4 mL).
Syringe B: 25 pmol (5 mol %) of AgNTfp, 12.5 pmol (2.5 mol %) of P(4-CF3CgH4)3, 5 mmol (10 equiv) of TMSBn (2a), and 2.5 mmol (5 equiv) of TFA
in 1,2-DCE (4.6 mL). ®Yield was determined by NMR analysis using 1,1,2,2-tetrabromoethane as an internal standard. All products 3 were isolated
before structural assignment. “Batch reaction conditions: unless otherwise noted, reactions were carried out using 0.1 mmol of 1, 1.0 mmol (10 equiv)
of TMSBn (2a), 10 pmol (10 mol %) of AgNTfp, 20 pmol (20 mol %) of P(4-CF3CgH4)3, and 5 equiv of TFA in 1,2-DCE (1 mL: 0.1 M of 1) at 50 °C for
1 h. 9The flow photochemical reactor having a 0.5 mL premixing zone using a dual syringe system with a flow rate of 6 mL/h (3 mL/h for each syringe).
eThe temperature of the premixing zone was increased to 50 °C. 'The reaction was performed using 0.05 M of 1 and 2.5 equiv of TFA for 2 h.
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drawing bromo group at the para-position of the phenyl moiety
gave products 3o and 3p, respectively, in high yields (Table 3,
entries 4 and 5). The aldehyde 1q bearing a strong electron-
withdrawing trifluoromethyl group at the para-position gave
product 3q in moderate yield (Table 3, entry 6: 63%), with the
recovery of substrate 1q (18%). The reaction of ortho-methyl-
substituted aldehyde 1r afforded the product 3r in high yield
when the temperature of the premixing zone was increased to
50 °C (Table 3, entry 7: 73%).

The scope of donor molecules 2b and 2¢ having an electron-
withdrawing trifluoromethyl group and an electron-donating
methoxy group [60,61] at the para-position of the benzyl-
trimethylsilane, respectively, was also investigated in the
present flow reaction system (Scheme 2). As expected, the flow
reaction of 2b having a trifluoromethyl group afforded product
3s in higher yield (50%) than that of the batch reaction (18%)
under the optimal reaction conditions. In contrast, in the flow
reaction of 2¢ having a methoxy group, product 3t was ob-
tained in a markedly lower yield (32%) than that of the batch
reaction (54%). However, extending the light irradiation time
by reducing the flow rate from 24 mL/h to 6 mL/h (light irradia-
tion time: 24 mL/h = 2.5 min, 6 mL/h = 10 min) significantly
improved the yield of 3t (78%), presumably because of the
retardation of the desilylation process (from B to C in

Scheme 1a).

AgNTf, (5 mol %)
P(4-CF3C6H4)3 (25 mol %)

1a Ph
TFA (5 equiv) | XX
+
. 12-dichloroethane (0.05 M) O
Ar™ "SiMes 55 o¢ flow rate (24 mL/h) Mé \—Ar
(10 equiv) blue LED (450 nm) 3

2b: Ar =4-CF3CgH;-
2c: Ar = 4-MeOCgHy4-

syringe A: 12 mL/h (1ain 1,2-DCE)
syringe B: 12 mL/h (all other reactants/reagents in 1,2-DCE)

yield of 3 (%) flow reaction cf. batch reaction (ref. [55])
3s: Ar = 4-CF3CgHg- 50 18
3t Ar=4-MeOCgH,- 32 (78) 54

Scheme 2: The reaction with benzyltrimethylsilane derivatives 2.
aFlow rate was 6 mL/h and premixing zone was 0.2 mL.

Conclusion
We have demonstrated a flow reaction system for a m-Lewis
acidic metal-catalyzed cyclization/photochemical radical addi-

tion sequence, affording, in most cases, the 1H-isochromene de-

Beilstein J. Org. Chem. 2024, 20, 1973-1980.

rivatives in higher yields than the batch reaction system, even
with the amount of the r-Lewis acidic metal catalyst reduced by
half. In the present sequential transformation, the key cationic
species, 2-benzopyrylium intermediates, were generated in situ
through the AgNTf,-catalyzed intramolecular cyclization of
ortho-carbonyl alkynylbenzene derivatives and subsequent
proto-demetalation with TFA. Further photoreactions of
2-benzopyrylium intermediates with benzyltrimethylsilane de-
rivatives as the donor molecule were conducted in the flow
photoreactor. We confirmed that the flow reaction system is an
excellent method for improving the efficiency of the present
sequential transformation, avoiding product degradation under
photochemical reaction conditions. Further investigation of
other flow photochemical reactions using in situ-generated

organic cations is in progress in our laboratory.
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The direct nucleophilic addition of amides to unfunctionalized alkenes via photoredox catalysis represents a facile approach

towards functionalized alkylamides. Unfortunately, the scarce nucleophilicity of amides and competitive side reactions limit the

utility of this approach. Herein, we report an intramolecular photoredox cyclization of alkenes with f-lactams in the presence of an

acridinium photocatalyst. The approach uses an intramolecular nucleophilic addition of the B-lactam nitrogen atom to the radical

cation photogenerated in the linked alkene moiety, followed by hydrogen transfer from the hydrogen atom transfer (HAT) catalyst.

This process was used to successfully prepare 2-alkylated clavam derivatives.

Introduction

Access to nitrogen radicals for the functionalization of alkenes
is a field under active investigation [1-4], as it gives the possi-
bility to directly introduce nitrogen into an alkyl chain (alkene
carboamination) to obtain valuable nitrogen-containing mole-
cules [5,6]. Among several N-centered radicals, such as aminyl,
amidyl, or iminyl radicals, N-heterocyclic amidyl radicals were
largely underinvestigated despite their importance as intermedi-
ates or relevant N-heterocyclic products in medicinal chemistry
[7-10].

Recently, photoredox catalysis has emerged as a novel area of
research [11,12], particularly focusing on innovative ap-
proaches to synthesize natural or bioactive compounds [13]. In
the carboamination of alkenes, amides are used in photoredox
cyclizations under proton-coupled electron transfer (PCET)
conditions [14-17]. An alternative method to generate N-amidyl
radicals uses activated N—O amide derivatives capable of gener-
ating amidy] radicals through fragmentation [18,19]. The direct
formation of amidyl radicals in the presence of a carbon alkyl
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chain could lead to a competitive 1,5-hydrogen atom transfer
(1,5-HAT) [20-22], limiting the direct functionalization of
amides with alkenes under photoredox conditions. Another
viable approach for amide functionalization through photoredox
catalysis involves the nucleophilic addition, in the presence of
base, of an amide to a radical cation obtained by oxidation of an
unfunctionalized alkene moiety (Figure 1A) [23-25]. The
nucleophilic attack of the nitrogen atom on the oxidized C=C
double bond results in the formation of a radical intermediate
after deprotonation. This radical intermediate can proceed
through various pathways (e.g., HAT, oxidation) to yield the
desired final product.

In the functionalization of amides with alkenes under oxidative
conditions, the oxidation potential of the alkene plays a pivotal
role in the oxidation to a radical cation through photoredox ca-
talysis [26]. Alkenes that are less functionalized possess a
higher oxidation potential, necessitating the use of potent photo-
catalysts (PC) that act as oxidants in the excited state [27]. The
direct functionalization of amides with alkenes has been a rela-
tively underexplored area in research, as evidenced by the
limited number of examples reported in the literature. An inter-
esting observation was made by the Nicewicz group during
their investigation of the hydrofunctionalization reaction of
unsaturated amides and thioamides [28]. They have found that
the oxygen atom of the amide group, rather than the nitrogen
atom, acted as a nucleophile, leading to the formation of 2-oxa-
zolines and 2-thiazolines. Another recent example of intramo-

lecular nucleophilic attack induced by photocatalytic oxidation

A) a challenging reaction

Beilstein J. Org. Chem. 2024, 20, 2461-2468.

was reported by Yoon et al. with tosylamide derivatives [29].
Specifically, amides were employed in a photoredox cycliza-
tion process using a strong photooxidative acridinium catalyst
such as the Fukuzumi catalyst (I, Figure 1B) [30,31]. Through
tailored molecular design, it is possible to enhance the oxida-
tion capability of these catalysts, enabling the utilization of less
reactive alkenes and even aromatic molecules such as toluene
[32].

Until now, heterocyclic amides such as pf-lactam compounds
have not been employed in alkene carboaminations. However,
photoredox catalysis could be applied to a suitable B-lactam
intermediate decorated with an alkene moiety to achieve N-H
addition and cyclization to the fused bicyclic system of clavams
(Figure 2A).

Clavulanic acid (1, Figure 2B) belongs to the family of clavam
B-lactam compounds and is well known as a potent f-lactamase
inhibitor [33,34]. It is produced by the filamentous bacterium
Streptomyces clavuligerus, but in low yield. Various clavams
2-5 have been identified (Figure 2B), either through isolation as
natural metabolites or obtained by synthetic methods [35-43].
The inhibitory activity of f-lactamases is exhibited by those
congeners with a (3R,5R)-configuration, such as clavulanic acid
(1), whereas clavams with other configurations are not lacta-
mase inhibitors, although some of these have antifungal or anti-
bacterial properties [35]. In the literature, oxacepham scaffolds,
the 6-membered fused bicyclic analog of clavams, were pre-
pared from appropriately substituted unfused precursors by

, NHRZ  PC NHR2 base g RO HAT
LUNRZ i
‘ light . -
TR 9 N R/} or—e

B) examples of Fukuzumi’s derivatives

Me

X

I: X = Me, *E,x = 2.06 V vs SCE
(Fukuzumi'’s catalysts)

Il: X=F, *Eox =2.20 V vs SCE
ll: X =Cl, *Eox =2.21 V vs SCE

IV: *Ey =2.09 V vs SCE

Me Me Me Me
= =
~t | Tt l
N t-Bu N t-Bu
Me -l
BF4~ v
BF4~

Figure 1: A) Photoredox amidocyclization reaction. B) The strongly oxidizing Fukuzumi catalyst (I) used in the functionalization of alkenes by amides,

and more recent variants.
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Figure 2: A) Access of clavam derivatives by intramolecular
photoredox reaction of alkenes. B) Clavulanic acid and its derivatives.
C) Construction of the oxacepham scaffold by radical cyclization.

intramolecular C-radical addition to alkene functionalities [44].
The utilization of radical conditions has prevented the effective
nucleophilic opening of the lactams.

Notably, all reported structures have alkyl or aryl substituents in
position 3 of the clavam ring. Conversely, clavams substituted

O ¥ Zn(OAc)y, 0.6 equi
n(OAc),, 0.6 equiv
J/:NH ' HO&%\W .
o R3 toluene, 60 °C
6 7a-h

R2
Zn(OAc), 0.6 equiv
+ -

toluene, 60 °C
Tc—f

TBS = t-BuMe,Si
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with alkyl chains at the 2-position, to the best of our knowledge,
have not been previously reported and are absent from common
organic compound databases. To explore potential biological
effects, a simple and modular approach to these molecules is
thus required. Based on this, we decided to use photoredox
chemistry to access 2-alkylclavams through a simplified synthe-
tic pathway. We investigated the intramolecular nucleophilic
addition of the nitrogen atom of the f-lactams to photooxidized
alkenes (Figure 2A), and our findings are presented in this
study.

Results and Discussion

The initial phase of our investigation involved the synthesis of
suitable starting compounds for the following oxidative cycliza-
tion. For this purpose, a series of 4-alkoxy-f-lactams contain-
ing an alkene group was readily synthesized starting from com-
mercially available 4-acetoxy-2-azetidinone (6) by nucleophilic
displacement of the 4-acetoxy group with allylic alcohols
promoted by Zn(OAc); (see compounds 8a—h, Scheme 1) [45].
Similarly, enantiopure derivatives 10c—f were synthesized from
the commercially available -lactam 9, a key intermediate for

the industrial preparation of carbapenems.

Starting from the reaction conditions reported by Nicewicz and
Morse [28], we optimized the conditions with compound 8c as
the model substrate for the photoredox cyclization (Table 1).
The reaction was carried out in DCM with acridinium PC IV
(5 mol %), 50 mol % of PhSSPh as HAT catalyst, and lutidine
(50 mol %) as the base.

Upon 72 hours of irradiation with a blue light at 456 nm, the
product 11c¢ was obtained in a satisfactory yield as a mixture of
diastereoisomers in a 1.4:1 ratio (Table 1, entry 1). Assignment

of the relative configurations as cis or trans was achieved by

8a:R'"=R2=R3=H, 71%

8b: R' = R?= Me, R3=H, 50%
8c:R'=Ph,R2=R3=H, 74%

8d: R' = 4-MeOCgH,, R2= R3 = H, 85%
8e: R = 3-thiophenyl, RZ= R3=H, 63%
8f: R'=R2=Ph, R3=H, 92%

8g: R'= Ph, R2= H, R3 = n-CgH11, 76%
8h: R'= OCH,Ph, R2= H, R3= H, 72%

10c: R'=Ph, R?=H, 68%

., L0
10d: R' = 4-MeOCgHg, R2 = H, 73%
NH & _R?

10e: R'= 3-thiophenyl, R2= H, 66%
10f: R'=R2=Ph, 56%

Scheme 1: Preparation of alkenyl B-lactam derivatives for the intramolecular photoredox reaction.
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Table 1: Intramolecular cyclization of B-lactams induced by photoredox conditions.2

IV, 5 mol %
PhSSPh, 50 mol %

);( 2,6-lutidine, 50 mol %
R DCM (0.3M)

72 h
456 nm blue light, 40 W

(maijor)

entry deviation from standard conditions

absence of IV
absence of light
reaction time 14 h
20 mol % PhSSPh, 20 mol % 2,6-lutidine
DMF solvent
MeCN solvent
DCE solvent
l instead of IV
0 3CzCIIPN instead of IV

= © 0o N O O~ WN =

g .
o) i 0
> +
Nt N\‘{/Ph
o Aopn O

()-trans-11c

Cov Y
BCZCCIIIIPN

()-cis-11c
(minor)

conversion to 11¢, %P¢ drd
72 (70) 1.4:1
0 J—

0 J—
traces —
49 1.4:1
0 J—
68 1.4:1
49 1.4:1
60 1.4:1
0 J—

aThe reactions were conducted under irradiation with a Kessil blue light (40 W) for 72 hours on a 0.05 mmol scale. ®Conversion determined by
TH NMR analysis of the crude reaction mixture. ®In parentheses: isolated yield after purification by flash column chromatography. 9Trans/cis dr deter-

mined by 'H NMR analysis on the crude reaction mixture.

'H NMR analysis, considering the chemical shifts of the proton
in the a-position of the f-lactam nitrogen atom and the geminal
protons in the benzylic position (see Supporting Information
File 1). The difference in the chemical shifts of these protons in
the two isomers could be attributed to the influence of the
anisotropy of the neighboring carboxy group of the p-lactam
and could be correlated with the configuration at the bridge-
head stereocenter [46]. This analysis revealed the preferred for-

mation of the trans- over the cis-isomer.

The optimal PC for the reaction was acridinium salt IV
(Table 1, entry 1), while the Fukuzumi catalyst (I), commonly
employed by Nicewicz et al., was less effective (Table 1, entry
9). 3CzCIIPN, an organic dye belonging to the class of ther-
mally activated delayed fluorescence (TADF) dyes commonly
employed nowadays in photoredox catalysis [47], was tested in
our reaction. This dye was chosen due to its oxidizing proper-
ties, and it ranks among the most oxidizing agents within this
class of compounds (E1,;[*PC/PC*"] = +1.56 V vs SCE) [48],
but it proved ineffective in our reaction (Table 1, entry 10). The
reaction was successfully conducted in various solvents, such as
DCM, DCE, and MeCN (Table 1, entries 1, 7, and 8). However,
DMF failed to yield the desired product (Table 1, entry 6).
Shortening the reaction time to 14 hours resulted in minimal

product formation (Table 1, entry 4), while reducing the amount

of PhSSPh and lutidine to 20 mol % led to a lower yield
(Table 1, entry 5).

With the optimized reaction conditions in hand, we submitted
the previously prepared 4-alkoxy-p-lactam substrates 8a—h to
photoredox conditions (Scheme 1), and the salient results are re-
ported in Scheme 2. Unfortunately, the substrates 8a.,b
displayed low reactivity due to their significantly higher oxida-
tion potential compared to the excited photoredox catalysts
(>2.5 V vs SCE) [49]. However, other derivatives exhibited a
satisfactory product yield ranging from moderate to good. Sub-
strate 8d exhibited an enhancement in reaction diastereoselec-
tivity, resulting in the isolation of product 11d with a dr of 6.7:1
in favor of the trans-diastereoisomer. Remarkably, the forma-
tion of a fully substituted quaternary center was possible, as ob-
served for the product 11g, where the frans-diastereoisomer was
favored.

In this study, enantiopure 3-(1’-(fert-butyldimethylsilyl)ethyl)-
B-lactams 10c—f were also tested. Products 12¢—f were obtained
with moderate to good yield, underscoring the feasibility of the
methodology for the C3-substituted B-lactam moiety. The con-
figuration at the newly formed stereocenter in the five-mem-
bered ring was attributed by 'H NMR analysis for 11¢. More-

over, the configuration was also confirmed by NOE studies on
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IV, 5 mol %
0 PhSSPh, 50 mol %
2,6-lutidine, 50 mol %

DCM (0.3 M)
R’ 72h

456 nm blue light , 40 W

o n-CeHis

119, dr 1.4:1, 47%
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H

H
N 2 + /l;'/
R N 2
o Zz( S ;;Z(R
R R1 R R1

(x)-trans-11 ()-cis-11
(major) (minor)

OTBS IV, 5 mol %
PhSSPh, 50 mol %

.0
2,6-lutidine, 50 mol %
NH . _R? >
o] DCM (0.3 M)
R'I

72h
456 nm blue light , 40 W

12c, dr 1.2:1, 65% 12d, dr 5.6:1, 65%

OTBS

12e,dr 1.6:1,40%  12f, dr> 20:1, 31%

Scheme 2: Photoredox-catalyzed intramolecular N-alkylation reactions of various B-lactams. The transi/cis dr was determined by "H NMR analysis of

the crude reaction mixture.

the two isolated diastereoisomers, which confirmed the
preferred trans-isomer formation (see Supporting Information
File 1).

Analysis of the dr values revealed that the diastereoselectivity
of the nucleophilic attack of the f-lactam on the radical cationic
intermediate was influenced by stereoelectronic factors. Com-
pounds unsubstituted at position C-3 of the pB-lactam ring,
11d-h, showed modest stereoselectivity with a higher dr (6.7:1)

for compound 11d, which has an electron-donating methoxy
group on the phenyl substituent. Derivatives with a 3-OTBS
side chain, 12c—e, displayed moderate diastereoselectivity,
except for the higher diastereoselectivity achieved for 12f (dr
20:1), probably due to steric effects, albeit at the expense of a
reduced isolated yield.

Across all tested substrates, nucleophilic attack predominantly

occurred at the homobenzylic position, leading to the regiose-
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lective formation of clavam derivative with 2-benzylic substitu-
tion due to aryl stabilization of the radical intermediate (see

mechanistic discussion below).

We briefly investigated whether this protocol could be adapted
to other lactams, allowing for a practical synthesis of bicyclic
structures. The resulting bicyclic lactam substrate could serve as
a foundation to access pyrroloisoquinoline alkaloids [50,51].
The model substrate 14 was synthesized in a two-step process
starting from succinimide (Scheme 3). Through a simple reac-
tion in toluene at 80 °C in the presence of Zn(OAc);, the hemi-
aminal derivative 13 underwent substitution with cinnamyl
alcohol, resulting in the isolation of 14 with a satisfactory yield.
Under optimized reaction conditions, the photocatalytic cycliza-
tion occurred by producing trans-15 in 35% yield as the single

diastereoisomer.

For the reaction mechanism, we propose a mechanistic hypoth-
esis according to the study by Nicewicz and Nguyen (Figure 3)
[23]. The incorporation of electron-donating groups into the
acridinium core, as in catalyst IV, enhances charge transfer by
stabilizing the mesityl moiety. Conversely, the introduction of
tert-butyl groups increases the life time of the excited state [52-
56]. As a consequence, the PC IV is a strong oxidant in the
excited state and displays unique oxidizing properties
(E1[*PC*/PC'] = +2.09 V vs SCE) [55,56]. The *PC* species
can oxidize the unsaturated lactam, thereby producing the corre-
sponding radical cation intermediate A. The low stabilization by
amide-bond resonance of the cyclic four-membered -lactam
[57,58] ensures a good nucleophilicity of the nitrogen atom to

i) NaBH,, EtOH

Beilstein J. Org. Chem. 2024, 20, 2461-2468.
0]
/I;N(H \\\\
A
*PC"‘

/ &

hv PhS
PhS_
SPh o .
B Ar
PhSH

Figure 3: Tentative mechanism for the photo-cyclization reaction.

.

efficiently attack the radical cation A, giving the bicyclic radical
intermediate B. Amide is an ambident nucleophile, and oxygen
attack of radical cation A is also conceivable to give the corre-
sponding imidate [28]. In our reaction, O-addition is disfavored
due to the formation of an unsaturated four-membered ring as

O/A/—Nko
H

OQOEt

*

ii) HCI, EtOH, 0 °C N
13, 57%
© N 130Et Zn(OAc), é/\—)\
. toluene 0Ny O/\/
p 80 °C N
HO/\/\© 14, 71%
IV, 5 mol %

PhSSPh, 50 mol %
2,6-lutidine, 50 mol %

72h

O
(e}
14

DCM (0.3 M)

456 nm blue light, 40 W

P
>

=3

(£)-15, dr > 20:1, 35%

Scheme 3: Synthesis of the model substrate 14 and its photoredox-catalyzed intramolecular N-alkylation reaction. The trans/cis dr was determined by

"H NMR analysis of the crude reaction mixture.
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final product, characterized by significant ring strain [59].
Under light irradiation, PhSSPh is in equilibrium with the corre-
sponding thiyl radical, which is subsequently reduced to thio-
phenolate by PC®, originating from the reduction of *PC*. The
reduction potential of PhS™/PhS* (Epeq = +0.45 V vs SCE)
[60,61] is sufficient to oxidize the radical form of IV
(PC*/PC* = -0.57 V vs SCE) [55,56]. Finally, PhS~ is proto-
nated and HAT from thiophenol to B furnishes the final prod-
uct, closing the HAT cycle. Additionally, lutidine acts as a
proton shuttle between the lactam NH unit and thiophenolate.

Conclusion

To conclude, we have employed a photoredox methodology to
access clavam and pyrrolyloxazole intermediates, showing the
possibility of using the nucleophilic nitrogen atom of B-lactams
under photoredox conditions. The acridinium catalyst IV was
able to oxidize the C=C double bond present in the substrates to
access the corresponding radical cation. The reaction shows
high regioselectivity and good to moderate diastereoselectivity
with satisfactory yield. The limitation, which will be further
addressed by a more powerful catalyst, is related to the unreac-
tivity of unsubstituted alkenes due to their higher oxidation
potential. Biological studies concerning the new derivatives will
also be a subject of future investigations.
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The rising popularity of bioconjugate therapeutics has led to growing interest in late-stage functionalization (LSF) of peptide scaf-

folds. a,f-Unsaturated amino acids like dehydroalanine (Dha) derivatives have emerged as particularly useful structures, as the

electron-deficient olefin moiety can engage in late-stage functionalization reactions, like a Giese-type reaction. Cheap and widely

available building blocks like organohalides can be converted into alkyl radicals by means of photoinduced silane-mediated

halogen-atom transfer (XAT) to offer a mild and straightforward methodology of alkylation. In this research, we present a metal-

free strategy for the photochemical alkylation of dehydroalanine derivatives. Upon abstraction of a hydride from

tris(trimethylsilyl)silane (TTMS) by an excited benzophenone derivative, the formed silane radical can undergo a XAT with an

alkyl bromide to generate an alkyl radical. Consequently, the alkyl radical undergoes a Giese-type reaction with the Dha derivative,

forming a new C(sp>)-C(sp>) bond. The reaction can be performed in a phosphate-buffered saline (PBS) solution and shows post-

functionalization prospects through pathways involving classical peptide chemistry.

Introduction
The construction of C(sp3)—C(sp>) bonds is a highly important
target in synthetic organic chemistry. Historically, polar conju-

gate additions have been a benchmark method for constructing

these bonds by functionalizing an electron-deficient olefin

[1-3]. Recently, however, radical-based approaches have also

gained widespread attention for their unique advantages in these
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transformations [4]. Radical chemistry often exhibits comple-
mentary reactivity to two-electron pathways and can be per-
formed with high selectivity, atom economy, and functional
group tolerance [5]. A well-known radical pathway for the func-
tionalization of an electron-deficient olefin is the Giese reaction
(Figure 1) [6,7]. This reaction involves the hydroalkylation of
the olefin via radical addition (RA), followed by either hydro-
gen-atom transfer (HAT) or single-electron transfer (SET) and

protonation.

Traditionally, alkyl radicals have been produced from alkyl
halides, using azobisisobutyronitrile (AIBN) as initiator,
promoting a tin-mediated XAT (Figure 1a) [8,9]. However, tin-
based compounds are highly toxic and require harsh conditions

for the initiation event.

Fortunately, a renaissance in the field of photochemistry has
introduced new ways of generating radicals like photoredox ca-
talysis and via electron donor—acceptor (EDA) complexes [10-
13]. These advances, coupled with modern electrochemical
methods, chemical reactor engineering and light emitting diodes
(LED), have eliminated the need for thermal radical activation,
resulting in milder and safer reaction conditions [14-16]. Given
the toxicity of tin-based compounds, there has been significant
interest in developing alternative halogen-atom-transfer
reagents. Borane, alkylamine, and silane compounds have

emerged as effective XAT reagents upon photocatalytic activa-

Beilstein J. Org. Chem. 2024, 20, 3274-3280.

tion (Figure 1b) [17-21]. A photocatalytic HAT or SET gener-
ates the corresponding boryl, a-amino or silyl radical, which
can abstract a halogen atom from alkyl halides to form the cor-

responding alkyl radical.

However, the use of TTMS as a XAT reagent had already been
established by Chatgilialoglu et al. [22] under non-photoredox
conditions, MacMillan et al. [23] sparked renewed interest in
silanes as XAT reagents by generating a tris(trimethylsilyl)silyl
radical through photoredox catalysis for arylation reactions
[22,23]. In 2018, Balsells et al. [24] reported a similar strategy
to generate alkyl radicals and explored the feasibility of a
Giese-type reaction (Figure 1c¢). More recently, Gaunt et al. [25]
showed that irradiation of alkyl iodides combined with TTMS
leads to the formation of an alkyl radical, which can be used in
a Giese-type reaction without the need of a photocatalyst
(Figure 1d) [25]. Noél et al. [26] have further extended this ap-
proach to include alkyl bromides (Figure 1e) [26]. Despite the
effectiveness of the photolysis, benzophenone derivatives have
also been shown to enhance the productivity of silane-mediated

conjugate additions, using alkyl halides [27].

Amid the growing popularity of biomolecular drug candidates,
the late-stage modification of peptide scaffolds has gained sig-
nificant importance [28]. A particularly interesting class of
amino acids for late-stage diversification consists of dehy-

droamino acids (Dha). Dha derivatives have shown modifica-

— Giese reaction

state-of-the-art:
Balsells et al. [24] (c)

0 . HAT
— R —— >R
R .U,f\/\EWG RA — ~ SEwe SET ~ S EWG R-@ o~ - si R~
=Br + =~ - - " - | =
then H* EWG EWG
— halogen atom transfer
tin mediated (a) Gaunt et al. [25] (d)
AIBN
R- X +  BusSnH A BusSn- X + R
Rl + 2 Ewg — ¢ — Si — R\/\EWG
photocatalytic (b)
( B “ Noél et al. [26] (e)
R- X — PC— ® L Si J R -
R-Br + 2> "= 'si ) > R~
N EWG (E: :m .m) EWG
— this work

H ) lil °
NTHJ + R-Br -PC- & -Si> - \6
PBS, 25 °C

Dha derivative alkyl bromide

buffered aqueous solution

¢ mild metal-free reaction conditions

R
® |ate-stage functionalization

Figure 1: Giese reaction: Radical addition on olefins with an electron-withdrawing group (EWG) followed by a HAT or SET and protonation; halogen-
atom transfer: (a) tin-mediated XAT, (b) XAT initiated by a photocatalyst (PC) and mediated by boranes (B), silanes (Si) or alkylamines (N); state-of-
the-art: (c) silane-mediated alkylation initiated by a photocatalyst, (d) silane-mediated alkylation initiated by photolysis of alkyl iodides, (e) silane-medi-
ated alkylation initiated by photolysis of alkyl bromides in flow; this work: silane-mediated alkylation of Dha derivatives initiated by a photocatalyst.
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tion potential by means of polar, metal-, or organo-catalyzed
and radical additions [29-36]. As such, Dha derivatives make an
excellent candidate for exploring a photochemical Giese-type
reaction [37]. To foster a physiological reaction environment,
reactions can be conducted in aqueous solution, meeting impor-

tant requirements with regard to bioorthogonal chemistry [38].

Considering previous research that demonstrated photochemi-
cal hydrogen atom abstraction by benzophenone derivatives
from trialkylsilyl hydrides [27], as well as advances in alkyl
radical formation using these hydrides, we sought to combine
these findings. Herein, we report a photochemical alkylation
methodology targeting the olefin moiety of Dha derivatives,
conducted in an aqueous solution for the aforementioned bio-

orthogonal advantages.

Results and Discussion

Inspired by previously conducted research concerning benzo-
phenone hydrogen-atom transfer and silane-mediated activation
of alkyl bromides to perform a photochemical Giese reaction,
methyl 2-(1,3-dioxoisoindolin-2-yl)acrylate (1) and bromo-
cyclohexane (2) were dissolved in CH3CN (0.1 M) together
with a stoichiometric amount of tris(trimethylsilyl)silane and a
substoichiometric amount of (4-methoxyphenyl)(4-(trifluoro-
methyl)phenyl)methanone (BP 1) (Table 1) [26,27].

Beilstein J. Org. Chem. 2024, 20, 3274-3280.

The reaction was performed in batch, using a 390 nm Kessil
UV-A lamp, stirring at 600 rpm overnight at 25 °C (see Sup-

porting Information File 1 for a more detailed optimization).

The initial reaction, using CH3CN as solvent, led to formation
of methyl 3-cyclohexyl-2-(1,3-dioxoisoindolin-2-yl)propanoate
(3, 51% yield, 85% conv.; Table 1, entry 1). To demonstrate the
importance of the photocatalyst, BP 1 was excluded (Table 1,
entry 2), resulting in a slightly higher conversion and a de-
crease in product formation (38% yield, 90% conv.), meaning
BP 1 increases the productivity of the reaction. Having estab-
lished that the reaction works in CH3CN, we evaluated its
compatibility with water. To our delight, the reaction in water
provided full conversion and a higher yield than the one ob-
served in CH3CN (58% yield, 100% conv.; Table 1, entry 3).
These conditions were further refined by adding of phosphate-
buffered saline and decreasing the amount of (TMS)3SiH to
1.1 equiv, as no further increase in yield was noticed during the
optimization. Similar to the reaction in deionized water, all
entries with PBS solution reached a full conversion. While the
yield of the reaction with a 0.1 M PBS solution was slightly
lower than that of the reaction in deionized water (44% yield,
100% conv.; Table 1, entry 4), a 0.2 M PBS solution resulted in
an increased yield (60% yield, 100% conv.; Table 1, entry 5).
Upon increasing the concentration of the PBS solution to 0.4 M,

Table 1: Methyl 2-(1,3-dioxoisoindolin-2-yl)acrylate (1, 0.5 mmol), bromocyclohexane (2, 1.25 mmol), tris(trimethylsilyl)silane (0.55 mmol),
(4-methoxyphenyl)(4-(trifluoromethyl)phenyl)methanone (0.1 mmol), PBS 0.2 M solution (2.5 mL), A = 390 nm, 25 °C, overnight. The yield of 3 was

calculated by TH NMR with 1,1,2-trichloroethene as external standard.

(TMS)3SiH (1.1 equiv)

O
BP 1 (0.2 equiv) PhthN
PhthN i o t OMe
\H)J\OMe
PBS 0.2 M [0.1 M] O
1 2 390 nm, overnight, 25 °C 3
1.0 equiv 2.5 equiv
O
TMS
X TMS\S'i
| _— TMS™"H
MeO CF3
BPI (TMS)3SiH
Entry Deviation from the reaction conditions Conversion 1 (%) NMR yield 3 (%)

1 CH3CN instead of PBS 0.2 M; 1.5 equiv (TMS)3SiH 85 51
2 CH3CN instead of PBS 0.2 M; no BP I; 1.5 equiv (TMS)3SiH 90 38
3 H20 instead of PBS 0.2 M; 1.5 equiv (TMS)3SiH 100 58
4 PBS 0.1 M instead of PBS 0.2 M 100 44
5 none 100 60
6 PBS 0.4 M instead of PBS 0.2 M 100 60
7 3 hours 100 67

3276



no change in yield was observed (60% yield, 100% conv.;
Table 1, entry 6). Lastly, the optimal reaction time was deter-
mined to be 3 hours (67% yield, 100% conv.; Table 1, entry 7).

: o}
NT\) + R=Br
DHA derivative alkyl bromide
1.0 equiv 2.5 equiv

= = = primary alkyl bromides?

Beilstein J. Org. Chem. 2024, 20, 3274-3280.

Having optimized the reaction conditions, a scope of primary,
secondary, and tertiary alkyl bromides and different Dha deriva-

tives was investigated (Figure 2).

(TMS)3SiH (1.1 equiv)

BP 1 (0.2 equiv) . (0]
Nj)
PBS 0.2 M [0.1 M] R
390 nm, 3o0r4 h,25°C 327
(0] (0] (0] O

PhthN PhthN PhthN PhthN PhthN PhthN PhthN
j)ko O OMe \HKOMe %OMe %OMe

¢ |)2 t |)7 ¢ |) 3 | J\

Me Me Ph BPin o OMe |N|
N
Boc

4 5 6 8 9 10
58% 50% 60% 36% 46% 47% 53%
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Figure 2: Alkyl bromide and Dha derivative scope. Reaction conditions: Dha derivative (0.5 mmol), alkyl bromide (1.25 mmol), tris(trimethylsilyl)silane

(0.55 mmol), (4-methoxyphenyl)(4

-(trifluoromethyl)phenyl)methanone (0.1 mmol), PBS 0.2 M solution (2.5 mL), A = 390 nm, 25 °C. 24 hours of reac-
tion time, ®3 hours of reaction time. The isolated product yields are reported.
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A slight modification of the reaction protocol was used in
regard to primary and tertiary alkyl bromides, requiring a longer
reaction time (4 hours instead of 3 hours) to achieve full

conversion.

The reaction worked well with aliphatic primary bromides
(4-10). However, a longer chain length slightly decreased
the yield, comparing compound 4 (58%) to compound 5
(50%). The reaction was not influenced by the presence
of phenyl rings, as the yield of compound 6 (60%) was
comparable to the yield of 4. Besides, the introduction
of a boronic pinacol ester group, useful for subsequent post-
functionalization, compound 7 was achieved in a relatively
lower yield of 36%. Interestingly, the reaction also worked
adequately for primary alkyl bromides with electron-with-
drawing groups as demonstrated in compounds 8 (46%) and 9
(47%). Moreover, primary alkyl bromides like bromomethy-
lazetidines as used in compound 10 (53%) also resulted in
decent yields. Acyclic secondary alkyl substrates all resulted in
good yields (11-13, 50-62%). For the secondary alkyl sub-
strates, a higher yield was notably obtained for compound 13
with a longer chain length than for 12. Similarly, the secondary
cyclic alkyl substrates used in compound 18 (60%) and 3 (56%)
worked well for this reaction. Besides, oxygen-containing
compounds 14 and 15 were obtained in yields of 51% and 67%
and medicinally interesting groups like the azetidine in
compound 16 (56%) and the piperidine in compound 17 (67%)
also resulted in good yields. Concerning tertiary alkyl
substrates, acyclic alkyl substrates used in compound 19 (68%)
and 20 (53%) as well as cyclic alkyl substrates like bromo-
methylcyclohexane used in compound 21 (61%) and bromo-
adamantane in compound 22 (58%) were obtained in satisfac-

tory yields.

Subsequently, different Dha derivatives were subjected to the
optimized reaction conditions, using bromocyclohexane (2) as
the alkyl bromide. In order to explore the effect of the presence
of an amide moiety in the Dha derivatives, a tertiary amide was
firstly used to exclude selectivity issues arising from the hydro-
gen atoms of the amide functionality, yielding compound 23 in
synthetically useful yield (39%). Interestingly, a secondary
amide was formed in a higher yield of compound 24 (62%)
compared to a Dha with a tertiary amide on the same position.
Alternatively, the use of a double Boc-protected Dha resulted in
a rather low yield of compound 25 (32%), while varying one
Boc-protecting group with a Cbz-protecting group increased the
yield substantially to 86% for compound 26. In addition, the use
of a cyclic, N-Cbz-protected Michael acceptor, derived from
proline, allowed for preparation of compound 27 with a 35%
yield in 4 hours without control of diastereoselectivity (dr =
1:1).

Beilstein J. Org. Chem. 2024, 20, 3274-3280.

Finally, to prove that the optimized reaction also works at a
larger scale, the model reaction was carried out on a 2.2 mmol
scale (Figure 3), obtaining a slightly elevated yield (67%) com-
pared to compound 3, which was previously formed at a
0.5 mmol scale.

(TMS)3SiH (1.1 equiv)
BP 1 (0.2 equiv) 0

o 2 (2.5 equiv) Phtth)J\OMe
PhthN .

\H)J\OMe
PBS 0.2 M [0.1 M] O

390 nm, 4 h, 25°C
67%

1 3
1.0 equiv

Figure 3: Scaled-up reaction. Reaction conditions: Dha derivative

(2.2 mmol), alkyl bromide (5.4 mmol), tris(trimethylsilyl)silane

(2.4 mmol), (4-methoxyphenyl)(4-(trifluoromethyl)phenyl)methanone
(0.4 mmol), PBS 0.2 M solution (10.8 mL), A =390 nm, 25 °C, 4 hours,
isolated product yield.

Conclusion

In conclusion, a photochemical methodology to promote the
metal-free alkylation of dehydroalanine derivatives was de-
veloped, by means of silane-mediated alkyl bromide activation.
The biocompatibility of the reaction enabled by the PBS solu-
tion and the mild photochemical reaction conditions makes the
transformation useful for late-stage functionalization under
physiological conditions. Besides, the reaction was successful-
ly scaled up by roughly four times, leading to a slight increase
in chemical yield.

Supporting Information

Supporting Information File 1

IH NMR, 13C NMR, and HRMS spectra of all the
synthesized compounds.
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Red-light-activated photocatalysis has become a powerful approach for achieving sustainable chemical transformations, combining

high efficiency with energy-saving, mild conditions. By harnessing the deeper penetration and selectivity of red and near-infrared

light, this method minimizes the side reactions typical of higher-energy sources, making it particularly suited for large-scale appli-

cations. Recent advances highlight the unique advantages of both metal-based and metal-free catalysts under red-light irradiation,

broadening the range of possible reactions, from selective oxidations to complex polymerizations. In biological contexts, red-light

photocatalysis enables innovative applications in phototherapy and controlled drug release, exploiting its tissue penetration and low

cytotoxicity. Together, these developments underscore the versatility and impact of red-light photocatalysis, positioning it as a

cornerstone of green organic chemistry with significant potential in synthetic and biomedical fields.

Introduction

Red-light-activated photocatalysis has recently gained signifi-
cant interest as a tool for driving chemical transformations
under mild and efficient conditions. The use of red and near-in-
frared light enables deeper penetration into reaction media,

reducing the high-energy side reactions commonly triggered by

UV or blue light. These features make red-light photocatalysis
particularly advantageous for large-scale applications, offering
enhanced safety and operational simplicity. Traditionally,
research in this field has focused on metal-based photocatalysts,

particularly those based on transition metals like ruthenium and
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osmium due to their intrinsic photophysical properties. Howev-
er, with growing concerns around environmental sustainability,
there is increasing interest in developing photocatalysts that are
more accessible, tunable, and eco-friendly. Each section of this
document discusses a specific approach to red-light photocatal-
ysis, reflecting the field’s evolution and exploring diverse cata-
lyst types and applications. The first section is dedicated to
metal-based photocatalysts. Complexes involving metals such
as osmium and ruthenium, have dominated red-light photoredox
catalysis because of their ability to absorb low-energy photons
and sustain redox cycles via stable excited states. In this section,
the document highlights applications of these complexes in
reactions like ring-closing metathesis and polymerization,
where red light’s deeper penetration enhances yields and effi-
ciency, particularly for large-scale reactions. The second section
broadens the focus to explore organic photocatalysts. Unlike
metal-based systems, organic photocatalysts such as phthalo-
cyanins, squaraines and cyanins, offer effective electron and
energy transfer under red-light irradiation without relying on
transition metals. This shift towards organic catalysts opens
new possibilities for sustainable photocatalysis, with applica-
tions ranging from selective oxidation to cross-dehydrogena-
tive coupling. These organic systems are valued for their
reduced environmental impact, their wide availability, and
tunability, making them viable alternatives to traditional metal-
based catalysts for red-light-driven transformations. The final
section examines applications of red-light photocatalysis within
biological and medicinal fields. The capacity of red light to
penetrate biological tissues enables processes that are chal-
lenging or even impossible under UV or blue light. This section
discusses different photocatalysts, such as helical carbenium
ions and advanced nitrobenzofuran derivatives for applications
in phototherapy and controlled drug release, underscoring the

potential of red-light photocatalysis in biomedicine.

Review

Red-light photocatalysis with metal-based
complexes

Metal-based complexes naturally own a large span of colors
depending on the nature of the metal and the ligands but also on
the various oxidation states these compounds can attain. This
property results on the absorption of a visible-light photon com-
plementary to the observed color and has been extensively
exploited in photoredox catalysis in recent years not only with
heavy metals such as ruthenium and iridium [1-5], but also with
lighter elements [6-8]. This field of light-mediated organic
transformations relies on the use of a photocatalyst to promote
radical reactions through electron transfer between this former
and a given substrate or a sacrificial species. In the case of the

metal-based complexes, the absorption band associated to the

Beilstein J. Org. Chem. 2025, 21, 296—326.

metal-to-ligand charge transfer (MLCT) is generally addressed
even though other types of excitations like ligand-to-metal
charge transfer, ligand- and metal-based excitation have been
proven to be efficient in photoredox catalysis [9-12]. Actually,
MLCT enables a charge separation for which the ligand-based
electron can trigger a chemical reduction while the metal-
centered hole, a chemical oxidation. This type of excitation is
particularly enhanced in heavy metals, where the low-lying
excited state often corresponds to the metal-to-ligand charge
transfer (MLCT) transition. As the atomic number increases,
relativistic effects become more pronounced, leading to the
contraction of s and p orbitals while the d and f orbitals expand
and become more diffuse. While these effects play a role in
reducing the energy of the d orbitals and improving their
overlap with the ligand orbitals, thereby facilitating electron
transfer, the occurrence of metal-to-ligand charge transfer
(MLCT) is also strongly influenced by other factors. Specifi-
cally, MLCT competes with metal-centered excitations (MC),
which are governed by the ligand field splitting, an effect that
increases for larger and more diffuse orbitals, and by the energy
of the ligand’s m* orbitals. This interplay between relativistic
effects, ligand field strength, and ligand orbital energy ulti-
mately determines the absorption of lower-energy photons in
second- and third-row transition metals compared to their first-
row counterparts [13]. These phenomena are specifically im-
proved when potent m-acceptor ligands are used due to their
low-energy m* antibonding orbitals resulting in a bathochromic
shift of the MLCT absorption band. These combined effects can
be illustrated in the case of the [M(phen)3]?* set with iron, ru-
thenium, and osmium (Figure 1). For a same phenanthroline
ligand, these three complexes show an MLCT absorption band
at different wavelengths, i.e., 522 nm for [Fe(phen)3]2Jr [14],
449 nm for [Ru(phen);]?* and 660 nm for [Os(phen)s]%* [15].

In a same way, spin—orbit coupling, stemming from the rela-
tivistic effects, can be exploited in photoredox-catalyzed reac-
tion [16]. Spin—orbit coupling promotes intersystem crossing
(ISC) between the singlet and triplet excited states, and even
allows for direct excitation to the triplet state from the ground
state Sp. This effect mitigates rapid back-electron transfer from
the singlet excited state to the ground state, extending the
excited-state lifetime of the photocatalyst. Since the T} — S
transition is spin-forbidden, the process increases the overall

efficiency of photoredox-catalyzed reactions.

Absorption in the red region opens up innovative opportunities
for photochemical transformations. First, the employed photon
has the lowest energy in the electromagnetic spectrum of visible
light, which allows for safer laboratory conditions in terms of
irradiation apparatus, e.g., UV radiation sources. Secondly,

from a synthetic perspective, a broader range of substrates and
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Figure 1: Influence of the metal center M (Fe, Ru, Os) on the position of the MLCT and MC (metal-centered) absorption band in the case of

[M(phen)s]2*-type complexes (GS = ground-state).

catalysts can be considered as in most cases, they are incapable
of absorbing red light and, consequently, cannot initiate a pho-
tocatalytic transformation, thereby minimizing the risk of side

reactions. This latter advantage has been notably exploited in

the case of ring-closing olefin metathesis reactions, where
Weizmann et al. utilized the photothermal response of plas-
mons from gold nanoparticles to activate the catalyst [17]. This

approach contrasts with the work of Rovis et al. who employed
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a ruthenium(II) complex 1 activated through photoinduced elec-
tron transfer. The latter is pre-activated by the osmium com-
plex shown in Scheme 1 after irradiation in the red region [18].
According to the mechanism proposed by the authors, the reac-
tion is facilitated when conducted in acetone, allowing the pre-
activation of the ruthenium complex with the successive release
of an N-heterocyclic carbene ligand and a chlorine atom, which
are replaced by two acetone molecules to form compound 2. Si-
multaneously, excitation of the osmium(II) complex in the red
region (660 nm) decreases its reduction potential to —0.97 V vs
SCE, a value low enough to reduce the ruthenium complex 2,
-0.89 V vs SCE, thereby
yielding 3, the active species for the metathesis reaction. The

whose potential is estimated at

catalytic cycle is closed by the reduction of the resulting

osmium(III) complex, regenerating the ruthenium(I) complex 2.

In this study, T. Rovis et al. demonstrated a third advantage of
working with red light: its penetrating power. To this end, a po-
lymerization reaction of dicyclopentadiene 4 was investigated
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through various materials such as amber glass, white paper, a
solution of hemoglobin, and silicon by selectively irradiating a
specific area of the reaction medium with red light (660 nm) or

blue light (456 nm), respectively (Scheme 2).

1 (0.2 mol %)
0s'!) (0.2 mol %)

acetone (1 M), 1h

© 99

660 nm 456 nm  74% conversion

Scheme 2: Photocatalyzed polymerization of dicylopentadiene medi-
ated with red or blue light.

The authors have demonstrated that this polymerization reac-
tion proceeded much more efficiently under red light irradia-
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Scheme 1: Red-light-mediated ring-closing metathesis through activation of a ruthenium catalyst by an osmium photocatalyst.
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tion. Indeed, red light can penetrate all the used materials and
can initiate the reaction through the core of the reaction medi-
um as the polymer forms, unlike blue light. This penetrating
power of red light was also characterized by comparing the ru-
thenium complex [Ru(bpy)3]?* absorbing at 450 nm with the
osmium complex [Os(tpy);]?* absorbing at 740 nm in a the
photocatalyzed trifluoromethylation reaction of 5 into 8 pro-
posed by the same authors (Figure 2) [19]. These latter have
shown the benefits of using their system based on an irradiation
with red-light and the osmium complex over the ruthenium one
with blue-light in a large-scale reaction. One of the most signifi-
cant advantages is the superior light penetration of near-infra-
red light, which can reach deeper into the reaction mixture than
blue light. In larger reaction volumes, where photon distribu-
tion becomes a limiting factor, near-infrared light penetrates
approximately 23 times deeper than blue light when comparing
the two molar extinction coefficients of [Os(tpy),]>* at 450
and 740 nm for a same concentration according to the
Beer-Lambert law, hence ensuring more uniform photon expo-
sure and an improved reaction efficiency. This enhanced light
penetration is reflected in the reaction yields as a function of the
reaction-scale. As this latter increases, the obtained yields using
[Ru(bpy)3]** under blue light decrease significantly to reach a
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yield loss of 31.6% at a 250x scale, while those using
[Os(tpy)2]2+ under near-infrared light remain constant or even
increase up to a yield gain of 27.5% at the same reaction scale.
T. Rovis et al. emphasize this result has profound implications
for industrial applications. The ability of red light to penetrate
deeply and to maintain high efficiency without requiring
specialized flow reactors or high-powered light sources makes
the [Os(tpy),]1**/red-light irradiation system well-suited for
large-scale manufacturing. In this way, the authors have also
tested different osmium complexes in various well-established
photocatalyzed reactions such as copper, palladium, cobalt, and
nickel metallophotoredox couplings using red light, thereupon
highlighting potential for broad applications in photoredox ca-

talysis on an industrial scale.

In this context, T. Rovis et al. have studied a C-N cross-cou-
pling Buchwald—Hartwig-like reaction using dual nickel and
osmium catalysis under red-light activation, addressing
common challenges such as poor light penetration, side reac-
tions, and scalability related to traditional blue-light-driven
metallophotoredox reactions. By switching from blue light
(460 nm) to red light (660 nm) and osmium complex
[Os(phen)3]%* instead of an iridium complex, the authors have

\
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Figure 2: Comparison between [Ru(bpy)s]2* and [Os(tpy)2]?* in a photocatalyzed trifluoromethylation reaction: influence of the light source on the me-
dium penetration. The flask in Figure 2 is taken from https://www.brusheezy.com, Free Photoshop Brushes by Brusheezy! This content is not subject

to CC BY 4.0.
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been able to significantly enhance the scope and efficiency of
these reactions. Specifically, they demonstrate that red light can
suppress unwanted side reactions, such as hydrodehalogenation
(compounds 12, Scheme 3a), a common issue in high-energy

light systems where aryl-Ni bonds are cleaved, leading to unde-
]2+

sirable byproducts. The study found that by using [Os(phen);

Beilstein J. Org. Chem. 2025, 21, 296—326.

as the photocatalyst and 660 nm red light, the reaction exhib-
ited greater functional group tolerance, handling a variety of
electron-deficient, neutral and rich (hetero)aryl bromides 9 and
primary and secondary amine-based nucleophiles 10 with
minimal degradation or side reactivity in a scope of around 50
examples with yields ranging from 27 to 97 % compared to the

(a) Red-light photocatalyzed Buchwald-Hartwig like reaction A\
NiBry*3H,0 (5 mol %) @
A Br H [Os(phen)s](PFeg), (0.05 mol %) N
O—(N} R DABCO (1.8 equiv) o—@ © O—i(N):
DMSO (0.25M), Ny, 18h
9 10 1" 12
660 nm 27 to 97% yield
J
(b) Selected drug-like scaffolds h
. O . .
73% vyield 50% vyield 33% vyield
- J
(c) Proposed mechanism h
Br
'( )3
05"13 /\Bf; Nl O
nm ( )
jj H o
os'" BrL Nil*
photocatalytic organometallic
cycle cycle
DABCO ~— ij{H
SET BanNiIII\\ \O
NilL,, Br ‘:@)\O
Br,L, Nil™
DABCO* 14 CNP
o ©
\ " J

Scheme 3: Red-light photocatalyzed C—N cross-coupling reaction by T. Rovis et al. (SET = single-electron transfer).
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use of blue-light (Scheme 3a) [20]. In this way, T. Rovis et al.
have exploited their photocatalytic system on the functionaliza-
tion of drug-like scaffolds with moderate to good yields
(Scheme 3b). The mechanism of the reaction presented by the
authors involves two different catalytic cycles as presented in
Scheme 3c. After excitation of the osmium complex 13, this
latter is reduced via the use of a tertiary amine to give the active
species 14 able to oxidize the formed nickel complex 15 in the
reaction mixture. This step allows the oxidative addition of
nickel on the aryl bromide 9 followed by the reductive elimina-
tion giving the desired product 11. Besides the innovative syn-
thetic results obtained in this study, the authors underline a
major advantage to switch to red light as it enables a deeper
penetration through the reaction media, making the method
highly scalable. In a batch reaction, the authors have successful-
ly scaled up the synthesis by two orders of magnitude,
achieving comparable yields without the need for complex flow
reactors.

The successful implementation of osmium complexes in large-
scale photoredox reactions highlights the broader applicability
of transition metals in facilitating challenging chemical transfor-
mations. Moving beyond the d-block, the exploration of main-
group elements offers a new frontier in the use of more afford-
able and available photocatalysts. While transition metals such
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as copper, palladium, cobalt, and nickel are well-established in
catalyzed cross-coupling reactions, J. Cornella et al. have high-
lighted the reactivity of main-group elements like bismuth,
which can mimic transition-metal behavior through oxidative
addition. In their recent study, the authors have developed a
complementary ground-state- and excited-state-driven aryl oxi-
dative addition platform based on an N,C,N-bismuthinidene
complex, showing the unique capacity of this main-group ele-
ment to engage in reactivity typically associated with d-block
metals [21]. The study explores how this bismuth(I) complex
undergoes oxidative addition with a variety of aryl electro-
philes, including diazonium salts, iodonium salts, and chal-
lenging aryl iodides and aryl thianthrenium salts, typically
requiring transition-metal catalysts (Figure 3). The reactivity of
the N,C,N-bismuthinidene complex is made possible through
both ground-state and photoexcited-state processes, where
bismuth's ability to access multiple oxidation states facilitates
the formation of stable aryl-bismuthonium complexes. Notably,
the authors have demonstrated that by harnessing low-energy
red light, the N,C,N-bismuthinidene complex can drive formal
oxidative addition even with substrates that exhibit high reduc-
tion potentials such as aryl iodides and aryl thianthrenium salts,
thereby expanding the scope of aryl electrophiles that can be
subjected to oxidative addition. This mechanistic advancement,
combined with the ability to operate under low-energy light

Q—O E.<-10V

x© X
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S CLO
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90 to 97% yield

Figure 3: Red-light-mediated aryl oxidative addition with a bismuthinidene complex.
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conditions, opens up new avenues for main-group redox cataly-
sis in organic synthesis. By leveraging light excitation to en-
hance the reducing power of the bismuth complex, the study
showcases the potential of main-group photoredox systems to
complement traditional transition-metal catalysis. As the use of
osmium catalysts has already demonstrated scalability in indus-
trial applications [22], the introduction of bismuthinidene com-
plexes presents another step forward in expanding the
photoredox catalysis toolkit, potentially paving the way for
more sustainable and efficient catalytic processes.

In the same way, recent advances in red-light photoredox catal-
ysis have expanded the utility of first-row transition metals in a
domain traditionally dominated by second- and third-row ele-
ments. A prime example of this evolution is the development of
a dual photoredox strategy, which exploits the properties of red-
light excitation while addressing the energy constraints posed
by low-energy photons. Whereas multiple works addressing the
upconversion phenomenon involving heavy metals like palla-
dium, platinum [23,24] or osmium [25], grafted ruthenium com-
plexes over ytterbium and thulium nanoparticles [26] and the
use of a molybdenum-centered [27] and tungsten-centered com-
plexes have been described in the literature [28]. The work by
O. S. Wenger et al. introduces a system that mimics the
Z-scheme of photosynthesis, utilizing a copper(I) bis(a-diimine)
complex in combination with 9,10-dicyanoanthracene radical
anion (DCA*") [29]. This system effectively drives photoredox-
mediated reduction and C-C cross-coupling reactions under
mild red-light conditions with various aryl halides, an aliphatic
iodide, and O- and N-tosylated substrates (Scheme 4a). The
authors discuss two plausible mechanisms: a photoinduced elec-
tron transfer (PET) between the MLCT state of the copper
complex and DCA or a triplet—triplet energy transfer (TTET)
between the SMLCT state of the copper complex and DCA. In
both of these mechanisms, the involvement of a doublet
excited-state of the radical anion of the DCA, photodegraded
species issued from DCA or DCA" /substract donor—acceptor
complex is debated (Scheme 4b). Nevertheless, the authors
underline that the key feature of these transformations is going
through the consecutive absorption of two red-light photons
which enhances the photoredox process by converting these
latter into a higher-energy excited state (Scheme 4c) unlike
what has been done until now with various described systems
already discussed in the literature and emission of blue-light in
the case of the triplet—triplet annihilation upconversion phenom-

enon among others (Scheme 4d) [30].

In a continuation of this trend, a recent study by O. S. Wenger
et al. further expands the frontiers of red-light photoredox catal-
ysis with first-row transition metals by introducing Cr(0)

luminophores that exhibit photophysical properties competitive
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with Ru(II) and Os(II) complexes [31]. These new isoelectronic
tris(diisocyanide)Cr(0) complexes, [Cr(LM®$);] (Mes = mesityl)
and [Cr(LPY")3] (Pyr = pyrenyl), display remarkably high metal-
to-ligand charge transfer (MLCT) lifetimes of up to 47 ns and
photoluminescence quantum yields as high as 1.04%. This
surpasses previously reported first-row d® metal complexes
such as Fe(II) complexes and positions Cr(0) as a promising al-
ternative in photoredox applications under low-energy red-light
conditions. The enhanced performance of these Cr(0) com-
plexes is attributed to their strong ligand field, provided by the
isocyanide ligands, which raises the energy of metal-centered
states and minimizes non-radiative decay pathways. This design
results in prolonged MLCT excited states, making these com-
plexes suitable for challenging triplet—triplet energy transfer
(TTET) and photoredox catalysis reactions such as hydrode-
halogenation of aryl iodides, bromides and even chlorides 16
into 17 (Scheme 5).

This shift towards sustainable photocatalysis with first-row
transition metals has been further emphasized by the work of
O. S. Wenger et al. who has introduced another isoelectronic
Cr(0) d® metal complex capable of sensitized triplet—triplet
annihilation upconversion. This system achieves red-to-blue
upconversion under red-light irradiation, rivaling the perfor-
mance of traditional heavy-metal systems such as Os(II) com-
plexes. By employing a Cr(0) photosensitizer combined with a
silylacetylene-decorated anthracene annihilator, the authors
have reported an upconversion efficiency of 1.8% and have
demonstrated its utility in initiating blue light-dependent poly-
merization reactions under red-light conditions [32].

Beyond the position of transition metals in the periodic table,
ligand design plays a crucial role in determining the photophys-
ical properties of metal complexes. Phthalocyanins, porphyrins,
and their derivatives exemplify this, as their rigid macrocyclic
structures enable strong absorption in the visible to NIR
regions, making them appealing for photoredox catalysis appli-
cations. For instance, ruthenium phthalocyanin complexes have
emerged as potent catalysts for red-light-mediated photoreac-
tions. Furuyama et al. demonstrated that a ruthenium phthalo-
cyanin complex could catalyze trifluoromethylation reactions of
styrene derivatives 18 with either CF3S0O,Cl or Umemoto’s
reagent 19 under red-light irradiation without the need for
sacrificial reducing agents (Scheme 6), contrasting with tradi-
tional blue-light photocatalysis which led to substrate decompo-
sition [33,34]. The axial ligands on the ruthenium phthalo-
cyanin complex, particularly electron-deficient pyridyl groups,
were found to influence the catalytic activity by stabilizing the
excited states and promoting metal-to-ligand charge transfer
(MLCT) pathways, which is critical for efficient photoreactivi-

ty.
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Scheme 4: Red-light-mediated reduction of aryl derivatives by O. S. Wenger et al. (PC = photocatalyst, anh = annihilator, ISC =
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Scheme 5: Red-light-mediated aryl halides reduction with an isoelec-
tronic chromium complex (TDAE = tetrakis(dimethylamino)ethylene).

Interestingly, phthalocyanin ligands are not only effective with
precious metals but also exhibit catalytic performance when co-
ordinated with first-row transition metals such as zinc as pro-
posed by Furuyama et al. [35]. In this way, the authors have de-
veloped a series of phthalocyanin zinc complexes with electron-
rich sulfur atoms at the non-peripheral positions of the phthalo-
cyanin ring. This functionalization allows the destabilization of
the highest occupied molecular orbital (HOMO), thereby
shifting the absorption of the complexes into the NIR region
(around 810 nm). The authors have demonstrated the efficiency
of their photocatalyst in cross-dehydrogenative coupling reac-
tions with N-phenyltetrahydroisoquinoline 21 and diverse
nucleophiles (Scheme 7). Their photocatalyst has shown superi-
or yields compared to free-base and other phthalocyanin first-
row transition-metal complexes, such as nickel. The choice of
solvent was also critical for optimizing the reaction efficiency: a
mixture of pyridine and methanol not only improved the yield
but also has helped to suppress side reactions. The cross-dehy-
drogenative coupling reactions, under near-infrared irradiation,
was found to proceed via an energy-transfer mechanism involv-
ing singlet oxygen generation rather than the typical electron-

transfer pathway observed in the presented visible-light-medi-
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Scheme 6: Red-light-photocatalyzed trifluoromethylation of styrene de-
rivatives with Umemoto’s reagent and a phthalocyanin ruthenium com-
plex.

ated reactions in this review hitherto. This singlet oxygen is
generated by the energy transfer from the excited state of the
phthalocyanin zinc complexes to molecular oxygen, allowing
the oxidation of the N-phenyltetrahydroisoquinoline 21 into a
reactive iminium intermediate that subsequently couples with

nucleophiles to give 22.

In a same manner, Opatz et al. have shown that zinc phthalo-
cyanins can catalyze oxidative cyanation reactions of tertiary
amines 23, yielding a-aminonitriles 24 under continuous-flow
conditions [36]. This reaction proceeds through the excitation of
zinc phthalocyanin by near-infrared light (A = 750 nm), fol-
lowed by triplet energy transfer to molecular oxygen, gener-
ating singlet oxygen as the active species. Similarly as in the
case of the Furuyama et al. study, the singlet oxygen subse-
quently oxidizes the amine substrate to an iminium ion, which
reacts with a cyanide nucleophile to form the desired a-amino-
nitrile (Scheme 8). Notably, the authors have optimized the
reaction conditions to achieve high yields across a wide sub-
strate scope with more than 15 examples, including the cyana-
tion of aliphatic amines such as tributylamine and sterically
hindered substrates, which demonstrated the broad applicability
of this photocatalytic system.

305



102
21 30
2
0, HOO-
m‘Ph CQ\LPh
Nu-
™ T l
o CN PO(OEt), IN 0,
Nu
;1/ ‘lh‘ N. Ph
€ Ph Nu
22
27 to 97% yield

Scheme 7: Red-light-mediated energy transfer for the cross-dehydro-
genative coupling of N-phenyltetrahydroisoquinoline with nucleophiles.

T
14 to 99% vyield CN
24

Scheme 8: Red-light-mediated oxidative cyanation of tertiary amines
with a phthalocyanin zinc complex.
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It has to be noted that zinc-based photocatalysts with phthalo-
cyanin ligands are not limited to energy-transfer pathways
involving singlet oxygen generation. A recent work by
Yoshimitsu et al. has shown that zinc(II)-based porphyrin com-
plexes can engage in electron-transfer mechanisms to enable
radical cascade reactions under red-light irradiation (Scheme 9)
[37]. These zinc(II)-based porphyrin catalysts operate via an ox-
idative quenching cycle, directly facilitating the transfer of an
electron from the excited state of the porphyrin to the substrate,
an activated ester 25, subsequently generating carbon-centered
radicals without the need for sacrificial electron donors via a
decarboxylation process. In reacting with electron-deficient
alkenes or alkynes 26, these radicals further yield tetralin and
dialin moieties 27, respectively. Among their scope of 26 exam-
ples with yields ranging from 7 to 99%, the authors have shown
that the use of dimethyl fumarate as a radicophile yielded the
desired tetralin in 99% yield, while other radicophiles such as
ethyl propiolate also furnished dialin products in high yields
mainly superior to 70%.

Beyond their coordination with transition metals, phthalo-
cyanin ligands also exhibit remarkable photoreactivity in sup-
porting non-metallic central elements. Recent work by Amara et
al. highlights the efficiency of silicon-based phthalocyanin com-
plexes in red-light-driven photooxidation processes, marking a
shift away from the reliance on traditional heavy-metal cata-
lysts [38]. By utilizing silicon as a cheap, non-toxic, and abun-
dantly available element, silicon-based phthalocyanin complex
derivatives represent a more sustainable alternative to precious
metal-based photocatalysts such as ruthenium or palladium
complexes. The authors have focused on the photooxidation of
B-citronellol (28), a key step in the production of industrial
compounds like rose oxide (Scheme 10). Remarkably, the
silicon phthalocyanins demonstrated exceptional stability under
red-light irradiation, achieving up to 87% conversion in contin-
uous-flow conditions. This performance is particularly notable
given that the reaction was carried out using sub-part-per-
million loadings of the catalyst (0.003 mol %), a stark contrast
to traditional systems, which often require higher concentra-
tions of heavy metals. Unlike classical transition-metal-based
photosensitizers acting by triplet energy transfer for which high
singlet oxygen quantum yields are crucial, the silicon phthalo-
cyanins in this study have exhibited relatively low singlet
oxygen quantum yield values (around 0.27 for the silicon-based
photocatalysts used in this work). Despite this, their catalytic
performance was not compromised. The key to their success
lies in their resistance to photobleaching, which is a common
issue for metal-based photocatalysts that degrade under
prolonged exposure to light. The silicon-based phthalocyanin
complexes maintained their structural integrity over extended

reaction times, even under high substrate concentrations and
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Scheme 9: Formation of dialins and tetralins via a red-light-photocatalyzed reductive decarboxylation mediated by a zinc(ll) porphyrin complex.

continuous flow conditions, achieving high turnover numbers of
over 50000. This stability allowed for solvent-free reactions,
significantly enhancing the sustainability of the process. Addi-
tionally, the authors have explored the scalability of these
systems, demonstrating their efficacy in multigram-scale
photooxidations. The use of silicon-based phthalocyanin com-
plexes in continuous-flow reactors not only increased the
productivity of B-citronellol oxidation but also reduced the
process mass intensity by a factor of four compared to batch
processes using conventional solvents.

Recent advances have demonstrated that naturally derived
photocatalysts, such as chlorophyll, a magnesium-based chlorin
complex, can also efficiently drive photocatalytic transformat-
ions. In the study by Ouyang et al. chlorophyll extracted from
spinach has been employed as a green and sustainable photocat-
alyst for the red-light-induced oxidation of organoboron com-
pounds, a method that stands out for its environmental and

operational simplicity [39]. The authors have developed a mild

protocol utilizing red light to oxidize a wide range of organo-
boron substrates 31, including -B(OH),, -Bpin, -BF3K, and
-Bneo (neopentyl borate) derivatives noted as “-[B]” in
Scheme 11, to produce aliphatic alcohols and phenols 32 with
moderate to excellent yields. The versatility of this method is
highlighted by the broad substrate scope of more than 50 exam-
ples, which includes various aryl- and alkylboronates, show-
casing its applicability across a range of chemical transformat-
ions. For example, phenylboronic acids with diverse substitu-
tion patterns (such as electron-donating and electron-with-
drawing groups) were smoothly converted to the corresponding
alcohols in yields ranging from 70% to 99%, with minimal by-
products. Even more complex substrates, like naphthalene and
pyrene derivatives, underwent efficient oxidation, suggesting
the method’s utility in functionalizing more challenging aromat-
ic frameworks. The mechanism of this reaction was explored
in detail, and the authors have proposed that the reaction
proceeds through a photoinduced electron transfer mechanism

(Scheme 11). Upon red-light excitation, chlorophyll generates
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Scheme 10: Oxidation of B-citronellol (28) via energy transfer medi-
ated by a red-light activable silicon phthalocyanin complex.

superoxide anion radicals (O,°7) in the presence of oxygen,
which act as the active oxidant to convert organoborons 31 to
alcohols 32. Notably, this protocol is both energy-efficient and
operationally simple, with the reaction being carried out under
air in ethanol, a low-toxicity solvent. Moreover, the scalability
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of the reaction was demonstrated with larger-scale experiments
(up to 5 mmol), achieving excellent yields and minimal waste.
The authors further showcased the robustness of the method by
utilizing common kitchen equipment, mixing spinach extract
with Baijiu (a traditional Chinese drink with a high level of
ethanol) and stirring the reaction under sunlight, achieving
yields as high as 60%. This demonstration underscores the prac-
ticality and accessibility of the method, even outside a laborato-
ry setting. The green chemistry metrics analysis provided in the
study confirms the environmental benefits, with high atom
economy, low waste generation, minimal resource consump-
tion, and the potential of porphyrin/phthalocyanin derivatives as
ligand of high interest in red-light-mediated photocatalyzed
transformations.

Red-light photocatalysis with organic
molecules

While the use of metal-based porphyrin/phthalocyanin com-
plexes has proven their efficiency in red-light-driven chemical
transformations, it has to be noted that the photocatalytic effi-
ciency of these molecules does not necessarily rely on the pres-
ence of a central metal atom. Free-base porphyrins, in particu-
lar, have demonstrated significant potential in red-light-driven
transformations due to their versatile photophysical properties.
These metal-free systems can function as both photooxidants
and photoreductants, engaging in either energy-transfer or elec-
tron-transfer processes with high efficiency [40]. Notably,
D. Gryko et al. demonstrated their application in activating
diazoalkanes through red-light-mediated photosensitization and
photoredox catalysis for carbene transfer reactions and radical-
based functionalizations [41]. In another study by Derksen et

SN

o N
R/[B]
rearrangement /
oH S
R\o/[B] Q’_
r- B!
hydrolysis
OH i 02'-
R 70 to 99% yield
32
r- Bl
31

R! = CH=CH,
R2 = CHs (chl a), CHO (chl b)
R3 = phytyl group

Scheme 11: Formation of alcohol derivatives 32 from boron compounds 31 using chlorophyll (chl) as a red-light-absorbing photocatalyst.

308



al., thiaporphyrins were introduced as highly effective catalysts
for red-light-mediated photoreductive dehalogenation [42].
These thiophene-modified porphyrins exhibit excellent absorp-
tion properties beyond 645 nm, providing access to low-energy
red-light-driven chemical transformations. The catalysts have
successfully facilitated the dehalogenation of 18 different
a-halo ketones 33 with minimal catalyst loading (0.1 mol %)
and high yields under mild conditions. For instance, bromo-
acetophenone has been quantitatively reduced to the corre-
sponding methyl ketone within one hour under red-light irradia-
tion. The optimized reaction conditions proposed by the authors
have demonstrated the superiority of thiaporphyrins over
conventional metal-based systems like Ru(bpy)3Cl,. When
tested, one of the thiaporphyrins has achieved significantly
higher yields (75%) compared to the Ru-based photocatalyst,
which has only afforded a modest 18% yield under similar
conditions. This enhanced reactivity was attributed to the strong
reduction potential of the thiaporphyrin catalysts and their
ability to participate in hydrogen-atom-transfer mechanisms
with a Hantzsch ester 34 as presented in Scheme 12. Moreover,
the study has explored the impact of substrate steric hindrance
and halogen bond strength on catalytic efficiency, revealing that
bromo- and iodo-substrates react more efficiently, while chloro-
substrates exhibit slower conversion rates.

In a similar way, recent advances have shown that synthetic

bacteriochlorins, inspired by natural photosynthetic pigments,

Beilstein J. Org. Chem. 2025, 21, 296—326.

can also serve as effective photocatalysts under even longer
wavelengths. In particular, Zhang et al. have explored the appli-
cation of a man-made bacteriochlorin for photoinduced elec-
tron transfer-reversible addition-fragmentation chain transfer
(PET-RAFT) polymerization under far-red light (Figure 4) [43].
This synthetic bacteriochlorin, structurally modified from tetra-
phenylporphyrin with two reduced pyrrole rings, exhibits strong
absorption in the far-red region, providing excellent control
over molecular weight and polydispersity in the polymerization
of various monomers, including methyl acrylate. The authors
highlight that under red-light irradiation, the bacteriochlorin
catalyst has achieved 89% monomer conversion in just
12 hours, with molecular weights closely matching theoretical
predictions and low polydispersity indexes. Even with reduced
catalyst loadings (down to 10 ppm), the polymerization process
has remained efficient, maintaining high monomer conversions
and well-controlled molecular weights. What makes this ap-
proach particularly innovative is its ability to operate in the
presence of oxygen, overcoming a common limitation in radical
polymerization, and its demonstrated efficacy in penetrating bi-

ological tissues up to 7 mm thick.

Beyond the phthalocyanin/porphyrin family, other kinds of
traditional organic photocatalysts have been extensively studied
in the literature such as bridged Eosin Y 37 [44], BODIPY 38
[45], and dibenzothiazole 39 (Figure 5) [46]. Indeed, organic

dyes, with their inherent advantages of low toxicity, environ-
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Scheme 12: Red-light-driven reductive dehalogenation of a-halo ketones mediated by a thiaporphyrin photocatalyst.
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Figure 4: Photoinduced electron transfer-reversible addition-fragmentation chain transfer polymerization mediated by a red-light absorbing reduced

tetraphenylporphyrin.

mental friendliness, and tunable optical properties, represent a
promising alternative for red-light-mediated reactions. In partic-
ular, the versatility of these catalysts offers new avenues for
facilitating red-light-driven chemical transformations with
greater selectivity and efficiency.

Recently, the squaraine family, a class of organic compounds
characterized by a four-membered unsaturated ring structure
derived from squaric acid [47], has attracted attention due to its
ability to promote single-electron transfer [48]. These com-
pounds exhibit significant NIR fluorescence, making them valu-
able in applications such as biomolecule probing. Additionally,
squaraine derivatives are well-established for their use in
organic photovoltaic cells and as efficient photosensitizers for
singlet oxygen generation. In 2022, Goddard et al. have re-
ported the groundbreaking use of squaraine derivatives as novel
organic NIR photocatalysts for various chemical transformat-
ions, marking the first application of these compounds in the
field of photocatalysis [49]. The study has included a detailed
mechanistic investigation to differentiate between competing

single-electron transfer and energy transfer pathways. Through

both experimental measurements and theoretical calculations,
the authors have determined the redox potentials of several
squaraine derivatives (40, 41, 42, and 43 presented in Figure 6a)
which exhibit oxidation potentials at the excited state ranging
from —1.22 V to —1.58 V vs SCE and reduction potentials at the
excited-state between 0.84 V and 1.22 V vs SCE. In particular,
derivative 40 has been proven to be the most efficient photocat-
alyst, promoting key transformations such as the aza-Henry
reaction with 44 to give 45 under NIR light irradiation
(Figure 6b). The reaction was found to critically depend on the
presence of oxygen in the air for it to proceed. Through optimi-
zation and mechanistic investigations of the near-IR-photocat-
alyzed aza-Henry reaction, the authors have proposed either a
single-electron transfer or an energy transfer mechanism. Addi-
tionally, the reaction displayed an unexpected sensitivity to the
light wavelength used. Employing a higher-energy light source
at 660 nm led to a reduction in the isolated yield from 70% to
56%. Despite the full conversion of the starting material, the
overall efficiency was hindered by the formation of side-prod-
ucts. Furthermore, various nucleophiles were found to be com-

patible with this transformation.
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Figure 5: Recent examples of red-light-mediated photocatalytic reactions with traditional organic dyes.

In parallel the same team further proposed various infrared-
mediated reactions catalyzed by 40 as presented in Figure 7.

It has to be noted that other squaraine derivatives have also
been explored as innovative photoinitiators and photosensi-

tizers for initiating the free radical polymerization (FRP) of

methacrylates under near-infrared light exposure (Figure 8).
Photopolymerization in this case is initiated by reduction of
iodonium salts [50].

Following the exploration of squaraine derivatives and their ap-

plications in NIR-mediated photocatalysis, another class of
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(a) Squaraine derivatives studied by Goddard et al. )

(b) Red-light photocatalyzed aza-Henry re

40 (5 mol %)
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Mg DMSO, air, 6-30h
NO,
44 D 810 nm &

3 examples
62-81% yield
\_ J

Figure 6: Squaraine photocatalysts used by Goddard et al. and aza-Henry reaction with squaraine-based photocatalyst 40. Mechanism based on
single-electron transfer and energy transfer.
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Figure 7: Reactions described by Goddard et al. involving 40 as the photocatalyst.
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Figure 8: Various structures of squaraine derivatives used to initiate photopolymerizations.

compounds, cyanin molecules, has recently gained significant
attention for their unique photophysical characteristics and
versatility in NIR-driven reactions [51]. Cyanins consist of
nitrogen-containing heterocycles connected by a polymethin
chain [52,53], whose synthesis and modifications have been
widely explored [54-56]. Such compounds exhibit remarkable
redox versatility, enabling them to participate in both oxidation
and reduction reactions and few of them are naturally occurring
such as Betanin and Musca-Aurin II (Figure 9). Their relatively
stable excited states, combined with their low toxicity and ease
of chemical modification, make them a highly effective plat-
form for improving reaction efficiencies. These molecules can
facilitate single-electron transfer or energy transfer under mild
conditions, and their structural diversity allows for fine-tuning
of their redox potentials and light absorption characteristics.
This adaptability makes cyanins ideal for a variety of synthetic
applications, such as polymerization and radical-mediated reac-

tions, often difficult for catalysts operating under visible light.

Cyanin compounds can be categorized based on their structural
motifs, such as closed-chain cyanins, streptocyanins, and mero-
cyanins. These groups are distinguished by their terminal struc-
tures, which can range from heterocyclic to non-heterocyclic
rings or even amino and carbonyl groups. Furthermore, cyanins
can also be classified by the number of methine units in their
polymethine chains, including monomethin, trimethin, pentame-
thin, and heptamethin derivatives. The length of the polymethin
chain has a pronounced effect on their absorption properties,
with the addition of each conjugated carbon—carbon double
bond causing a red shift of about 100 nm in the absorption spec-
trum. The formation of J-aggregates allows cyanin compounds
to narrow both absorption and emission peaks, along with a
bathochromic shift in their spectra. Heptamethin cyanins, in
particular, are highly relevant for NIR applications, making
them valuable in photochemistry. Additionally, their solubili-
ties, redox and photophysical properties can be fine-tuned

through specific chemical modifications, further enhancing their
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HOOC  Musca Aurin Il (Amax = 475 nm)

Figure 9: Naturally occurring cyanins.

versatility for a range of synthetic and photophysical applica-
tions as well as preventing their photodegradation (Figure 10)
[57-60].

The use of cyanins as near-infrared photosensitizers was first
introduced in photopolymerization processes. Cyanins have
been shown to effectively initiate radical polymerization under
visible light through mechanisms such as borate oxidation [61]
and 1,3,5-triazine reduction [62]. More recently, cyanin dyes
have enabled the reduction of iodonium salts under NIR excita-
tion [63,64]. These preliminary findings suggest that cyanins,
specifically tailored to absorb in the NIR region, exhibit promis-
ing redox properties for applications in organic synthesis. A
recent work by Goddard et al. has demonstrated that compound
46 is highly effective in various photoredox transformations,
such as aza-Henry reactions with nucleophiles like malonates,

cyanides, and phosphites. The study further revealed that the
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Figure 10: Influence of the structure on the photophysical properties of a cyanin dye.

radicals generated from these processes can be successfully
utilized in dual catalysis with copper, yielding a variety of
alkynylated products (Figure 11) [65].

Compound 46 has been shown to exhibit redox properties simi-
lar to those of squaraine derivatives, enabling key transformat-
ions such as the cyclization of anilines with maleimides and the
reduction of Umemoto salts for trifluoromethylation of alkenes.
With an excited-state reduction potential around 0.80 V, 46
demonstrates the capability to oxidize boronic acids such as 47,
producing the corresponding alcohols 48 via a single-electron-
transfer mechanism that leverages atmospheric oxygen
(Scheme 13).

While the initial photocatalytic results using NIR-irradiated 46
were promising, the overall reaction kinetics were relatively

slow. In response, Goddard et al. have developed a second gen-

46 (5 mol %)

/©/B(OH)2 DBU (2.0 equiv) /©/OH
DMSO, rt
MeO air, 96 h MeO

47 @ s10mm 48
76% yield

Scheme 13: Photocatalyzed arylboronic acids oxidation by 46.

eration of cyanin dyes. For example, in the case of the photocat-
alyzed trifluoromethylation of alkenes, it has been shown that
the stability of the photocatalyst was crucial for achieving effi-
cient and faster conversion. In their study, the authors have re-
ported the synthesis and characterization of over 20 new
cyanins, reporting their synthetic applications and both calcu-

lated and measured their photophysical properties and redox
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Figure 11: NIR-light-mediated aza-Henry reaction photocatalyzed by 46.
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potentials [66]. The study shows that substituents at the central
position of the polymethin chain significantly affect their redox
properties (Figure 12). Cyanins with electron-donating groups
(e.g., 49 and 50) are less oxidizing, with cathodically shifted
reduction potentials compared to the unsubstituted 46. In
contrast, cyanins with electron-withdrawing groups (e.g., 51
and 52) show anodically shifted reduction peaks, making them

more oxidizing. Extended conjugation in cyanins (e.g., 53 and

54) further increases their oxidizing nature at the ground state.

Overall, both central substitution and extended conjugation play

crucial roles in determining the redox behavior of these dyes.

Cyanins with an amino group on the heptamethin chain have
been proven to be the most effective photocatalysts for acceler-

OMe

MeO
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ating the aza-Henry reaction. The differing reaction kinetics and
tests with 9,10-dimethylanthracene suggest that a cooperative
mechanism involving both single-electron transfer and singlet
oxygen generation via energy transfer likely drives the product
formation. In a related study on the reduction of Umemoto salts
for trifluoromethylation of alkenes, most photocatalysts showed
instability under the experimental conditions. However, 54 has
emerged as the most stable and efficient NIR photocatalyst,
facilitating the trifluoromethylation even under low-energy irra-

diation at 940 nm.

Another emerging class of catalysts that has garnered attention
for its applications in NIR photocatalysis is helical carbenium
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Figure 12: Cyanin structures synthetized and characterized by Goddard et al. (redox potentials given against saturated-calomel electrode (SCE)).
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ion-based systems. These systems, characterized by their
distinct helical structures and robust redox behavior, represent a
novel approach to harnessing NIR light for challenging chemi-
cal transformations. The helical carbenium ion, dimethoxy-
quinacridinium (DMQA™) and its synthesis, has been extensive-
ly studied for its photophysics, making it a subject of signifi-
cant interest in the field of photocatalysis [67,68]. Based on pre-
viously observed results, Gianetti et al. have speculated that
N,N'-di-n-propyl-1,13-dimethoxyquinacridinium (55, DMQA)
tetrafluoroborate could serve as a versatile NIR organic photo-
catalyst [69]. Redox potentials of this photocatalyst engaged in
both oxidative quenching and reductive quenching cycles have
been calculated and have indicated that this latter could be a
viable candidate for use in photoredox catalysis. Additionally,
its measured excited-state lifetime (T = 5.5 ns) is similar to those
of other widely used organic photocatalysts, such as carbazole
derivatives, further supporting its potential applicability [70].
Values are given in Figure 13.

The first results obtained in organic synthesis have consisted in
the dual Pd/DMQA-catalyzed C(sp?)—H arylation with aryldia-
zonium such as 56 with lactam derivative 57, which have
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Figure 13: N,N'-Di-n-propyl-1,13-dimethoxyquinacridinium (55) with its
redox potentials at its ground state and excited state (values given
against saturated-calomel electrode (SCE)).

leaded to similar results as the traditionnal use of Ru(bpy);2*
with the formation of 58 in 95% yield (Scheme 14).

Similarly, the photoinduced aerobic oxidative hydroxylation of

arylboronic acids 59 has been successfully accomplished. Since

98% vyield o
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)
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Pd"V
Pdll OAc

organometallic
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MeO OMe DMQA*
55
©_ ©/ N,BF,
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Scheme 14: Dual catalyzed C(sp2)—H arylation of 57 using DMQA 55 as the red-light-absorbing photocatalyst.
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this reaction does not depend on the presence of singlet oxygen,
it confirmed the electron-transfer capability of the DMQA cata-
lyst, which operates through a reductive quenching mechanism.
A suitable reaction pathway was established, leading to moder-
ate to excellent yields of the corresponding phenols 60
(Scheme 15). The reaction primarily involves the oxidation of
iProNEt (DIPEA) by the excited photocatalyst 55 to generate
the radical cation iPr2NEt** (iPr,NEU/iPr2NEt"* = +0.72 V vs
SCE) and the reduction of O, by the reduced photocatalyst,
forming the superoxide radical anion O,*~ (0,/0,"” =-0.57 V
vs SCE). This latter can then react with arylboronic acids 59 to
give, after hydrolysis, phenol derivatives 60.

Other transformations have been addressed by Gianetti et al.
such as C(sp3)—H oxidation, intermolecular atom transfer
radical addition and C(sp)-H arylation using red light and
DMOQA (Figure 14), hence showing the great versatility of this
photocatalyst.

Red-light photocatalysis in biological systems
Photochemical reactions are of high interest for being applied in
biological or medicinal domains. However, the weak light pene-
tration of biological tissues limits the application to surface pro-
cesses. The penetration of NIR light is considerably better [71].
Consequently, many photochemical processes are currently
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Scheme 15: Red-light-mediated aerobic oxidation of arylboronic acids
59 into phenols 60 via the use of DMQA as the photocatalyst.
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Figure 14: Red-light-photocatalyzed reactions proposed by Gianetti et al. using DMQA as the photocatalyst.

317



studied using NIR light [72]. This approach considerably

enlarges the application of photochemical reactions to medicine.

The peroxynitrite anion (ONOQO™) plays an important role in
many diseases such as diabetes, neurodegenerative disorders, or
inflammatory diseases [73]. In order to study the mechanisms of

pPC*™*
/N\ H /N\
g L ", 64
N
NO,
65

Beilstein J. Org. Chem. 2025, 21, 296—326.

the biological activity and to find biomedical applications, dif-
ferent releasing systems of this anion are developed. The
peroxynitrite anion is formed by coupling of nitric oxide (NO)
and the superoxide (O,°7). An efficient system has been de-
veloped to realize this reaction (Scheme 16) [74]. In a photocat-
alytic reaction, NO is released from the corresponding com-

PC*

ONOO-

&

NO, .

Scheme 16: Simultaneous release of NO and production of superoxide (O2™") and their combination yielding the peroxynitrite anion (ONOO").
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pound 61. Nile blue 62 is used as photocatalyst (PC). After
photochemical excitation with NIR light (A = 700 nm), electron
transfer occurs from the catalyst to compound 61. This step is
most probably favored by the formation of a precursor complex
involving m—m-stacking [75]. The resulting radical anion
releases NO also yielding the anion 63. Electron transfer to the
radical cation of the photocatalyst regenerates it. In this step, the
neutral radical 64 is also formed. Hydrogen abstraction (hydro-
gen atom transfer, HAT) yields compound 65. NO and the
superoxide (O,°7) are simultaneously produced by the same
photocatalytic system. In order to favor their combination
leading to the peroxynitrite anion (ONOQO™), the NO-releasing
structure is incorporated in a polymeric structure 66 which
generates micellar nanoparticles. The substituent R’ in the
photocatalyst 62 favors its incorporation in the nanoparticles.

Thus, both reaction partners are approached.

A similar photocatalytic system has been developed for the
release of nitric oxide (Figure 15) [76]. Meanwhile, numerous
applications of the NO release to medicine have been studied
[77]. In the present case a palladium porphyrin complex is used
as photocatalyst and a coumarin derivative is used as NO donor
when the irradiation is carried out at A = 630 nm. NO is re-
leased in a photoredox catalytic process and both reaction part-
ners are covalently bound in a block copolymer which forms
micelles. This method has been developed in the context of the
treatment of intervertebral disc degeneration caused by bacteri-
al infection. It also inhibits the inflammatory response and
osteoclast differentiation in the intervertebral disc tissues. The
present coumarin derivative is also capable of releasing nitric
oxide by direct UV light absorption. However, this method, al-
though simpler, is not suitable for the present medicinal applica-

tion.

The space and time-controlled release of bioactive compounds
is an important tool in bio- and medicinal chemistry to study
biochemical mechanisms or to develop new therapeutic
methods [78-80]. Such reactions can be performed at particular
locations such as DNA or tubulin, when the photocatalyst is
placed via a tethered ligand (Scheme 17) [81]. In the present
case, the triarylmethine dye 67 was used as sensitizer. It is in
equilibrium with the lactone form 68 and can bind either to
tubulin or DNA depending on the conjugate R. The lactone
form enables cell-permeability. The bioactive compound 69
causes microtubule depolymerization and it is caged in the
dihydrotetrazine derivative 70. Upon photocatalyzed oxidation,
the corresponding tetrazine compound 71 is formed. This reac-
tion only occurs close to the photocatalyst or sensitizer fixed at
the intracellular target, for example at tubulin. An intramolecu-
lar Diels—Alder reaction followed by nitrogen extrusion gener-

ates the intermediate 72. In the following uncaging step, the
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Figure 15: Palladium porphyrin complex as the photoredox catalyst
and the NO releasing substrate are linked in the same block
copolymer.

active compound 69 is released and aromaticity is regenerated
in the pyrazine derivative 73. An extracellular reaction of the
system is quenched by ascorbate (low permeability) thus inhib-

iting the photooxidation of 70.

Systematic uncaging of drugs is an important topic in medici-
nal chemistry and general methods for this purpose are of high
interest. Phenyl radicals 74 can be produced from the corre-
sponding arylboronic acid precursors 75 (Scheme 18) and the
addition of oxygen leads to the hydroperoxide 76 [82]. The
latter undergoes fragmentation releasing the drug,
quinomethene 77, and carbon dioxide. By this route baclofen,
vorinostat, or AA147 were uncaged.

Near IR irradiation (A = 660 nm) can also be used to transform
aromatic azides 78 into corresponding aminyl radicals 79 in a
photoredox catalytic process (Scheme 19) [83]. In this case, a
tin chlorin e6 complex [Sn(IV)] is used as photoredox catalyst,
which, after photochemical excitation, is easily reduced to
[Sn(III)]. Among the investigated compounds for this purpose,
NADH was the best reductant. The tin(III) species reduces the
azide 78 and the resulting radical anion 80 yields aminy] radi-
cals 79 after protonation and release of nitrogen. These radicals
have been added to enzymes such as carbonic anhydrase which
in this way was labeled in vitro with biotin. In a cellular
context, the tin chlorin e6 complex [Sn(IV)] was also conju-
gated to antibodies and thus transferred to epidermal growth re-

ceptor (EGFR), a cell surface receptor tyrosine kinase. Under
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Scheme 17: Uncaging of compound 69 which is a microtubule depolymerizing agent using near IR irradiation. The sensitizer is attached to tubulin

with the docetaxel conjugate (R).

these conditions, biotinylation was carried out only at the cell
surface close to the sensitizer marked antibodies. The technique
was also applied to the labeling at the erythrocyte surface. The
method was studied as well with more conventional iridium-
based photoredox catalysts absorbing light in the range of
390 < A <470 nm. However, tissue penetration of light of these
wavelengths is only 1-2 mm while the tissue penetration of
light of A = 660 nm is > 6 mm. Consequently, these conditions
were significantly less efficient. A similar study has been
published using osmium-based photosensitizers also absorbing

light in the near infrared domain [84].

Fluoroalkyl radicals are electrophilic and thus easily reacted
with aromatic, especially heteroaromatic compounds [85].
Using 5,10,15,20-tetrakis(4-trimethylammoniophenyl)porphy-
rin tetra(p-toluenesulfonate) (TTMAPP, 81, 1 mol %) or helical

N'-di-n-propyl-1,13-dimethoxyquinacridinium tetrafluoro-
borate (n-Pr-DMQA™, 55, 2.5 mol %) fluoroalkyl radicals are
produced from the corresponding precursors 82 (Scheme 20)
[86]. They have been added to a variety of tryptophan-contain-
ing peptides 83 and the resulting products 84 have been ob-
tained with yields up to 74%. Using a corresponding terminal
diiodide, two tryptophan moieties have been connected by a
fluorinated linker. Linear peptides with two tryptophan units
can be cyclized using similar diiodofluoroalkyl linkers. The
fluoroalkyl iodides 85 carrying a biotin moiety have been used
in this reaction to label enzymes such as carbonic anhydrase,
albumin, phosphorylase, or bovine serum albumin. Biotinyla-
tion with this method was also carried out in living cells.

Two-photon absorption is a very elegant method to use near in-

frared light for electronic excitation of molecules absorbing
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single photons in the visible domain of the light spectrum
(Figure 16). The efficiency of such an excitation depends on the
symmetry properties of the chromophore [87,88]. A two-photon
excitation is carried out with corresponding lasers. This tech-
nique enables the usage of a larger variety of chromophores in

medicinal and biochemistry and related domains while

conserving the property of a relatively high tissue penetration
[89,90]. Electronic excitation by two-photon absorption in
tissues can be highly localized as it occurs only in the focal
point of lensing. Thus, even a single cell in a tissue can be

selectively addressed [91].

Calcium ions play an important role in many biological phe-
nomena, for example in neurotransmission. Calcium ions can
efficiently be caged by ethylene glycol tetraacetic acid (EGTA)
derivatives [92]. The cage was bound to a nitrophenyl benzo-
furan chromophore 86 (Scheme 21) [93]. This chromophore is
considered as styrene derivative and such compounds possess a
relatively high cross section for two-photon absorption. After
absorption of two near infrared photons, the benzyl ether bond
is cleaved and the cage is split into two fragments 87 and 88,
thus releasing Ca2* ions. The cross section for this fragmenta-
tion is 20.7 GM at A = 740 nm determined with the correspond-
ing esters 89. The cage was applied to whole-cell-clamped
neurons as derivative 90. By releasing the carboxylic acid
protecting group, Ca2* is complexed (86). The presynaptic
terminals were stimulated by the uncaging two-photon absorp-
tion process and the influence on the postsynaptic currents was

measured.

Conclusion

Red-light photocatalysis has emerged as a powerful tool in both
synthetic chemistry and biological applications, owing to its
unique ability to drive reactions under mild, energy-efficient

conditions. In synthetic chemistry, metal-based photocatalysts,
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low energy enables electronic excitation of compounds absorbing
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particularly those involving heavy metals like ruthenium and
osmium, have been instrumental in expanding the scope of red-
light-driven photoredox transformations. These complexes are
valued for their exceptional photophysical properties which
have facilitated a range of efficient and scalable transformat-
ions. At the same time, the use of ligands such as phthalo-
cyanines has opened new avenues by enabling the application
of more abundant metals, such as zinc, copper, and cobalt,
thereby promoting the development of more sustainable photo-
catalytic systems. In parallel, organic photocatalysts such as

squaraines and cyanins have gained prominence as versatile and
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sustainable alternatives. These systems offer unique advantages ACkﬂOWledgementS

in terms of tunability and environmental impact. Their strong
absorption in the red and near-infrared (NIR) regions, combined
with their ability to mediate both energy- and electron-transfer
processes, underscores their potential for diverse synthetic ap-
plications. In biological contexts, the deep tissue penetration of
red and NIR light enables precise and localized processes that
are challenging under shorter wavelengths. Applications such as
drug uncaging, the controlled release of nitric oxide, and the
targeted generation of bioactive species highlight the transfor-
mative potential of red-light photocatalysis in medicine and
biochemistry. However, significant challenges remain to fully
exploit the potential of red-light photocatalysis. The design of
photocatalysts with both high oxidation and reduction poten-
tials in their excited states, as well as longer excited-state life-
times, is critical for broadening the substrate scope and
achieving greater efficiency. These advancements would enable
access to more complex transformations and functionalization
of substrates currently out of reach. Looking ahead, the cou-
pling of red-light photocatalysis with organic electrochemistry
through electrophotocatalysis offers exciting new perspectives.
This innovative strategy could facilitate the generation of novel
red-light-absorbing species with enhanced redox properties,
enabling transformations that are inaccessible to either tech-

nique alone.
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Photomechanochemistry, i.e., the merger of light energy and mechanical forces, is emerging as a new trend in organic synthesis,

enabling unique reactivities of fleeting excited states under solvent-minimized conditions. Despite its transformative potential, the

field faces significant technological challenges that must be addressed to unlock its full capabilities. In this Perspective, we analyze

selected examples to showcase the available technologies to combine light and mechanical forces, including manual grinding,

vortex and shaker mixing, rod milling, and ball milling. By examining the advantages and limitations of each approach, we aim to

provide an overview of the current state of synthetic photomechanochemistry to identify opportunities for future advancements in

this rapidly evolving area of research.

Introduction

Light-mediated synthetic methodologies have significantly
transformed contemporary organic chemistry by enabling a
broad array of previously unattainable transformations [1]. In
fact, the absorption of a photon by a molecule causes the reor-

ganization of the electron density around the atoms and unlocks

unique reactivity modes [2,3]. In photochemical methods, light
is directly absorbed by a functional group embedded in the sub-
strate and can be exploited for example to cleave bonds or
trigger rearrangements. Most organic molecules are colorless
and, in fact, do not absorb visible light: highly energetic UV ir-
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radiation is typically needed. A milder approach is offered by
photocatalytic approaches. Here, a photocatalyst is added to the
reaction mixture to convert light energy into chemical potential
to transform molecules. Intriguingly, photocatalysts typically
absorb harmless visible light and can be chosen ad hoc to
trigger the desired chemistry. Indeed, the photocatalyst—sub-
strate interaction can occur via energy transfer [4-8], single-

electron transfer [9-12], or hydrogen-atom transfer [13-15].

Regardless of the mechanistic details of the activation mani-
fold, all photochemical reactions obey two laws: the
Grotthuss—Draper and the Einstein—Stark laws [16]. The
Grotthuss—Draper law dictates that only absorbed light can in-
duce photochemical transformations within a system. In his
own words, “independently on its chemical nature, each body
reacts more strongly to the color that is complementary to that it
shows in the normal state” [17]. While this concept may appear
self-evident to contemporary photochemists, it served as an
early cautionary note to consistently measure the absorption
spectrum of reagents and ensure that the emission spectrum of
the light source used overlaps (at least to some extent) with it
(Figure 1). The Stark—Einstein law, sometimes referred to as the
law of photochemical equivalence, asserts that the absorption of
light is a quantum process involving one photon per absorbing
molecule (or atom) [18]. It should be stressed that one photon
might trigger a chain of events leading to the formation of
multiple molecules of product (Figure 1). The Grotthuss—Draper
and Einstein—Stark laws mainly predict the feasibility of a light-
mediated transformation from a conceptual standpoint.

Another fundamental law in photochemistry is the
Beer-Lambert law, which describes a negative exponential
correlation between the transmittance of a solution containing

chromophores (i.e., a light-absorbing species) and the optical
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path length (Figure 1). In essence, as a beam of light traverses
through a solution, photons are quickly absorbed, resulting in
abrupt reduction in light intensity. Thr Beer—Lambert law
imposes the most stringent constraints from a practical point of
view, mainly in terms of scalability. This requires highly diluted
solutions, which in turn demands large volumes of solvents,
negatively impacting the sustainability of light-mediated syn-
thesis as it transitions from academic curiosity to industrial ap-
plication. Moreover, since the solvent is the reaction compo-
nent with the highest concentration, competitive side-reactions
such as hydrogen-atom transfer or solvolysis are often ob-
served.

A technological solution to cope with the Beer—Lambert law
was offered by flow chemistry [19-21] by employing micro-
reactors with reduced optical paths to enhance irradiation effi-
ciency [22-24]. Photon-limited reactions, whose efficiency is
primarily constrained by the availability of photons in the reac-
tion mixture, particularly benefit from this approach. Paradoxi-
cally, flow chemistry is a convenient technology to increase the
productivity of photochemical reactions via numbering-up and
sizing-up approaches [25], but it is highly dependent on sol-
vents. In fact, high concentrations of reagents or products can
lead to precipitation, causing undesired clogging of the reactor
and potentially disastrous consequences for the intended trans-
formation. It is important to mention that specific solutions for
handling slurries in flow have been developed, where addition-
al energy is applied to increase mixing such as pulsation [26-
28], ultrasound energy [29], segmented flow [30], or mechani-
cal stirring [31].

In line with the recent emphasis on Green Chemistry principles
[32,33], alternatives have been developed in order to reduce the

amount of organic solvents [34] required for light-mediated
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Figure 1: The Grotthuss—Draper, Einstein—Stark, and Beer—Lambert laws. T: transmittance; e: molar attenuation coefficient; c: concentration;
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transformations including on- and in-water approaches [35-37],
the use of supercritical CO, as solvent [38], and the melting
point depression strategy [39]. However, a more drastic option

would be to remove the solvent: no solvent is the best solvent.

Mechanochemical synthesis, particularly through ball milling,
has emerged as a powerful and sustainable technique that offers
numerous advantages over traditional solution-phase methods
[40-42]. By often eliminating the need for solvents, mechano-
chemistry reduces environmental impact and simplifies experi-
mental procedures. Moreover, it often leads to shorter reaction
times [43,44] and can overcome solubility limitations [45]. Sim-
ilar to the effect of photons in light-mediated synthesis, me-
chanical forces generated during ball milling can induce uncon-
ventional reaction pathways [46] enabling the synthesis of novel
compounds and materials. While the mechanisms underlying
mechanochemical reactions are still under investigation [47-50],
the increasing body of research demonstrates the potential of
this technique to revolutionize synthetic chemistry.

Combining photochemistry with mechanochemistry holds
potential for unique opportunities for substrate activation while
adopting an environmentally benign emerging technology
(Figure 2, top). For example, it is well known that molecules in
the solid state (or in very high concentration) often exhibit pho-
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tophysical behaviors distinct from those observed in dilute solu-
tions because of the formation of aggregates perturbing elec-
tronic transitions [51-53]. Moreover, at high concentrations, the
formation of electron donor—acceptor (EDA) complexes [54] or
exciplexes is expected to be favored, and the effect of mechani-
cal forces on these is worth being thoroughly investigated.
However, to benefit from these unique opportunities, the scien-
tific community must resolve both conceptual and practical
challenges. On one side, light penetration is penalized by the
absence of the solvent, especially in the case of non-transparent
solids. On the other side, typical reactors used for classical
mechanochemical synthesis are made of non-transparent materi-
als such as stainless steel (SS), zirconia, or polytetrafluoro-
ethylene (PTFE), making the use of photons operationally diffi-
cult.

In this Perspective, we gathered selected examples to showcase
how light energy and mechanical forces have been integrated
through the years, either in a combined or sequential manner.
Our goal is not to provide an exhaustive review on photo-
mechanochemistry [34,42,55], nor a detailed explanation of
solid-state photochemistry [56,57], but rather to capture a snap-
shot of the current technological advancement in the field. This
Perspective is organized into four sections based on the adopted
setup for photomechanochemistry: manual grinding, vortex

Main challenges

solvent minimization light penetration

unique selectivity non-transparent jars

higher tolerance to O,

non-standardized equipment

Rod milling Ball milling
low cost high energy input
continuous operation automated operation
scalability high reproducibility
low mechanical energy cost
custom-made jars
scalability

Figure 2: The benefits of merging photochemistry with mechanochemical setups (top). Most common setups for photomechanochemistry (bottom):

a) manual grinding, b) vortex mixing, ¢) rod milling, and d) ball milling.
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mixing, rod milling methods, and ball milling (Figure 2,
bottom).

One final note is about the solvent adopted: in some examples
described below, minimal amounts of solvent are used to
homogenize the reaction mixture. This approach is called
liquid-assisted grinding (LAG) and it is commonly accepted as
a mechanochemical approach [58].- Throughout the text, we
adopted the term photomechanochemistry to include both pho-
tochemical and photocatalytic methods [59], while others have
used "mechanophotocatalysis" or "mechanophotochemistry" for
greater specificity.

Discussion
Experimental setups for photomechano-

chemistry

As mentioned above, the goal of the present perspective article
is to put the spotlight on the technological advancement in the
emerging field of photomechanochemistry, starting from simple

manual grinding to more modern ball-milling techniques.

Manual grinding (Figure 2a) with a pestle and mortar is the
simplest and most cost-effective technique for photo-
mechanochemistry, relying on hand-applied forces to maximize
the surface area of the solids and, therefore, irradiation effi-
ciency. UV lamps (e.g., medium-pressure Hg lamps) are typi-
cally used for irradiation, thus requiring specialized safety
equipment. While it offers some control over pressure and dura-
tion, manual grinding suffers from inconsistencies due to oper-
ator variability, limited throughput (and, hence, scalability), and
challenges in reproducibility. This approach is not operated in
continuo: grinding and irradiation occur sequentially and not si-

multaneously.

Vortex shakers (Figure 2b), which provide circular motion for
mixing, are cheap, user-friendly and available in most laborato-
ries. However, they have limited energy input, making them
less effective for high-energy reactions, and are typically used
for small-scale experiments. Also in this case, the integration of
light sources requires specialized setups (vide infra).
Automated vortex milling for photomechanochemistry is
possible.

Rod milling (Figure 2c) involves the use of a glass rod inserted
into a transparent glass test tube containing the reaction mix-
ture. As the rod rotates, it generates the mechanochemical
forces required to drive the reaction while continuously
exposing fresh surface area to light. This setup allows the reac-
tion mixture to be irradiated efficiently using inexpensive and

energy-saving light-emitting diodes (LEDs). Importantly, this
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apparatus can be operated in continuo, providing opportunity

for limiting human intervention.

Ball milling (Figure 2d) stands out for its high-energy input,
automated operation, and reproducibility, making it ideal for
larger-scale and more force-intensive reactions. Both LED
strips and LED lamps are used as light sources in combination
with transparent jars in PMMA, glass, or epoxy resins. It can
achieve consistent results but comes with higher costs, more
complex operation, and challenges in effectively integrating
light sources for photomechanochemical reactions.

Manual grinding

Manual grinding was predominantly used in the early days of
photomechanochemistry, when [2 + 2] photochemical cycload-
ditions were extensively studied to get insights into the impact
of light energy onto crystals [60,61]. In the following, we
describe selected examples with an emphasis on the role of
manual grinding in improving irradiation.

Mechanochemistry is a linchpin in topochemical solid-state
reactions, where the correct molecular alignment within the
crystal drives the reaction. For example, in 2008, Vittal et al.
[62] designed a mechanochemical strategy to align the C=C
bonds of 4,4'-bipyridylethylene (bpe, 1.1) molecules to drive
efficient [2 + 2] cycloaddition and give the corresponding
cyclobutanes (1.2). This approach relied on zinc cations to
align 1.1 through the formation of hydrogen-bonded coor-
dination complexes. Thus, when a single crystal of the
[Zn(bpe)r(Hy0)4](NO3),-8/3H,0-2/3bpe complex was exposed
to UV irradiation (dark blue phosphor lamps, A = 350 nm) for
25 h, only 46% conversion to 1.2 was observed via '"H NMR
spectroscopy (Scheme 1). During the reaction progress, the
C=C bonds of bpe ligands undergo pedal-like motion prior to
photodimerization [63]. For the single-crystal irradiation, the
slow reactivity can be attributed to the hindered pedal motion in
the single crystals, likely due to the presence of coordinative
bonds on one side and hydrogen bonds on the other. Surprising-
ly, when the crystals were manually ground for 5 min before ir-
radiation, the conversion to dimer 1.2 remarkably increased to
88% in only 4 h of UV irradiation time. Overall, the role of
manual grinding was not only to increase the surface area
exposed to light but also to allow the motions within the crystal.

In another instance, MacGillivray and colleagues reported the
synthesis of rctt-tetrakis(4-pyridyl)cyclobutane (2.3) via [2 + 2]
photodimerization of trans-1,2-bis(4-pyridyl)ethylene (2.1) via
supramolecular catalysis by 4,6-dichloro-resorcinol (2.2) in the
solid state (Scheme 2) [64]. The authors noticed that single
crystals of 2.1-2.2 (1:1 stoichiometry) produced by mortar-and-

pestle grinding undergo a single-crystal-to-single-crystal
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Scheme 1: Mechanochemically triggered pedal-like motion in solid-state [2 + 2] photochemical cycloaddition for the formation of cyclobutanes [62].
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Scheme 2: Mechanically promoted [2 + 2] photodimerization of trans-1,2-bis(4-pyridyl)ethylene (2.1) via supramolecular catalysis by 4,6-dichloro-
resorcinol (2.2) in the solid state [64].
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(SCSC) transformation when exposed to UV light (medium-
pressure Hg lamp). The cyclobutane 2.3 was obtained as a
single stereoisomer and in quantitative yield after 80 h of irradi-
ation. The role of 2.2 is to create a close-packed environment
via hydrogen-bond interactions where the [2 + 2] photodimer-
ization can occur stereoselectively. Next, the authors evaluated
the possibility of using the template agent 2.2 in a sub-stoichio-
metric fashion (20 mol %). However, even upon prolonged
exposure, the yield of 2.3 did not exceed 20% (by 'H NMR
spectroscopy). To achieve turnover, the photoreacted solid was
subjected to a second grinding and exposed again to UV irradia-
tion for an additional 16 h, which resulted in 40% yield. Alter-
nating grinding and irradiation, the authors managed to obtain
quantitative conversion of 2.1 to 2.3. Overall, in this work,
mechanochemistry worked akin to agitation provided by stir-
ring or heating in solution. In fact, 'H NMR spectroscopy, XRD
and DFT analyses showed that grinding serves to dissociate the
more loosely bound 2.3 from 2.2, where a release of strain
energy and formation of a more thermodynamically stable

2.1-2.2 complex for a subsequent turnover are favored.

The first preparative example of photomechanochemistry via
manual grinding was reported by Wang and co-workers in
2022. They reported the photo-thermo-mechanochemical ap-
proach for the synthesis of quinolines from sulfoxonium ylides
and 2-vinylanilines promoted by an iron(II) phthalocyanine
(FellPc) photocatalyst (Scheme 3) [65]. First, a mixture of 2-(1-
phenylvinyl)aniline (3.1), sulfoxonium ylide 3.2, and NayCO3
was ground in a mortar at room temperature for 3—5 min.
Second, the reaction mixture was transferred into a quartz tube,
heated to 50 °C (heating mantle) for 18 h, while being irradi-
ated with blue LEDs under air-equilibrated conditions. In these

conditions, product 3.3 was isolated in excellent yield (94%).

Ph (6]

I
ZS=Me
Me

NH> Me

3.1 3.2
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The reaction remained efficient across a variety of substrates, as
shown in Scheme 3. The authors noted that, if the mixture was
not ground before irradiation, product 3.3 was obtained in just
46% yield after isolation. Thus, the role of mechanochemistry
was to achieve optimal mixing of the starting materials. The
authors also noted that the reaction proceeds in the dark upon
vigorous heating (120 °C). The reaction could be performed on
a gram scale as well, leading to the formation of 3.3 in 92%

yield.

The examples described above demonstrate that manual
grinding offers simplicity and low cost for photomechanochem-
ical reactions. However, its primary limitation lies in the
manual operation and the separation of the grinding and photo-
reaction steps. This approach affects the reproducibility of the
reaction, as it depends on the energy applied by the operator.

Moreover, it is time-consuming and impractical.

Shaking and vortex grinding

To overcome the limits of manual grinding, mechanochemists
have introduced automated shaking (e.g., vortex grinding) to
enable the simultaneous application of mechanical forces and
photon exposure.

In an early example, Toda et al. discovered that shaking a 1:1
mixture of chalcone (4.1) and 1,1,6,6-tetraphenylhexa-2,4-
diyne-1,6-diol (4.2) with a test-tube shaker under irradiation
with a high-pressure Hg lamp, the [2 + 2] syn-head-to-tail dimer
product 4.3 was obtained selectively in 80% yield after 10 h
(Scheme 4) [66]. In detail, 4.2 works as a host to direct the
photodimerization of 4.1 in a stereoselective fashion. The
authors noted that, in stark contrast, the irradiation of 4.1 alone

in a crystalline state yielded a mixture of isomers of 4.3 in low
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Scheme 3: Photo-thermo-mechanosynthesis of quinolines [65].
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Scheme 4: Study of the mechanically assisted [2 + 2] photodimerization of chalcone [66].

yield. Intriguingly, when a 4:1 ratio of 4.1 and 4.2 was used, 4.3
was obtained in 87% yield, albeit after 72 h of irradiation. This
experiment proved that 4.2 can be used in a sub-stoichiometric

way, in fact acting as a catalyst.

More recently, based on their previous approach via manual
grinding (Scheme 2) [64], MacGillivray and co-workers
adopted the vortex grinding method to enable automated and
continuous mixing during irradiation, thus increasing the repro-
ducibility and convenience of the process [67]. In particular, the
authors found that the simultaneous irradiation using a low-
pressure Hg lamp and grinding led to 97% 'H NMR vyield of 2.3
in 24 h starting from 2.1 and 2.2, which corresponds to a 4-fold
improvement on reaction rates compared to manual grinding
[64]. The authors proposed that continuous mechanical stress
results in an increase of nucleation sites and allows catalysis to
be accelerated with respect to manual grinding. Moreover,
continued mechanical stress imparted by the adopted Zn-plated
steel balls could also relieve any stress that builds up in the

solid as a result of the photoreaction.

In 2014, the MacGillivray group resorted to liquid-assisted
vortex grinding (LAVG) to broaden the applicability of vortex
grinding (Scheme 5) [68]. The authors reported that when a 1:1
mixture of p-di[2-(4-pyridyl)ethenyl]benzene (5.1) and

4-benzylresorcinol (5.2) was ground with a mortar and pestle
(1 h) and then irradiated with a low-pressure Hg lamp (60 h),
[2.2]paracyclophane (5.3) was formed in poor yield (35% by
'H NMR spectroscopy). Dry vortex grinding did not improve
the result. However, the addition of a LAG agent (MeOH,
50 pL) in the automated grinding step dramatically improved
the outcome (quantitative conversion after 20 h of irradiation).
Intriguingly, the simultaneous LAVG and irradiation enabled
the formation of 5.3 in 97% yield upon reduced irradiation time
(10 h).

Rod milling

A different approach is offered by rod milling. It employs a
glass rod positioned within a transparent glass test tube that
contains the reaction mixture. Through the rotation of the rod,
shearing forces are gently applied to facilitate the reaction,
while continuously exposing fresh material to light.

In 2016, Konig and co-workers exploited rod milling to develop
a photomechanochemical approach for the riboflavin tetra-
acetate (RFTA)-catalyzed photocatalytic oxidation of alcohols
to the corresponding carbonyl compounds upon irradiation with
five LEDs (A = 455 nm) [69]. As an example, the authors were
able to convert 4,4’-dimethoxybenzhydrol (6.1) to 4,4’-
dimethoxybenzophenone (6.2) in 74% yield after isolation using

Q 4-py

4-py.

|| ||
<>

5.3,97%
single stereoisomer

4-py 4-py

4-py
Q &
__ 5.1 low-pressure vortex mixing
4-py . Hg lamp
MeOH (VLAG)
OH 10 h

Bn

5.2

OH

Scheme 5: Liquid-assisted vortex grinding (LAVG) for the synthesis of [2.2]paracyclophane [68].
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Scheme 6: Photomechanochemical approach for the riboflavin tetraacetate-catalyzed photocatalytic oxidation of alcohols. The photos in Scheme 6
were reproduced from [69] (© 2016 M. Obst et al., published by Beilstein-Institut, distributed under the terms of the Creative Commons Attribution 4.0

International License, https://creativecommons.org/licenses/by/4.0).

5 mol % RFTA under air (24 h), all performed without any ad-
ditional solvent (Scheme 6). The authors noted that the reaction
proceeds via a molten state, since in a control experiment with-
out RFTA the mixture was found to liquefy. This was due to the
heat generated by LEDs and not by the grinding action. Thus,
light irradiation fulfils a double function: the excitation of the
photocatalyst and melting of the substrate, inducing mobility of
the molecules and the occurrence of the catalytic cycle. On a
different note, the authors stressed that ball milling did not
allow to form the expected product. This happened because
light was unable to reach the photocatalyst in the latter setup,
due to small amounts of solid adhering to the inner surface of
the jar and the shielding effect within the milling chamber.

Ball milling

Manual and vortex grinding present certain advantages, such as
a low initial investment for conducting photomechanochem-
istry. However, these methods face significant limitations that
restrict the integration of photomechanochemistry into synthe-
tic workflows, both in academia and industry. They are inher-
ently low in throughput, lack standardized equipment for photo-
chemical reactions, and suffer from poor reproducibility. In
fact, it is striking that often little detail is given regarding the
geometry of the setup as well as the milling conditions. Addi-

Q
. ball milling
eosin Y (2 mol %
Ph—=—FPh P e Z ol %) 27Hz, 6 h
71 (% = 460-465 nm) glass jar (V=20 mL),
: Teflon bead (10 mm)
+
SH Na,SOy4 (1.5 g), air
| N 6h
o
7.2 (2 equiv)

tionally, these methods are neither scalable nor typically suit-
able for automation. Therefore, it comes as no surprise that the
examples described above bear little synthetic potential.

The substantial technological advancements within the chemi-
cal field have impacted mechanochemistry as well, leading to
the introduction of ball milling, which enables precise control
over energy input, operating temperatures, and offers the poten-
tial for automated, reproducible processes. As an added benefit,
the use of closed reactors ensures maximum operational safety,
preventing direct exposure of the operator to potentially
hazardous solid mixtures. A key technological challenge in this
domain is to develop methods to effectively deliver photons to

the reaction mixture.

In 2017, Strukil reported the first instance of a photochemical
reaction conducted within a ball milling apparatus: the authors
termed this approach “mechanochemically-assisted solid-state
photocatalysis” (Scheme 7) [70]. Therein, a custom-built
photoreactor was integrated into a standard laboratory ball mill
apparatus. This reactor, equipped with blue LEDs, allowed for
adjustable light intensity and maintained optimal temperature
regulation using a fan. To overcome the challenge posed by the
non-transparency of milling jars, a glass capsule was utilized.

Ph O
7.3, 43%
Ar

o AP
74

Scheme 7: Photomechanochemical oxidation of 1,2-diphenylethyne to benzil. The photo in Scheme 7 was republished with permission of The Royal
Society of Chemistry, from [70] (“Mechanochemically-assisted solid-state photocatalysis (MASSPC)” by V. Strukil et al., Chem. Commun., vol. 53, ©
2017); permission conveyed through Copyright Clearance Center, Inc. This content is not subject to CC BY 4.0

465


https://creativecommons.org/licenses/by/4.0

Teflon balls were employed to grind the reagents, thereby mini-
mizing wear on the milling vessel. As a benchmark reaction,
they selected the photochemical oxidation of 1,2-
diphenylethyne to benzil [71]. Thus, when a 1:2 mixture of 7.1
and 4-chlorothiophenol (7.2) was ground in the presence of
eosin Y as the photocatalyst and anhydrous Na;SOy4 as a
bulking agent, benzil (7.3) was obtained in 43% GC yield under
blue light irradiation (LED, 14.5 W). Isolation led to dimin-
ished yields (ca. 35%). When milling was conducted in the
dark, only traces of 7.3 were detected and an isomeric mixture
of 1-(4-chlorophenylthio)stilbene (7.4, E:Z 33:67) was ob-
served. The authors demonstrated that, when 7.4 (mixture) was
irradiated, it was readily converted to 7.3 (36%, 4 h). Overall, it
was concluded that 7.1 and 7.2 first react to give 7.4 via a dark
mechanochemical thiol-yne reaction; the latter is then con-
verted to 7.3 by singlet oxygen generated in situ, by eosin Y. It
is important to notice here that the reaction is proposed to
proceed according to a different mechanistic scenario than that
operating in solution [71], where photogenerated thiyl radicals

proved crucial intermediates.

Parallelly, Hernédndez reported a photomechanochemical ap-
proach for the borylation of aryldiazonium salts in a ball milling
apparatus equipped with a transparent polymethylmethacrylate
(PMMA) jar (Scheme 8) [72]. As far as the irradiation source is
concerned, the authors wrapped a LED strip around the jar. A
solution-based precedent by the Yan group was used as a
benchmark transformation [73]. Under optimized conditions, a
mixture of diazonium salt 8.1, B,Pin; (1.5 equiv) and eosin Y
(5 mol %) was irradiated with green light while being milled in
a 25 mL PMMA milling jar with 15 ZrO, balls of 5 mm in di-
ameter at 25 Hz. The expected product 8.2 was obtained in 68%
yield after isolation. A comprehensive set of control experi-
ments highlighted the essential role of mechanochemistry in
enhancing the mixing efficiency and increasing the exposure of
the surface of the reaction mixture to light. Additionally, the

Q &
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formation of compound 8.2 was associated with the observa-
tion of an initial molten state of the mixture, which could have
promoted single-electron-transfer processes that are crucial for
product formation. Lastly, the author noted that the inclusion of
acetonitrile as a LAG agent enabled the transformation even
without the presence of a photocatalyst [72,74].

In 2023, Braunschweig and co-workers reported the photo-
mechanochemical [2 + 2] cycloaddition of acenaphthylene (9.1)
(Scheme 9) [75]. In this case the authors used a ball-mill reactor
equipped with a blue LED, and the reaction was run in a glass
vial with two transparent PMMA balls. The authors noted that
fluorination of the vial and the use of silica gel to adjust texture
were needed to prevent reagent adhesion on the vial walls.
Thus, the reactor was operated at 17.7 Hz for 20 h and the
dimerization to 9.2 occurred in 96% 'H NMR yield with a 6:94
anti/syn selectivity. A different selectivity was observed when
crystals were first ground, and then irradiated under argon with-
out applying forces (65% yield, 70:30 anti/syn). This indicates a
unique divergent photomechanochemical reaction pathway with
respect to the simple irradiation in solid state. Remarkably, no
selectivity was observed in solution state (DMSO as solvent),
while a completely reversed selectivity (99%, anti/syn 91:9)
was obtained when using an anti-solvent (H,O). To account for
the unique outcome of photomechanochemical conditions, the
authors performed a DFT study and introduced the concept of
mechanosusceptibility. Briefly, they computationally applied a
force along the C—C-bond-forming tensor that would result in
the formation of either the syn or the anti products, and found
that the bond-forming event leading to the former can occur at
lower applied forces.

In the same year, Borchardt reported the first use of a ball mill
with UV light for Mallory and cyclodehydrochlorination reac-
tions (Scheme 10) [76]. The authors proposed a photo-
mechanochemical reactor where the jar of the ball mill vibrates

ball milling
eosin Y (5 mol %) 25Hz

N2BF4 greenLED  PMMA jar (V = 25 mL), 0,50

15 ZrO, beads (5 mm)

+  BoPin,

1h _

Br B PMMA jar and
r LEDs  milling balls

8.1 8.2, 68% =

Scheme 8: Photomechanochemical borylation of aryldiazonium salts. The photo in Scheme 8 was reproduced from [72] (© 2017 J. G. Hernandez et
al., published by Beilstein-Institut, distributed under the terms of the Creative Commons Attribution 4.0 International License, https:/

creativecommons.org/licenses/by/4.0).
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Scheme 9: Photomechanochemical control over stereoselectivity in the [2 + 2] dimerization of acenaphthylene. The photo in Scheme 9 was repub-
lished with permission of The Royal Society of Chemistry, from [75] (“Photomechanochemical control over stereoselectivity in the [2 + 2] photodimer-
ization of acenaphthylene” by S. Biswas et al., Faraday Discuss., vol. 241, © 2023); permission conveyed through Copyright Clearance Center, Inc.

This content is not subject to CC BY 4.0.
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Scheme 10: Photomechanochemical synthesis of polyaromatic compounds using UV light. The photo in Scheme 10 was reproduced from [76] (©
2023 D. M. Baier et al., published by Wiley-VCH GmbH, distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 Interna-
tional License, https://creativecommons.org/licenses/by-nc/4.0/). This content is not subject to CC BY 4.0.

within an aluminum frame on which UV-C LEDs are mounted.
The milling vessel used in this process is a cylinder of quartz
glass with PFA (perfluoroalkoxyalkane) caps on both ends to
absorb impacts. Thus, the Mallory reaction to get triphenylene
was investigated. When o-terphenyl (10.1) was milled (30 Hz,
PTFE balls) and irradiated (A = 270 nm) in the presence of silica
gel (bulking agent), I, (1 equiv) as an oxidant, and K,CO3
(1 equiv) as a base in the presence of toluene, the expected
product 10.2 was obtained in 81% yield after isolation upon
181 h of irradiation. The authors claim that toluene acts as a
photosensitizer since cyclohexane, which has similar solubi-

lizing power, did not serve well as a LAG agent. The authors
demonstrated that nanographenes could be obtained via
cyclodehydrochlorination of 10.3 under photomechanochem-
ical conditions as well. Also in this case, the addition of toluene
was beneficial and excellent yield of the corresponding product
(10.2) was observed in 30 h of reaction. As a comparison, the
latter reaction required 48 h in solution. Intriguingly, 10.3 could
in turn be synthesized via a mechanochemical Suzuki coupling,
demonstrating superior performance compared to the solution-
phase approach. This mechanochemical method afforded 10.3
in approximately the same yield, but significantly faster, com-
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pleting the reaction in 2 h instead of 24 h. Overall, in this case,
milling ensures the necessary mixing of the reactants and con-
tinuously exposes fresh surfaces of the solids to light. The
authors were able to scale the conversion of 10.3 to 10.2 on a
gram scale (1 g), even though with a diminished yield (48%)
due to inefficient mixing.

In a recent instance, Millward and Zysman-Colman reported a
comprehensive exploration of the benefits of the photo-
mechanochemical approach in the field of synthesis [77].
Specifically, they developed photomechanochemical conditions
for the atom-transfer-radical addition (ATRA) of sulfonyl chlo-
rides to alkenes, pinacol coupling of carbonyl compounds,
decarboxylative acylation, and photocatalyzed [2 + 2] cycload-
dition (Scheme 11).

Regarding the experimental setup, the authors adapted a com-
mercially available ball mill, by introducing a custom-made
stainless steel safety shield to minimize unwanted light leakage.

A) atom transfer radical addition
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Cl
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+
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The interior surface of the shield is somewhat reflective. A hole
in the milling shield above each jar holder allows for irradia-
tion of the reaction glass vessels from above using powerful
LED lamps.

First, photomechanochemistry facilitated the copper-photocat-
alyzed ATRA of sulfonyl chlorides and styrenes under fully
aerobic conditions (Scheme 11A), a feature unattainable in
traditional solution-phase synthesis. In fact, in the latter case,
almost complete recovery of the starting material was observed.
Second, the authors found that the replacement of diisopropyl-
ethylamine (DIPEA) with Hantzsch ester in the role of sacrifi-
cial reductant for the pinacol coupling of benzaldehyde enables
solvent-free conditions for this transformation (Scheme 11B).
Here, the aggregation state of the substrate and the reductant
proved to be crucial to establish a fully operative protocol. The
third reaction tested under mechanophotocatalytic conditions
was the well-established decarboxylative acylation of electro-
philic olefins (Scheme 11C). Compared to solution-phase pho-

0. .0 ¢l
S C

R
Je

OH
o}
CO,Et
CO,Et
o)

Scheme 11: Mechanically assisted photocatalytic reactions: A) atom-transfer-radical addition, B) pinacol coupling, C) decarboxylative alkylation,
D) [2 + 2] cycloaddition. The photo in Scheme 11 was reproduced from [77] (© 2024 F. Millward et al., published by Wiley-VCH GmbH, distributed
under the terms of the Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).
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tocatalysis, photomechanochemical conditions allowed to
reduce the reaction time from 24 h to 3 h while maintaining
comparable yields. Finally, the authors proved that photo-
mechanochemistry contributes to the initial rate enhancement of
photocatalyzed [2 + 2] cycloadditions under aerobic conditions,
even though over longer irradiation times the solution-state
yields are superior (Scheme 11D).

Very recently, Wu, Wang, and co-workers proposed a radically
different approach to photomechanochemistry [78]. Rather than
trying to interface two technologies, the authors opted to use
mechanoluminescent powders to generate photons directly
inside the jar. In more detail, SrAl,O4:Eu?*/Dy3* (SAOED)
was used as a mechanoluminescent material to drive the visible-
light-mediated Hofmann-Loffler-Freytag (HLF) reaction
(Scheme 12A). Thus, when using a mixture of 12.1 (0.2 mmol),
Nal (1 equiv), Koser’s reagent, and NayCO3 (each 4 equiv), in
the presence of 100 wt % of SAOED, pyrrolidine 12.2 was iso-
lated in 90% yield. As far as the mechanochemical setup is
concerned, the authors milled the reaction mixture at 30 Hz in a
5 mL stainless-steel jar equipped with twenty stainless-steel
balls (@ = 3 mm). Intriguingly, the authors noticed that multiple
smaller balls, when used in a comparable total mass, outper-
formed a single larger ball in terms of reaction efficiency.
Moreover, intermittent milling (4 X 30 min periods with 5 min
breaks instead of 2 h in a row) proved beneficial to minimize
heat accumulation resulting in product decomposition. Next, the
authors proved the generality of mechanoluminescence by per-
forming the sulfonylation of alkenes via EDA-complexes
photochemistry (Scheme 12B). Thus, when a mixture of 1,1-
diphenylethylene (12.3, 0.2 mmol), tosyl chloride (12.4,
2 equiv), and tris(4-methoxyphenyl)amine (10 mol %) was
milled in the presence of 100 wt % of SAOED at 30 Hz for 3 h,
sulfone 12.5 was obtained in 89% yield after isolation. The syn-
thesis of 12.5 was scaled up to 15 mmol scale, obtaining the
desired product in a yield of 79%. Scanning electron microsco-
py (SEM) analysis revealed the deformation and reduction in
size of SAOED particles upon milling. Interestingly, carbon de-
termination experiments revealed that SAOED is quickly
poisoned by organic matter, thus hampering recyclability. This
can be to some extent reversed via calcination (700 °C, 2 h).

Conclusion and Future Directions

In this Perspective, we have examined how photons and impact
forces have been merged so far. Although early examples of
photomechanochemistry date back to the 1980s, there has been
a recent surge in interest. It is important to note that photo-
mechanochemistry remains in its early stages, with studies thus
far focusing primarily on straightforward transformations, such
as [2 + 2] photodimerization, and a limited number of prepara-

tive examples. In most examples, mechanochemistry is pro-
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Scheme 12: Use of mechanoluminescent materials as photon sources
for photomechanochemistry. SAOED: SrAl,04:Eu?*/Dy3+.

A) Hofmann—Loffler—Freytag reaction; B) EDA-based photochemistry
[78].

posed to constantly expose fresh surface to light and promote
mass transfer. As understanding of the methodology advances,
the development of more complex synthetic strategies, includ-
ing C-H, C-C, and C-heteroatom-bond formation, is expected
[79]. Moreover, we anticipate that the difference in photophysi-
cal properties between organic molecules in diluted and
extremely concentrated solutions will lead to unprecedented re-
activity.

From a conceptual standpoint, the examples presented above
effectively illustrate that each discipline offers unique benefits
within this marriage. On one side, as amply discussed in the
introduction, photochemistry allows to leverage reactivity
modes inaccessible through traditional approaches. On the other
side, mechanochemistry brings around advantages in terms of
sustainability and operational efficiency. Firstly, it either elimi-
nates the need for solvents entirely or significantly reduces their
use, as in liquid-assisted grinding (LAG). This minimizes waste
production compared to conventional solution-based methods.
This is particularly advantageous when high-boiling point (e.g.,
DMSO) or noxious solvents (e.g., DMF and halogenated ones)
are required. It is worth noting, however, that in some cases the
heat generated from the high-power light sources causes the
reaction mixture to melt, which might not be general, but rather
substrate-dependent. Secondly, mechanochemistry allows the
synthesis practitioner to run reactions at maximal concentra-
tions, accelerating reaction rates and enabling processes involv-
ing insoluble reagents and/or photocatalysts. Additionally, as
discussed, the use of impact forces can lead to unique selec-

tivity profiles compared to solution-based methods, further
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enhancing its utility. Thirdly, dissolved oxygen must be often
meticulously removed in solution-based methods via tedious
techniques such as freeze-pump-thaw. By eliminating solvents,
mechanochemistry enables the development of more practical
and efficient photochemical protocols, especially at scale, where
degassing large volumes is technologically and economically
challenging.

From a practical standpoint, the progression from manual
grinding to ball milling was a natural development, yet there is
still significant potential for further advancements. The exam-
ples discussed above clearly show that mechanochemistry and
light-driven synthesis have evolved at different rates, with each
field capturing the interest of distinct research communities.
This has led to the creation of hybrid systems — improvised
combinations of commercial ball mills with transparent jars
(e.g., PMMA, glass, quartz, or epoxy resin) and off-the-shelf
LED lamps or strips. However, a standardized apparatus for
photomechanochemistry is not available yet. Looking forward,
designing specialized equipment capable of integrating both
mechanical impact forces and photon input would be highly

beneficial.

Moreover, a major challenge limiting the widespread adoption
of mechanochemistry in industrial applications is scalability
[80], a concern that also extends to photomechanochemistry.
One potential solution to address this issue has been the intro-
duction of twin-screw extruders [81]. However, it remains
uncertain whether this approach can be effectively adapted for
use in photomechanochemical processes. Such dedicated ma-
chinery could enable a synergistic interaction between photons
and forces, streamlining the combination of mechanochemical
and photochemical processes and paving the way for more effi-
cient, sustainable, and selective transformations in organic syn-
thesis. An unexplored opportunity is offered by resonant
acoustic mixing (RAM) [82], a technology that leverages low
frequency acoustic waves to deliver controlled mechanical force
within a reaction vessel. In this case, cheap commercially avail-
able glass vessels present in all laboratories can be used, thus
solving the issue of fabricating custom-made transparent jars.
Intriguingly, RAM appears an ideal technique for high-through-
put experimentation [83]. A further area of development would
be the possibility of integrating options for the in-situ monitor-
ing of reactions, such as X-ray and Raman techniques
[47,48,84-87].

In conclusion, in recognizing that both photochemistry and
mechanochemistry provide highly sustainable approaches for
synthesis, we envision a powerful synergy between these fields.
In fact, we provide a SWOT (Strengths, Weaknesses, Opportu-

nities, Threats) analysis for the strategic development of this
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new exciting field (Figure 3). By combining their knowledge,
researchers working at this interface have the potential to rede-
fine the landscape of sustainable synthesis, with this Perspec-

tive serving as a snapshot of the current state-of-the-art.

STRENGHTS WEAKNESSES

Solvent minimization
Unique selectivity

Faster reactions

More practical
reaction conditions

Light penetration
Instrumental cost

Standardized
equipment

OPPORTUNITIES THREATS

Unique reactivity Lack of mechanistic

Reaction monitoring understanding

High-Throughput
Experimentation

Purification
methods

Figure 3: SWOT (strengths, weaknesses, opportunities, threats) anal-
ysis of photomechanochemistry.
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Antibody—drug conjugates (ADCs) represent a promising class of targeted therapeutics, combining the specificity of antibodies with

the potency of cytotoxic drugs to enhance therapeutic efficacy while minimizing off-target effects. The development of new chemi-

cal methods for bioconjugation is essential to generate ADCs and to optimize their stability, efficacy, and safety. Traditional conju-

gation methods often face challenges related to site-selectivity and heterogeneous product mixtures, highlighting the need to

develop new, innovative chemical strategies. Photoredox chemistry emerges as a powerful tool in this context, enabling precise,

mild, and selective modifications of peptides and proteins. By harnessing light to drive chemical transformations, photoredox tech-

niques can facilitate the synthesis of antibody bioconjugates. This perspective will discuss the drive to develop and empower

photoredox methods applied to antibody functionalization.

Introduction

Antibodies represent increasingly important tools in several
groundbreaking approaches to medical innovation, including
basic biomedical research and therapy. One of the most critical
requirements for the application of antibodies in disease detec-
tion and treatment is that they are adorned with functional units
(e.g., fluorophores, radionuclides, toxic payloads) that must be
efficiently and selectively installed through compatible synthe-
tic methods.

Dozens of ADCs have been approved for clinical uses, and to

date all are designed in the context of cancer therapy [1], which

combines the precision targeting of monoclonal antibodies
(mAbs) with the therapeutic effects of cytotoxic drugs [2]. The
ADCs are thus designed to deliver potent cytotoxic agents
selectively and directly to cancer cells while minimizing
damage to healthy tissues. Notably, ADCs have started to enter
clinical trials for non-oncology applications as well [3].

The importance and value of ADCs are several fold:

* Precise targeting: ADCs specifically recognize their

target cells because of their antibody component. This
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minimizes collateral damage to healthy tissues, reducing
side effects compared to traditional chemotherapy.

* Enhanced potency: By delivering cytotoxic payloads
directly to tumor or other target cells, ADCs achieve
higher drug concentrations at the site of action. This po-
tency enhances therapeutic efficacy.

* Treatment of refractory diseases: ADCs have shown
remarkable success in treatment of highly refractory
diseases. Their ability to overcome resistance makes
them valuable options for patients who previously had
limited treatment choices.

ADC:s consist of three main components (Figure 1): (1) Mono-
clonal antibody (mAb): The antibody specifically recognizes
and binds to surface antigens present on tumor or other targeted
cells. (2) Linker: the linker connects the antibody to the
payload. The nature of the moiety linking the drug/radiolabel/
imaging agent to the antibody plays a crucial role in the phar-
macokinetic properties [4,5], therapeutic index, selectivity, and
overall success of the ADC. The linker will ideally be stable in
plasma for an extended period before the intended target can be
reached, and after internalization, linkers play a key role in the
drug-releasing event. Importantly, some exceptions exist. For
example, in trodelvy, used in a treatment for patients with
triple-negative breast cancer, the linker may release the drug
prior to internalization. (3) Payload: The payload may be a
subunit used in cellular tracking, imaging, or most commonly
toxic drug therapeutics. The overall goal of ADCs is to deliver
the payload directly to target cells via the antibody without
affecting normal, healthy tissue.

Importantly, the use of antibodies in modern medicine is not
restricted solely to ADCs and cancer therapy. For example,
mABs now find routine use in the context of radionuclide (PET)
imaging agents, informing therapeutic decision-making [6,7].
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Antibody—oligonucleotide conjugates, antibody—enzyme conju-
gates, antibody—polymer conjugates, antibody—nanomaterial
conjugates, antibody—catalyst conjugates, and antibodies
involved in protein degradation also play critical roles in bio-
medical research and therapies [2].

In whatever capacity, the use of antibodies applied to medicine
is critically dependent on the ability to anchor them to opera-
tive payloads in a highly precise manner [8-10]. Many
researchers are tackling the challenge of new strategies for
chemoselective synthetic modifications of biomolecules, includ-
ing antibodies [11]. In the case of ADCs, conjugation of the
linker/payload to the antibody must not drastically alter the
pharmacokinetics or physicochemical properties of the anti-
body [12,13]. Typically, zero to eight payloads are attached to
the antibody. Heterogeneous ADCs may thus be a mix of both
unconjugated and “overloaded” antibodies. Unconjugated anti-
bodies compete with antibodies containing payloads for
binding, which can diminish the effectiveness of the antibody-
payload materials. On the other hand, excessive loading of the
antibody can lead to antibody aggregation, increased toxicity,
decreased stability, and/or a shorter ADC half-life [14]. Optimi-
zation of the drug/antibody ratio (DAR) and payload distribu-
tion/location thus becomes significant for ideal ADC design.

Given the complexity of biological macromolecules, there are
inherent limitations in terms of the types of reactions that can be
used to modify them. Reactions must be carried out at or near
ambient temperatures and near-neutral pH. Aqueous media is
often required to solubilize the substrates and/or to prevent
denaturation, and reactions are normally carried out under very
dilute (micromolar) conditions. As importantly, the highly func-
tionalized nature of polypeptides/proteins demands exquisite
selectivity to target specific sites on the macromolecule of
interest. In addition to the requisite features of the chemical

Linker
Non-cleavable
Cleavable
(via pH, GSH, enzymes)

Payload
Cytotoxic agents
radionuclides
Imaging agents

Payload

Figure 1: Representation of an antibody—drug conjugate. The antibody shown in this figure is from https://www.gettyimages.de/detail/illustration/
monoclonal-antibody-igg2a-lizenfreie-illustration/585105259 ?searchscope=image %2Cfilim&adppopup=true; ALFRED PASIEKA/SCIENCE PHOTO

LIBRARY, No. 585105259. This content is not subject to CC BY 4.0.
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methods outlined above, there are key requirements for synthe-
tic methods used in ADCs, which include high site-selectivity
and controlled stoichiometry (DAR). Additionally, the methods
should be synthetically reliable, easy, and rapid to carry out,
and they must tolerate diverse functional groups on the
payloads/linker [15,16]. These factors conspire to set a very
high bar for those processes that are amenable to covalent bio-

conjugation.

Effective bioconjugation has been dramatically facilitated by
the development of robust bioorthogonal reactions, which has
revolutionized the field of chemical biology [17]. A bioorthogo-
nal reactive group can be introduced into proteins via direct
chemical coupling on specific native amino acids, by enzy-
matic coupling, or by bioengineering for the incorporation of
non-canonical amino acids [18,19]. In fact, incorporating non-
natural amino acids significantly broadens the scope of reac-
tions that can be used in bioconjugation. As an example, click
chemistry comprises one particularly useful and important tool
in which azides and other dipolar species engage with reactive
alkenes and alkynes on non-canonical amino acids [20]. Transi-
tion-metal-mediated processes, including metathesis reactions,
aryl cross-coupling reactions, and conjugate addition reactions
with dehydroalanine derivatives round out the most predomi-
nant reactions used on non-natural amino acids. However, even
though bioengineering allows the incorporation of non-canon-
ical amino acids with astounding effectiveness and near-com-
plete selectivity, this technology is exceedingly expensive and
time-consuming, and the expertise required to carry out these
transformations is constrained to a very limited number of labo-
ratories, particularly in the field of antibodies.

Given the challenges of bioengineering antibodies with non-
canonical amino acids, the direct and chemoselective modifica-
tion of native antibodies is most attractive, albeit not without
serious obstacles. Among native amino acids, attachment to
lysine (Lys) [21] and cysteine (Cys) are the most common.
Antibodies typically contain as many as 90 lysine units, many
of which are at highly solvent-accessible sites [22,23]. Conjuga-
tion to Lys is thus rarely controlled and leads to a wide range of
DAREs that can destabilize the antibody and furthermore greatly
alter the pharmacokinetics of the ADC (vide infra). Additional-
ly, undesirable Cys and Tyr modifications may compete in

some instances with the Lys conjugation.

Cysteine amino acids are less prevalent and typically more
evenly distributed in antibodies than lysine but are often tied up
in disulfide bridges that must be reduced prior to conjugation
[24,25]. Such reductions must thus be carefully controlled to
allow conjugation while ensuring the overall structural integrity

of the antibody. The free sulthydryls can be conjugated by
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several means, including alkylation with a-halo carbonyls (in
which case Lys may compete), and Michael additions (e.g., to
maleimide, which is reversible and therefore may lead to
incomplete conversion). The Michael adducts also present
chemical instability in plasma and additionally generate an
undesirable new stereocenter [26,27].

Few methods have been developed for the functionalization of
tyrosine (Tyr) and tryptophan (Trp). With a low abundance
(#3%) in proteins, Tyr modifications are widely recognized for
their ability to profoundly impact protein properties and func-
tion. Their chemical modification has been developed using
iminoxyl radicals [28]. Although numerous methods exist for
the functionalization of Trp in proteins, their application in the
elaboration of ADCs is limited [29].

Given the many challenges in antibody modification as outlined
above, it is perhaps of no surprise that the recent renaissance of
synthetic chemistry based on novel photochemical methods has
been applied to their functionalization [30]. In the context of
photochemistry applied to bioconjugation, photochemical
affinity labelling (PAL) is a technique that has been used to
create selective chemical reactions, often for bioconjugation, by
utilizing photoaffinity reagents. These reagents are typically
photoreactive molecules that can be activated by light to form
covalent bonds with nearby molecules [31-33]. PAL involves
using a light-activated group (often a photo-crosslinker) that can
form covalent bonds when exposed to UV or visible light.
These photoaffinity tags or crosslinkers are designed to bind to
specific biomolecules, such as proteins, nucleic acids, or lipids,
in a highly selective manner. The light irradiation triggers a
chemical reaction, such as a bond formation, which allows the
conjugation of two molecules. PAL is commonly used in
targeted bioconjugation when the timing and location of the
conjugation need to be controlled. A typical example is using
azido groups or alkyne groups in conjunction with light to
initiate a covalent bond between two different molecules, such
as a drug and a targeting moiety. This technique has been
shown to be useful in applications such as cell labeling, pro-
tein—protein interactions, and photoradiosynthesis of bioconju-
gates, but the most important challenge remains the lack of
specificity to target one amino acid, and thus to have a better
control of the selectivity and the DAR, leading to more homo-
geneous ADCs. In this specific context, photocatalysis
(Figure 2) enables site-specific bioconjugation by generating
reactive intermediates (such as radicals or electron-deficient
species) that can selectively react under the agency of low-
energy visible light with specific functional groups on biomole-
cules. This allows precise control over the conjugation process,
enabling targeted modifications without affecting non-reactive

sites.
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Figure 2: a. Photoredox catalytic cycles; b. absorption spectrum of photosensitizers. Therapeutic window indicates the most appropriate wavelength

range to apply irradiation for biological applications.

Although previous reviews have discussed the more traditional
synthetic methods applied to ADCs [34-36], the discussion
below focuses on photocatalytic approaches that have been used
to date to elaborate antibodies, providing insight into those
methods that aim to revolutionize approaches to cancer treat-
ment and other medical applications via the use of synthetically
functionalized antibodies.

Perspective

In this perspective, how light-driven chemistry can enhance the
development of innovative methods for accessing
antibody—drug conjugates (ADCs) will be outlined. A brief
introduction to photoredox chemistry as it relates to bioconjuga-
tion in proteins is followed by a summary of the limited
photoredox approaches reported for antibodies. Finally, the
potential benefits and cautionary details these chemical strate-
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gies possess for creating ADCs with well-defined DAR and en-
hanced selectivity are discussed.

Photocatalytic modification of proteins
Photoredox chemistry has emerged as a transformative ap-
proach in the modification of proteins, enabling researchers to
achieve selective and efficient conjugation under mild condi-
tions [37]. By utilizing visible light and transition-metal cata-
lysts, this technique allows the generation of reactive intermedi-
ates that can facilitate various modifications, including labeling,
crosslinking, and the creation of protein—drug conjugates. The
incorporation of photoredox strategies has facilitated the syn-
thesis of complex protein architectures, enabling precise control
over conjugation sites and degrees of modification. The num-
ber of publications reporting photoredox bioconjugation applied
to proteins over the last 20 years is significant (Figure 3).

2004

2009
Year

2014 2019 2024

Figure 3: Graph representing the average number of publications focusing on photoredox chemistry applied to protein-based bioconjugation (source:

SciFinder).
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Recent reviews have highlighted advancements in this field,
emphasizing methods that enable site-specific modifications of
proteins with minimal disruption to their native structures
[38,39].

In 2021, Bottecchia and Noél reported the utility of photoredox
catalysis for the functionalization of amino acid side chains,
paving the way for tailored modifications in biotherapeutics
[40]. More recently, Sato et al. have reviewed photochemical
strategies enabled by a range of catalysts, including photoredox
catalysts, energy-transfer catalysts, and genetically encoded
photocatalysts, highlighting their distinct features, mechanisms,
applications, and prospects [41]. This thorough analysis show-
cased the promising advancements in the chemical modifica-

tion of proteins.

As this field continues to expand, ongoing research efforts
are focusing on optimizing reaction conditions, under-
standing mechanistic pathways, and exploring new catalysts to
broaden the scope of photoredox applications in protein chem-

istry.

The integration of photoredox chemistry with protein modifica-
tion has opened new avenues for designing advanced biothera-
peutics, including ADCs and targeted delivery systems.

Photoinduced modification of antibodies
Although the bioconjugation of proteins via photocatalytic path-
ways is well-documented, the application of this method to the
functionalization of antibodies remains largely unexplored. This
is primarily because of the structural complexity of antibodies,
which exhibit a three-dimensional architecture and numerous
potential modification sites, making selective control of functio-
nalization sites challenging. Nonetheless, photocatalytic ap-
proaches offer a unique potential to overcome these limitations,
particularly by enabling modifications under mild and con-
trolled conditions. Unlike classical methods, such as thiol chem-
istry [22] or widely used click reactions [33], photocatalysis
could provide innovative solutions to produce ADCs, espe-
cially in terms of selectivity and the preservation of sensitive bi-
ological structures when appropriate redox potentials of photo-
catalysts are applied to the targeted amino acid. Additional
advantages of photoinduced reactions include the ability to
perform the reactions rapidly (typically <15 minutes). It was
only in the late 2010s that the first publications on the subject
emerged. An overview of reported photoredox approaches for
the functionalization of antibodies is outlined below.

Histidine
In 2021, the group of Sato developed a selective functionaliza-

tion method for histidine using an umpolung approach based on
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singlet oxygen [42]. Through energy transfer (EnT) from the ru-
thenium-based photocatalyst to triplet oxygen, singlet oxygen is
produced in a targeted manner, which oxidizes histidine to an
endoperoxide, significantly increasing its reactivity toward
nucleophiles (Figure 4A). This strategy employs a functionali-
zed ruthenium complex and a fragment crystallizable (Fc)
ligand anchored to a magnetic bead, enabling the localized gen-
eration of singlet oxygen near antibodies (Figure 4B). The short
lifetime and limited diffusion of singlet oxygen ensure exclu-
sive reactions with proximal histidine residues. This strategy
maximizes the efficiency and specificity of functionalization,
representing a significant advancement in the selective modifi-
cation of antibodies.

This method demonstrated an innovative mode of selectivity,
even though some drawbacks remain. For example, the
1-methyl-4-arylurazole used in these transformations is a strong
electrophile that can react with Tyr, for instance, if such an
amino acid is located near the reactive site. In addition,
command of the DAR might have some limits, as the distance
between the catalyst and the mAbs is not well defined, meaning
that the photoredox reaction might not give satisfactory repro-
ducibility.

Histidine/Tyr

More recently, the same research group demonstrated the
divergent functionalization of tyrosine or histidine, thanks
to the use of a DNA photoswitch Ru complex, either used
as a standalone system or involved in an artificial metalloen-
zyme (ArM). The use of the ArM significantly enhances the
potential of the photocatalyst for antibody modification [43]. By
inserting a [Ru(bpy),dppz]?* complex into the apo-form of
riboflavin-binding protein (RFBP), a complete reversal of
selectivity was achieved: the Ru complex alone enabled
tyrosine modification via a photoredox reaction, whereas
when embedded within the protein, the Ru-based ArM
complex promoted histidine modification through an energy-
transfer mechanism (Figure 5). Based on DFT calculations, this
is permitted by the modification of the energy diagram of the
ruthenium complex in the presence of biological and aqueous
media. When applied to trastuzumab, the artificial metalloen-
zyme system ([Ru] € RFBP) thus yielded striking results —
significantly reducing undesired tyrosine modifications
on the heavy chain while enabling selective modification of

histidine.

This impressive divergent method allows the same
photocatalyst and electrophile to be involved in two
different but selective bioconjugations of mAbs. It remains
limited to reactions involving oxidative mechanistic pathways
with 10,.
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B) localized production of singlet oxygen near antibody
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Figure 4: Schematic procedure developed by Sato et al. on histidine photoinduced modification. The antibody shown in this figure is from https://
www.gettyimages.de/detail/illustration/monoclonal-antibody-igg2a-lizenfreie-illustration/585105259 ?searchscope=image%2Cfiim&adppopup=true;

ALFRED PASIEKA/SCIENCE PHOTO LIBRARY, No. 585105259. This content is not subject to CC BY 4.0.

Cys

In 2016, Brise et al. developed a photomediated disulfide
rebridging method, exploiting the disulfide bridging sites in bio-
molecules to introduce specific functional groups (Figure 6)
[44]. The bioconjugation reaction is based on thiol-yne cou-
pling. Originally developed on peptides and proteins, this ap-
proach was applied to a fragment antigen-binding (Fab) anti-
body fragment (approximately 46 kDa) containing a single
interchain disulfide bond. After 4 h of irradiation under UV
wavelengths, the desired rebridged Fab fragment was obtained
with around 40% conversion.

Although this method shows promise, it remains to be seen
whether it is feasible for a full antibody, such as an IgG1, which
typically contains four un-buried interchain disulfide bonds.
Thus, rebridging allows the disulfide bonds to be reformed after
conjugation, but one may question whether this could affect the

long-term stability or functionality of the ADC, particularly if

the new bonds do not perfectly mimic the properties of native
disulfide bridges.

More recently, Lang et al. developed an approach using dual
photoredox/nickel-catalyzed antibody functionalization [45],
demonstrating the selective modification of Cys residues
through photocatalytic methods (Figure 7). A key advantage of
this strategy lies in the use of readily available and inexpensive
Ru(bpy)s, along with a water-soluble, air- and moisture-stable
Ni(dabpy)Br; catalyst. Moreover, they demonstrated that this
system works efficiently in aqueous conditions, making it
highly suitable for applications involving antibodies. These
characteristics make the method highly attractive for industrial
applications, where both scalability and robustness are essential.

Beyond its practical advantages, the method offers notable

versatility, enabling the conjugation of a wide range of aryl

linkers to Cys residues. This flexibility is crucial for the devel-
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Figure 6: Schematic procedure developed by Bréase et al. on photoinduced disulfide rebridging method.

opment of ADCs, where precise control over the linker and
conjugation site is vital to optimizing therapeutic efficacy and
pharmacokinetics. The Lang group's approach therefore repre-
sents a significant advancement in the field of selective and
scalable antibody functionalization.

Importantly, although pioneering the field of dual nickel cataly-
sis for the functionalization of antibodies in a very elegant and
practical manner, the method has been applied to Cys, which
necessitates the use of a reductant to access the free form of
Cys. Another consequence was the high and non-reproducible
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Figure 7: Schematic procedure developed by Lang et al. on a photoinduced dual nickel photoredox-catalyzed approach. The antibody shown in this
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DAR. The development of such methods applied to other
canonical amino acids should benefit from the advantages of
this approach while overcoming the encountered problems.

Glutamic acid

The Chung group explored the development of a method based
on a high affinity immunoglobulin G (IgG) Fc-binding strategy
to generate ADCs (Figure 8). Although such methods are gener-
ally reported with a heterogeneous DAR, the group developed a
site-specific approach leading to a homogeneous DAR 2, thanks

(365 nm)

click chemistry

R

to a photoreactive Fc-binding peptide derivative (pFcBP) con-
taining a photoleucine (pLeu) [46]. By analyzing the X-ray
crystal structure of IgG, the researchers identified high-affinity
binding sites for the ligand within the Fc domain. This struc-
tural analysis allowed precise determination of amino acid

residue positions and orientations.
Upon photoirradiation, the pLeu within the pFcBP generated a

carbene from the diazirine moiety. This transformation facili-

tated a site-specific covalent linkage to the antibody, resulting
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Figure 8: Schematic of the procedure developed by Chang et al. on photoinduced high affinity IgG Fc-binding strategy. The antibody shown in this
figure is from https://www.gettyimages.de/detail/illustration/monoclonal-antibody-igg2a-lizenfreie-illustration/
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in the formation of a DAR 2 ADC precursor. For their ADC
design strategy, the group selected a polyethylene glycol (PEG)
linker, as it enhances the water solubility of the ADC, while the
payload consists of the cytotoxic agent DM1, which acts as a
microtubule destabilizer. To ensure the stability and homo-
geneity of the final product, the design of the FcBP included a
norbornene motif at the N-terminal end of the peptide sequence.
The norbornene motif selectively reacts with a tetrazine located

on the spacer-payload.

This study demonstrates the potency of photoinduced methods
to access more homogeneous ADCs, hopefully reducing patient
side effects.

In summary, photoredox modifications of antibodies have
gained attention in recent years, though the field is still in its
early stages because of the complexity of antibody structures.
These photoinduced methods offer the potential for selective
and mild functionalization, which could be particularly valu-
able for producing homogeneous ADCs with controlled proper-
ties. Even though very few photoredox approaches have been
published in the literature when compared to proteins, high-
lighting the complexity of antibody architecture, new photoin-
duced methods for the selective modification of natural amino
acids in antibodies are of high necessity.

Discussion
Tremendous inroads have already been made in the application
of photochemical methods to the construction of ADCs. High-
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control

Beilstein J. Org. Chem. 2025, 21, 616—629.

lighted below are additional aspects that photochemical trans-
formations could, in our opinion, bring to ADCs that are not
easily achieved through traditional, mostly two-electron mecha-

nistic approaches (Figure 9).

Chemoselectivity

As mentioned in the introduction, there are exceedingly strin-
gent requirements for the types of reactions that can be used for
the elaboration of ADCs. Among the signature features of pho-
tochemical, single-electron transformations is their ability to be
conducted in dilute aqueous media at room temperature and at
neutral pH [47]. Additionally, the distinctive mechanistic para-
digms under which photochemical reactions operate makes
them uniquely tolerant of numerous unprotected functional
groups [48]. Consequently, the elaboration of a variety of
highly sophisticated biomolecules, including ADCs, can be
carried out without protecting groups in a highly selective
manner. This chemoselectivity should extend to any molecu-
larly complex linkers and/or payloads being conjugated to the
mAbs, allowing highly efficient entry to ADCs.

DAR control

A noteworthy characteristic of photochemical transformations is
the ability to unambiguously start and stop reactions instanta-
neously using light on and light off reaction conditions
(Figure 10). Aspirationally this would allow exquisite control of
the drug/antibody ratio, taking advantage of the nature of photo-
chemical transformations to occur rapidly and selectively at the
kinetically most reactive sites [49,50]. Importantly, as a general

Bioortho
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Figure 9: Potential advantages of photoredox chemistry for bioconjugation applied to antibodies. The antibody shown in this figure is from https://
www.gettyimages.de/detail/illustration/monoclonal-antibody-igg2a-lizenfreie-illustration/585105259 ?searchscope=image%2Cfilm&adppopup=true;

ALFRED PASIEKA/SCIENCE PHOTO LIBRARY, No. 585105259. This content is not subject to CC BY 4.0.
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comment, targeting a single class of amino acids, the most sol-
vent-exposed would react preferentially to those buried within
hydrophobic domains of the mAbs, and ideally the relative rates
of their reactivity would translate directly to tightly controlled
DARs. The time of irradiation, the wavelength of the light, the
lamp wattage, and diverse photocatalysts or mechanisms (e.g.,
energy transfer, photoredox, or electron-donor/electron-acceptor
photoinduced electron transfer) might all be brought to bear on
controlling the DAR. In addition to the DAR, homogeneity for
conjugation at specific sites using light control might also be
improved using photochemical transformations. Importantly,
optimization of bioconjugation reactions with technologies such
as high-throughput experimentation has already been applied on
antibodies [51].

Bioorthogonality

Bioorthogonal chemistry has transformed our capability to
study and alter biological systems at the molecular level
[52,53]. Owing to the often-unique mechanisms characterized
by photocatalytically promoted reactions, reactivity patterns
might be developed that allow selective reactions at amino acids
that are not currently used for conjugation of linkers/payloads to
the mAb. Potential access to modification of the mAbs at differ-
ent amino acids has obvious ramifications for installation of the
linker/payload because of the relative abundance and local envi-
ronments of the amino acids, in addition to the inherent reactivi-
ty of these diverse components. In turn, this selectivity for reac-
tion at a wider range of amino acids impacts several important
features of ADCs, including site selection for the linker/
payload, the DAR, and the homogeneity of the ADCs.

Multi-payload ADCs

Most clinically approved ADCs contain a single-drug payload.
However, systemic cancer chemotherapies often involve combi-
nations of drugs. Combination regimens improve treatment
outcomes by producing synergistic anticancer effects and

slowing the development of drug-resistant cell populations.

Researchers aim to replicate combination regimens by devel-
oping techniques for attaching multiple payloads to a single
antibody molecule with high homogeneity [54-56]. Generating
homogeneous multi-payload ADCs is complex because of the
diverse reactive functional groups on antibody surfaces. As
outlined above in the discussion concerning bioorthogonality, it
is conceivable that photochemical methods could be developed
allowing multi-payload ADCs to be prepared effortlessly, as the
single-electron mechanistic approach of such reactions is com-
pletely orthogonal to currently used methods, and even among
photochemical methods that might be designed for different
amino acids. The scheme below (Figure 11) represents schemat-
ically how bioorthogonal introduction of linkers/payloads on
the ADCs might be carried out using photocatalyzed ap-
proaches to ADC construction. Importantly, native amino acids
could be used in these processes, and thus the onerous and
expensive introduction of non-canonical amino acids into the
ADCs would be completely unnecessary. Photocatalyzed
methods could also be used in conjunction with more tradi-
tional chemical approaches at either stage to allow biorthog-
onal strategies for multi-payloads ADCs.

Antibody—protein conjugates

Antibody—protein conjugates possess tremendous promise
within the domains of biotechnology and biomedical research
[57,58]. To date, such entities have most often been formulated
from the expression of fusion proteins, although more recently
post-translational protein—protein conjugation has been recog-
nized as a means to access such structures [59]. However,
methods developed to date based on traditional two-electron
chemistry with canonical amino acids are extremely limited and
are most effectively based on maleimide hydrolyzing methods
that rely on a single amino acid (Cys) conjugation. The devel-
opment of viable photochemical transformations targeted
toward a variety of diverse canonical amino acids would intro-
duce more versatility, efficiency, and convenience in the con-

struction of these increasingly important structural units.
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PASIEKA/SCIENCE PHOTO LIBRARY, No. 585105259. This content is not subject to CC BY 4.0.

Cautionary considerations

Photoredox chemistry offers a powerful approach for the
targeted modification of proteins and antibodies, enabling selec-
tive covalent bond formation and functionalization under mild
conditions. However, its use in biomolecule modification comes
with several specific features that require consideration. Some

of these are detailed below.

Photoaggregation: The possibility of photoinduced aggrega-
tion during photoconjugation reactions represents a major
challenge for the stability and efficacy of conjugated anti-
bodies [60]. Exposure of antibodies to light, particularly UV
light, can trigger photoinduced reactions that compromise
their structural stability. These phenomena include the oxida-
tion of sensitive residues such as tryptophan (Trp), tyrosine
(Tyr), cysteine (Cys), and histidine (His), as well as partial
unfolding of the antibodies, exposing hydrophobic regions that
promote nonspecific interactions and aggregate formation. Ad-
ditionally, covalent cross-links may form, involving disulfide
bridges or Cys—Tyr bonds, further increasing the risk of aggre-
gation.

Photosensitive payloads, although essential for specific thera-
peutic or diagnostic applications, are particularly vulnerable to
these photochemical reactions. Their light-induced modifica-
tions not only exacerbate aggregation but may also reduce ther-
apeutic efficacy and increase the risk of immunogenicity. These
effects are especially concerning when the DAR is high, as a
higher DAR increases the overall photosensitivity of the conju-

gated antibody.

Therefore, it is crucial to account for these factors during photo-
conjugation reactions to mitigate aggregation phenomena.
Strategies such as optimizing the length and nature of the linker,
precisely controlling reaction conditions (light intensity, expo-

sure time), or modifying conjugation sites to distance payloads

from sensitive residues may offer effective solutions. Finally,
storage and handling of conjugated antibodies require special
attention to minimize exposure to ambient light, which could
contribute to structural instability and promote aggregation over
time.

Reaction time: Proteins and antibodies are delicate macromole-
cules, and prolonged exposure to light or reactive intermediates
can lead to protein denaturation or aggregation [61]. Because
photoredox reactions often generate highly reactive species
(such as radicals or singlet oxygen), long exposure times could
cause unwanted side reactions, including the degradation of 3D
structure of the protein or antibody. A short reaction time mini-
mizes this risk by allowing the reaction to proceed quickly and
efficiently before damage occurs. To avoid damage caused by
high energy wavelength, the use of irradiation in the red region
could be considered [62-65].

Aqueous media: Developing photoredox reactions compatible
with aqueous media is essential for the modification of anti-
bodies, as these biomolecules are typically dissolved in water or
aqueous buffers to maintain their stability and activity. Anti-
bodies are sensitive to their environment, and using a non-negli-
gible amount of organic solvents or harsh chemical conditions
can lead to denaturation, aggregation, or loss of functionality.
Buffers, which are commonly used to stabilize antibodies by
maintaining their pH and ionic strength, must also be compati-
ble with the photoredox process to prevent unwanted side reac-

tions or instability.

Thus, although photoredox chemistry offers a promising
method for the targeted modification of antibodies, careful
consideration of factors such as photoaggregation, reaction
time, and aqueous media compatibility is essential to ensure the
stability, efficacy, and functionality of the conjugated biomole-

cules.
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Conclusion

In conclusion, the development of antibody—drug conjugates
(ADCs) holds great promise for advancing targeted therapeu-
tics, particularly in the treatment of cancer and other refractory
diseases. However, the challenges related to achieving selective,
efficient, and stable conjugation of antibodies to their payloads
remain a significant barrier to realizing the full potential of
ADCs. Traditional conjugation methods often struggle with
issues such as site-selectivity and heterogeneous products.
Photoredox chemistry has emerged as a transformative ap-
proach, offering precise control over the modification of anti-
bodies with the potential to enhance ADC purity, stability, and
therapeutic efficacy. By utilizing light-driven chemical transfor-
mations, photoredox techniques enable selective functionaliza-
tion of antibodies at specific sites, addressing the limitations of
conventional methods. As research in photochemistry continues
to evolve, these strategies may pave the way for the creation of
more homogeneous and optimized ADCs, enhancing their ther-
apeutic outcomes and minimizing off-target effects. This
perspective highlights the exciting future of photoredox
methods in the development of next-generation ADCs, ulti-
mately contributing to the broader landscape of targeted

biomedicine.
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The photoactivation of organic molecules via energy transfer (EnT) catalysis is often limited to conjugated systems that have low-

energy triplet excited states, with simple alkenes remaining an intractable challenge. The ability to address this limitation, using

high energy sensitizers, would represent an attractive platform for future reaction design. Here, we disclose the photoactivation of

simple alkenylboronic esters established using alkene scrambling as a rapid reaction probe to identify a suitable catalyst and boron

motif. Cyclic voltammetry, UV—vis analysis, and control reactions support sensitization, enabling an intramolecular [2 + 2] cyclo-

addition to be realized accessing 3D bicyclic fragments containing a boron handle.

Introduction

The strategic use of a photon to activate organic molecules has
had a profound impact on contemporary synthesis, enabling the
practitioner to strategically construct molecules that are higher
in energy from simple feedstock commodities [1-5]. Indeed, the
unique ability to access high energy intermediates leveraging
light, has facilitated landmark organic transformations, such as
the venerable Paterno—Biichi [6-8], Norrish—Yang [9-11], and
enone—alkene cycloadditions [12-14], that proceed via the gen-
eration of a singlet or triplet diradical through the activation of
an unsaturated bond [2,14]. While these seminal contributions

have enabled the efficient activation of carbonyl and alkene

moieties, the inability of most organic molecules to efficiently
absorb photons at longer wavelengths often preclude their use
in direct excitation strategies, requiring unique experimental set
ups and light sources that are prohibitively high in energy for

selective reactivity [5].

The inception of energy transfer catalysis (EnT) has expedited
discoveries concerning the photoactivation of organic mole-
cules [15-17], enabling direct access to the triplet excited state
through the use of a photocatalyst (Figure 1A, top). Pioneering
studies have leveraged this platform with great effect, typically
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energy transfer catalysis of alkenes in organic synthesis
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invoking m—m* transitions of conjugated alkenes to lower the
bond order and generate a triplet diradical, primed for further
reactivity. This key intermediate is pivotal in a plenum of syn-
thetic transformations including geometric isomerization of
alkenes [18,19], [2 + 2] cycloadditions [20-24], and dearoma-
tive [4 + 2] cycloadditions [25-27]. When considering conju-
gated alkenes, the triplet excited state energy and excited state
lifetime are intrinsically linked to the degree of conjugation and
substitution of a scaffold (Figure 1A, bottom), with increasing
excited state energy moving from stilbenes and conjugated
dienes to simple dienes, styrenes and enones (not shown) [28].
Consequently, small truncated chromophores, such as simple
alkenes remain an intractable challenge for efficient EnT due to
prohibitively high excited state energies and short lifetimes
[29]. However, with notable strides in catalyst design, leading
to catalysts with high excited state energies [30-33], in combi-
nation with concomitant advances in machine learning excited
state predictions [34], it is anticipated that perhaps even the
most challenging of substrates can be realized in future
endeavors.

Given the dexterity of organoboron handles, both as exit vectors
for the exploration of chemical space [35-38], and as covalent
binders to target biomolecules [39-41], it serves as no great
surprise that their reactivity in EnT catalysis has also been
intensively pursued (Figure 1B). The controlled geometric
isomerization of boron-containing conjugated dienes [42],
styrenes [43-45] and B-boryl acrylates [46,47] has been estab-
lished with great effect, while elegant [2 + 2] cycloaddition
strategies to readily translate 2D to 3D chemical space have also
been explored [48-52]. Here, efficient excitation, via EnT catal-

Beilstein J. Org. Chem. 2025, 21, 854-863.

ysis, is typically contingent on extended chromophores > 4m
electrons, with less conjugated systems requiring more power-
ful catalysts. A recent elegant example by Masarwa and
co-workers demonstrated the efficient sensitization of an
alkene-containing four boron substituents using Ir(ppy)s3 as a
suitable sensitizer in the presence of styrene, indicating a promi-
nent role of the adjacent p-orbital [51]. While simple alkenyl-
boronic esters have been employed as triplet diradical
quenchers to facilitate the synthesis of boron-containing
cyclobutanes [53-55], excitation of these motifs to form a triplet
diradical, and its application in a synthetic process, is conspicu-
ously underexplored, presumably due to unreachable excited
states and poor lifetimes when limited to a single boron unit.

Herein, we demonstrate the sensitization of alkenylboronates to
enable efficient intramolecular [2 + 2] cycloaddition using high
energy photosensitizers (Figure 1C). Sensitization was quickly
established and explored through the use of alkene scrambling
(geometrical isomerization) reaction probes, to identify a suit-
able catalyst and boron residue, while control reactions and
mechanistic studies support the proposed sensitization. The
platform enables direct access to mono- and vicinal cyclobutyl-
boronic esters that could be effectively derivatized to demon-
strate their potential in synthesis.

Results and Discussion

To validate the proposed sensitization of alkenylboronic esters,
we initiated our study probing the geometric isomerization of
easily accessible substrate (E)-1a under photocatalysis condi-
tions (Table 1). It is pertinent to note, while the core substrate
(E)-1a lacks the necessary non-covalent interactions to achieve

Table 1: Probing EnT catalysis of alkenylboronic ester 1a via alkene scrambling.2

photocat. (x mol %)

n-hex/§/BPin n-hex/§”~Bpin
solvent, 16 h
(E)-1a hv 1a
NMR vyield, (E:Z ratio)
Entry Catalyst E (kcal/mol)P A (nm) Solvent Yield (%)¢ E/z°
1 Ir(ppy)3 55 450 MeCN 92 >95:5
2 (Ir[dF(CF3)ppyl2(dtbpy))PFg 60 450 MeCN 92 >95:5
3d thioxanthone 65 400 MeCN 81 89:11
4d xanthone 74 365 MeCN 83 73:27
5d xanthone 74 365 DCM 80 75:25
6d xanthone 74 365 THF 86 >95:5
7d xanthone 74 365 DMF 86 >95:5
8 - - 365 MeCN 92 >95:5

aStandard conditions: (E)-1a (0.1 mmol), cat. (1 mol %), solvent (0.03 M), under light irradiation (1 W), rt, 16 h; bsee [28]; Cdetermined by 'H NMR
spectroscopy against a known internal standard (1,3,5-trimethoxybenzene); 95 mol % catalyst loading.
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directionality (E—Z), synonymous with conventional photocat-
alyzed isomerization processes [19], it serves as a rapid reac-
tion probe to support sensitization via the generation of a photo-
stationary state equilibrium. The use of Ir(ppy); (Table 1, entry
1), an efficient sensitizer for the activation of polyboronated
alkenes [51] and B-borylstyrenes [43,48], was ineffective and no
reactivity was observed. Implementing a higher energy iridium
sensitizer (=60 kcal/mol) was also unsuccessful (Table 1, entry
2), however, employing thioxanthone (65 kcal/mol) demon-
strated efficient activation of the alkene leading to the genera-
tion of an 89:11 (E/Z) mixture of geometrical isomers (Table 1,
entry 3). The use of xanthone (74 kcal/mol), a highly powerful
organic photocatalyst, enabled enhanced reactivity producing a

A. probing boron effects on energy transfer catalysis?

O
O O (5 mol %)
O

Beilstein J. Org. Chem. 2025, 21, 854-863.

photostationary state of 73:27 after 16 hours (Table 1, entry 4).
Varying solvent had a profound effect on reactivity with more
Lewis-basic solvents suppressing reactivity (Table 1, entries 4
and 5 vs entries 6 and 7), indicating p-orbital availability plays a
prominent role [56,57]. A control reaction (Table 1, entry 8), in
combination with UV—-vis absorption studies (see Supporting
Information File 1 for full details), demonstrate that catalysis is

operational.

Having established xanthone as a suitable high energy sensi-
tizer for the efficient activation of simple alkenylboronic esters,
we next set out to determine the role of the boron unit and
hybridization state (Figure 2A). Efficient EnT catalysis could be
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Figure 2: Probing boron effects on reactivity (A) and confirming the generation of a photostationary state equilibrium (B). Standard reaction condi-

(e}
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tions: (E)-1 (0.1 mmol), xanthone (5 mol %), MeCN (0.03 M), rt, 16 h.
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achieved with neutral trigonal planar systems la—d, while
BMIDA substrate 1le was also effective presumably due to the
proposed hemilabile nature of the MIDA protecting group in
acetonitrile [58]. More electron-donating ligands such as 1,8-
diaminonaphthalene (BDAN, 1f) were detrimental to reactivity
leading to substrate degradation. Given the ease of access and
enhanced stability of pinacol esters to column chromatography,
this motif was advanced for further reaction design. Cyclic vol-
tammetry analysis of 1a indicates that single-electron-transfer
processes with the excited state catalyst are not operational (see
Supporting Information File 1 for full details), providing
support for an EnT mechanism, while exposing the Z-isomer
(Z)-1a to the model reaction conditions, led to the generation of
a similar photostationary state equilibrium of isomers, charac-

teristic of an EnT process (Figure 2B) [19].

In a bid to translate sensitization reaction probes to meaningful
synthetic transformations, conventional intermolecular [2 + 2]
cycloaddition reactions were initially trialled (Figure 3A). Pre-
liminary reactions using styrene or methyl acrylate were unsuc-

cessful, with no [2 + 2] cycloaddition observed, despite the use

A. assessing [2 + 2] cycloaddition reactivity

Beilstein J. Org. Chem. 2025, 21, 854-863.

of higher catalyst loadings. The efficient isomerization of 1a
during these reactions indicated that substrate lifetime for effi-
cient intermolecular reactivity may be problematic. While sub-
strate-tethered reactivity, developed by Brown and co-workers
was unsuccessful [49], the strategic incorporation of an alkene
tether, bringing both alkenes spatially proximal, facilitated a
[2 + 2] cycloaddition to generate bicyclic product 4a as a 1:1
mixture of diastereoisomers in low yield. This provides an
exciting proof of principle that it is possible to efficiently
quench the generated triplet diradical in an intramolecular
system.

To further assess the properties relevant for intramolecular reac-
tivity, substrate 3b was designed (see Supporting Information
File 1 for full details), given that non-activated a,B-unsaturated
systems are also comparatively underexplored via EnT activa-
tion (Table 2) [59,60]. As anticipated, guided by alkene scram-
bling reaction probes (Table 1), iridium sensitizers were unsuc-
cessful (Table 2, entries 1 and 2). Thioxanthone provided
the cyclobutyl product 4b in 10% yield (Table 2, entry 3), indi-

cating catalysis with poor overlap between the catalyst

O
X
E/ (20 mol %)
O
BPin + e
nhex” X n \/@ MeCN. 16 h n-hex -
365 nm
E-1a (3 equiv) 2
NMR vyield (%)
N YN
OH
/\© \)I\OMe

0%

B. intramolecular [2 + 2] cycloaddition — reaction probe

w/o KOt-Bu 0%
with KOt-Bu 0%

0%

o)
. BPin
BPin O O (50 mol %)
N~ o H H
MeCN, 48 h
Et0,C CO,Et 365 nm Et0,C CO,Et
3a 4a
<25%

mixture of diastereoisomers

Figure 3: Probing EnT catalysis enabled [2 + 2] cycloaddition of simple alkenylboronic esters.
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Table 2: Reaction optimization of intramolecular [2 + 2] cycloaddition.?

Beilstein J. Org. Chem. 2025, 21, 854-863.

EtO__O BPi ? .
n photocat. (x mol %) EtO BPin
= “ H H
MeCN (0.03 M),
Anm, 16 h
3b 4b
Entry Catalyst mol % Et (kcal/mol) A (nm) Yield (%)P drb
1 Ir(p-CF3)3 1 56 450 0 -
2 (Ir[dF(CF3)ppylo(dtbpy))PFs 1 60 450 0 -
3 thioxanthone 5 65 390 10 -
4 xanthone 5 74 365 35 6:1
5 xanthone 20 74 365 76 5:1

aStandard conditions: 3b (0.1 mmol), cat. (x mol %), MeCN (0.03 M), under light irradiation (1 W), rt, 16 h; Pdetermined by "H NMR spectroscopy

against a known internal standard (1,3,5-trimethoxybenzene).

(65 kcal/mol) and substrate. The use of xanthone demonstrated
clean translation to product favouring syn diastereoselectivity
[61,62] (Table 2, entry 4), with additional catalyst increasing
yield during the 16 h reaction time (Table 2, entry 5).

With a general set of reaction conditions for the [2 + 2] cycload-
dition established, the scope and pivotal properties of the core
structure was assessed (Scheme 1). Single point modifications
of the tethered backbone were tolerated, enabling access to
small 3D bicyclic scaffolds 4b, 4¢, and 4d containing both a
boron and ester handle. Consciously aware that o,B-unsaturated
esters could potentially also undergo energy transfer in the pres-
ence of high energy sensitizers [59,60], the system 4e with two
ester components was also designed. The reaction proceeded
cleanly to the cycloadduct, indicating sensitization of the acry-
late is also operational. Access to vicinal boron scaffolds 4f and
4g provided conclusive evidence that sensitization of alkenyl-
boronic esters is achievable using xanthone, with in situ oxida-
tion enabling direct access to otherwise challenging to synthe-
size cyclobutyldiols. The lower observed diastereoselectivity
may reflect differences in stereoelectronic stabilization of the
transient 1,4-biradical intermediate on changing substituent
(CO,R—BPin) [63-65]. It is pertinent to note that increased
catalyst loading and reaction times were necessary for efficient
reactivity with alkenylboronic esters, suggesting acrylates are
more efficiently sensitized (lower T| excited state) than their
alkenylboronic ester counterparts. This is unsurprising given
their enhanced conjugation (47 electrons vs 2m electrons and
p-orbital). To probe the efficiency of trisubstituted alkenes,
vicinal boron precursor 3h was designed (Scheme 1, bottom).
Despite the additional substituent, the reaction was tolerated,
albeit with decreased diastereoselectivity in comparison to

previous alkenylboronic ester examples 4b—d.

To demonstrate the synthetic utility of the generated small 3D
fragments and complement existing [2 + 2] strategies via direct
excitation [66,67], product derivatization was explored
(Scheme 2A). While initial efforts for oxidation proved chal-
lenging, due to a competing retro-aldol ring-opening reaction,
employing a buffered system enabled access to B-alcohol 5.
Given the previous power of trifluoroborates in cross-coupling
strategies for cyclobutyl scaffolds [53-55], products 6 and 7
could be synthesized via mild conditions [68].

Inspired by recent advances by Nolan and co-workers demon-
strating the synthetic power of gold catalysts in EnT catalysis
[31,69-72], we probed the reactivity of [Au(SIPr)(Cbz)] in our
model system given the excited state energy (67 kcal/mol) is be-
tween both active catalysts thioxanthone (65 kcal/mol) and
xanthone (74 kcal/mol). While a higher catalyst loading than
conventional systems was required for efficient reactivity
(Scheme 2B), the [2 + 2] cycloaddition could be readily
achieved. It is pertinent to note the enhanced levels of diastereo-
selectivity obtained for this reaction further underscore
the potential of gold catalysts for future EnT reactions.
Control reactions indicate selective activation of the a,f-
unsaturated ester (see Supporting Information File 1 for full
details).

Conclusion

In summary, photoactivation of simple alkenylboronic esters
was established using alkene scrambling as a rapid reaction
probe to determine the catalyst and boron moiety for sensitiza-
tion. The use of cyclic voltammetry, UV-vis analysis, and
control reaction probes support sensitization as an operational
mechanism. While intermolecular alkene quenching to enable

[2 + 2] cycloaddition was inefficient, presumably due to poor
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Scheme 1: Establishing the substrate scope. Conditions: 3 (1 equiv), xanthone (20 mol %), MeCN (0.03 M), under 365 nm irradiation, rt, 16 h;
axanthone (50 mol %) was used and reactions were run for 48 h; Pto aid characterization of isolated material, the product was isolated after oxidation

to the corresponding cyclobutyldiol.

substrate lifetime, intramolecular [2 + 2] reactivity with both
acrylates and alkenylboronic esters was effective. The small 3D,
boron-containing fragments could be derivatized to demon-
strate the synthetic utility of the process. Although reactivity is

currently limited to intramolecular quenching, it is envisaged
the developed insights will serve as a blueprint for future
endeavors to achieve sensitization using high energy photocata-
lysts, especially when considering recent advances enabling
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A. product derivatization

(0]
b EtO BF3K
"
H H
{ OH %
MeO RO BPin 6
H H a quant.
- H H
\ 0
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5 H H
60% e
b
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B. transition metal-enabled energy transfer
O
EtO.__O BPi [Au(SIPr)(Cbz)] (6 mol %) EtO BPin
in
A _ MeCN 0.03 M, H H
365 nm, 16 h
3b 4b

50%, dr => 20:1

Scheme 2: A) Product derivatization and B) transition-metal EnT catalysis. Reaction conditions A): 4d (1 equiv), H2O2 (30 wt % in H20), aq
NaH>POy4, THF, 0 °C; B) 4 (1 equiv), KF (4 equiv), L-tartaric acid (2.1 equiv), MeOH, MeCN, H20, rt.

subsequent intramolecular H-atom abstraction [51] and effi-

cient rearrangements [73,74].

Supporting Information

Supporting Information File 1

Experimental section, characterization, and copies of
spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-69-S1.pdf]
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Abstract

Since the discovery of donor—acceptor (D—A) type molecules in the field of materials science, they have found great applicability in
the field of photocatalysis. Most of these compounds are based on complex D-A-D structures or multi-D—A systems, such as
4CzIPN. Whereas these systems have been widely studied and applied as photocatalysts, simpler D—A structures remain less
explored. Nevertheless, the simplicity of D—A structures makes them the ideal structures to further understand the structure—prop-
erty relationship of D—A molecules for optimizing their photocatalytic performance by simpler modification of the different D-A
subunits. In particular, D—A structures featuring sulfur-based acceptors and nitrogen donors have gained increasing attention for
their use as photoredox catalysts. This study introduces a new family of D—A molecules by exploring various sulfur-based accep-
tors and nitrogen donors, including a novel tribenzo[b,d,flazepine (TBA) unit and 5H-dibenz[b,flazepine (IMD). Our findings
demonstrate that these simple D—A structures exhibit promising photocatalytic properties, comparable to those of more complex
D-A-D systems.

Introduction

In recent years, photocatalysis has emerged as a powerful tool
for the construction and functionalization of organic molecules
and materials. Thus, the scientific community has focused on
the design and study of new organic molecules that can be used
as photocatalysts, replacing generally more expensive metal-
based complexes [1-3]. Furthermore, there is a particular

interest in the obtainment of organic molecules with well-

balanced redox potentials in the excited state that can act as
bimodal photocatalysts, facilitating their use in oxidative and
reductive quenching cycles. In this sense, it is crucial to under-
stand the molecule's structure—properties dependence to modu-
late its optical and photoredox properties [4]. For instance, mol-
ecules with donor—acceptor (D-A) structures, classically used

as OLED emitters, have gained relevance by finding alternative
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applications in the field of photocatalysis [5]. In this type of
structure, the electron density distribution in the charge transfer
(CT) excited state is facilitated by the presence of an electron-
rich moiety and an electron-poor part in the same molecule, in-
creasing the lifetime in the excited state. One of the representa-
tive classes of molecules demonstrating dual use in materials
chemistry and photocatalysis is the carbazolyl dicyanobenzene
(CDCB) family. Since the initial report on the synthesis and
photoluminescence study of 4CzIPN (1, Figure 1a) [6], the
scientific community has recognized its potential under photo-
catalytic manifolds. This interest is attributed to: i) its absorp-

Beilstein J. Org. Chem. 2025, 21, 935-944.

tion profile in the visible region, ii) a long lifetime of the
excited states, and iii) balanced redox potentials in both the
ground and excited states [7]. In 2018, Zeitler and her collabo-
rators conducted an innovative and in-depth study on modu-
lating the photochemical properties of a family of
donor—acceptor cyanoarenes [8]. They employed various
nitrogen donor molecules attached to diversely substituted
acceptor cores. This systematic approach allowed the authors to
develop new organic photocatalysts (PCs) with strong reduc-
tive or oxidative properties based on the different redox poten-
tials.

a) previously reported D—A-D organic photocatalyst

ﬁxﬁ CLO :

b) this work:

nitrogen-based donors

\\//

¢

\\

t-Bu

sulfur-based acceptors

e 600 *q claw

0,4\0 ,,

“@LO@E@

O
ool

29N

Y,

o bimodal PC’s

o0 novel donors

O simpler structures

o diverse donor strength

O structure—properties study

‘= tribenzo[b,d,flazepine (a), 5H-dibenz[b,flazepine (b), carbazole (c), diphenylamine (d),

phenoxazine (e).
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Although diverse scaffolds have been reported in the literature,
the identification and use of novel PCs with tunable and diverse
optical and redox properties can pave the way to uncharted re-
activity. In this context, sulfur-based cores, widely used as
acceptors in photoelectric materials [9-14], and dyes [15,16]
serve as promising structures for constructing and designing
novel PCs. These structures show a high electron affinity,
stability, and the possibility of tuning their physicochemical
properties by substituting the two aromatic rings. In 2018, Sang
Kwon and co-workers reported a computational study to design
new PCs to be employed in atom transfer radical polymeriza-
tion (O-ATRP) [17]. Notably, the sulfur-based structure 2
showed excellent performance for this transformation. One year
later, the same research group reported its use in a reversible ad-
dition-fragmentation chain-transfer (RAFT) polymerization
[18]. Moreover, in 2022, Zysman-Colman and collaborators
showed that molecule 3, initially synthesized as a TADF (ther-
mally activated delayed fluorescence) emitter [14], can be used
as a PC under electron-transfer (ET) and energy-transfer (EnT)
processes (Figure 1a) [19]. All the main reports in the field
focused on D-A-D (donor—acceptor—donor) structures. Quite
surprisingly, the potential use as PCs of structurally simpler
D-A molecules has been largely overlooked.

Aliphatic and aromatic nitrogen donors are widely used in
synthesizing fluorescent emitters due to their electron-donating
strength. The development of stronger donors to enhance lumi-
nescence remains a key area of research [20-22]. Recently,
azepine-based analogs, such as tribenzo[b,d,flazepine (TBA, a),
have been explored due to their photoluminescence properties
[23-27]. This antiaromatic core offers unique features, includ-
ing twisted structures, reduced 71— stacking, and enhanced
reverse intersystem crossing rates, becoming a better donor
compared to fully planar compounds as carbazole (¢). Similarly,
5H-dibenz[b,flazepine (IMD, b) has been incorporated into
D-A-D structures, showing interesting photophysical proper-
ties compared to common substrates like ¢, diphenylamine (d),
and phenoxazine (e) [28-30]. However, their potential as D-unit
in organic PCs remains unexplored. For this reason, studying
this avenue could unlock new opportunities for the synthesis
and design of more powerful, efficient and versatile organic
photocatalysts.

We herein present the design, synthesis and study of a new
sulfur-based D—A family using diverse nitrogen donors
(Figure 1b). We performed complete photophysical characteri-
zation of the diverse D—A molecules to analyze the
structure—properties relationships. We further studied their pho-
tocatalytic potential as bimodal PCs and demonstrated their
potential use in different reductive and oxidative quenching pro-

CEsSes.
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Results and Discussion
Photophysical properties analysis

We started our study with three different sulfur-based acceptors,
namely: diphenyl sulfone (4), dibenzo[b,d]thiophene 5,5-
dioxide (5), and 9,9-dimethyl-9H-thioxanthene 10,10-dioxide
(6). The selection of these scaffolds was aimed at investigating
the effect of conjugation and rigidity/flexibility on the presence
of the same donor (TBA, a). In the case of the D-A compounds
4a and 6a, we observed a blue-shifted absorption profile due to
the break of the conjugation in sulfur-based acceptors. Com-
pounds 4a and 6a presented a similar absorption profile, while
molecule Sa showed a red-shifted spectrum tailing up to the
visible region (Figure 2a). The lack of a significant charge
transfer (CT) character in scaffolds 4a and 6a can be attributed

to the absence of a complete conjugated system.

On the other hand, the fluorescence profile showed more differ-
ences in the analysis of the three members of the D—A family.
Again, 5a revealed a bathochromic effect compared with the
less conjugated scaffolds. Interestingly, molecule 4a, which has
the most flexible acceptor core, exhibited a dual emission (DE)
profile (Figure 2a). This behavior may be connected to the phe-
nomenon known as PISP (photoinduced structural planariza-
tion), which has been reported for the TBA N-substituted with
an electron-withdrawing group [31]. Additionally, it is possible
that the mobility of core 4 contributes to this behavior, as evi-
denced by the observation that the DE is not present in the more
rigid structures Sa and 6a. In this compound, we did not
observe changes in the absorption profile during the solva-
tochromism analysis (see Supporting Information File 1, Figure
S4). The structural characteristics of compound 5a conferred
the biggest value in terms of Stokes shift parameter, indicating
an increased excited state's charge transfer (CT) character
(Table 1). Similarly, this behavior was observed experimentally
in the solvatochromism study of fluorescence using solvents
with diverse polarities (see Supporting Information File 1,
Figure S9). Indeed, the density functional theory (DFT) calcula-
tion performed at WB97XD/Def2TZVP level of theory showed
the lowest value for the HOMO-LUMO energy gap in com-
pound Sa (3.9 eV) as a consequence of the extended m conjuga-
tion compared with 4a and 6a (4.4 and 4.4 eV, respectively).
Interestingly, compound 6a, which possesses the weakest
sulfur-based acceptor, showed an inversion in the LUMO distri-
bution, localizing it in the TBA core — this behavior of the
named antiaromatic compound as an acceptor was previously
reported (Figure 2) [31].

The dibenzo[b,d]thiophene 5,5-dioxide (5) was chosen for
further investigation because of its red-shifted absorption. From
a photochemical perspective, this characteristic can facilitate the

use of less energetic light sources. Additionally, we aim to eval-
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Figure 2: Selected frontier MOs and relative calculated energies of D—A photocatalysts (4a,5a—e, and 6a). Absorption and emission profiles of D-A

compounds (4a,5a—e, and 6a) measured in MeCN.

uate the unique effect of the TBA donor unit (a) compared to
other donors. We next synthesized diverse D—A structures em-
ploying common nitrogen-based compounds widely used in ma-
terials chemistry like carbazole (c¢), diphenylamine (d), and
phenoxazine (e). Furthermore, we wanted to study the diverse
or similar properties between the antiaromatic molecules a and
b, in which the main difference is the presence of a third aro-
matic ring. According to the literature, the presence of the third
benzene ring in the TBA (a) differentiates the conformations of

structures a and b in the excited state. This results in a consis-

tently planar conformation for donor b, while donor a can ex-
hibit either a planar or bent conformation, depending on the
nature of the substituent, as previously mentioned. This duality
between planar and bent shapes is significant, as it contributes
to the aromatic character that is acquired in the excited state by
structures that are antiaromatic in the ground state, following
Baird’s rule. Intrigued by this diverse behavior, we wanted to
investigate if the possible structural differences between both

compounds (5a and 5b) were important for photocatalytic activ-
ity.
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Analyzing the diverse absorption profiles, we can observe an
increase in the red-shifted behavior related to the donor strength
in compounds 5e, 5d, and 5c. In contrast, the azepine-derived
compounds are the most blue-shifted (Table 1, entry 5). The
same trend is observed in the emission (Figure 2b). The Stokes
shift values for the classical nitrogen donors (¢, d, and e)
demonstrate a more pronounced CT character with respect to Sa
and 5b (Table 1, entry 8), also corroborated by the theoretical
descriptor Ar (Table 1, entry 11) that describes the charge
transfer character [32,33]. Moreover, this CT behavior is sup-
ported by the DFT studies, which suggested a better spatial sep-
aration between the HOMO and LUMO. As expected, the
HOMO-LUMO energy gap followed a trend that is dependent
on the electron-donating capacity of the nitrogen heterocycles
and amine present in compounds 5e (2.9 eV), 5d (3.5 eV), and
5c¢ (3.7 eV). At the same time, Sa and Sb showed bigger values
(3.9 eV and 4.0 eV, respectively) (Figure 2).

The strength of common donors plays a crucial role in influ-
encing quantum yield (QY) measurements. As shown in
Table 1, we observe a notable decrease in QY across the PCs
Se, 5d, and 5c¢, with values of 16%, 14%, and 14%, respective-
ly. The lowest values were obtained for molecules S5a and Sb
(7% and 6%, each).

Remarkably, compound 5e demonstrated minimal lumines-

cence in nearly all solvents at room temperature. This behavior

Table 1: Summary of the excited- and ground-state photoredox properties.?

O
o
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has been previously reported and is believed to be due to strong
CT stabilization of the first excited state of the molecule [34].
This observation is further supported by the orthogonal D-A
conformation calculated using DFT, which indicates a decou-
pled interaction between the HOMO and the LUMO (Figure 2).
Moreover, compound 5Se is the only member of the family in
which the HOMO orbital is not delocalized in one of the aro-

matic rings of the acceptor core.

Redox properties analysis

We started our analysis by looking at the impact of the diverse
sulfur-based cores on the redox properties. Here, we can
observe similar Ey values ranging from 1.41 V to 1.46 V vs
SCE. This behavior is consistent with preserving the same
donor core (a) within the structure. In contrast, a significant
difference was observed for the E,.q values. By adjusting the
acceptor strength of the sulfur core, we observed a trend where
the D—A structure with the weakest acceptor (6a) yielded the
most negative value (Eeq = —2.4 vs SCE) (see Supporting Infor-
mation File 1, Table S1). In contrast, molecule 5a, which has
the strongest acceptor displayed the most positive one (Eeq =
-1.9 V vs SCE).

We next investigated the diverse donors. For D—A molecules
5¢, 5d, and 5e, the redox potential calculated for the ground
state is slightly more positive than the one measured for the

single donor (¢, d, and e, respectively). For example, for

QS

o”s“o

Entry ® rc 4a 5a 6a 5b 5¢ 5d 5e
1 Eox (V)2 1.46 1.41 1.43 1.32 1.42 1.12 0.75
2 E*ox (V) -2.24 -1.89 -2.27 -1.88 -1.68 -1.78 -1.85
3 Ereq (V)2 -2.35 -1.95 -2.4 -1.96 -1.75 -1.86 -1.74
4 E*req (V) 1.35 1.35 1.3 1.24 1.35 1.04 0.86
5 Aabs (NM) 308 320 292 312 336 346 393
6 Aem(nm) 400,478 430 398 441 493 525 564
7 Eop (V) 3.7 3.3 3.7 3.2 3.1 2.9 2.6
8 Stokes shift (nm) 81 110 106 129 157 179 171
9 T (ns) 0.9b 2.2b 2.0b 0.7 11.6 9.1 4.4b
10 QY (%) 12 7 10 6 14 14 16
11 Arc 331A 2.62 A 2.82 A 2.40 A 357 A 352A  497A

aAll potentials were measured in MeCN. Values are reported in V versus SCE (see Supporting Information File 1). PTayint. SThe Ar parameter de-

scribes the charge transfer character.
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phenoxazine (e) we measured an Ey, = 0.67 V, while for com-
pound 5e the E,x = 0.75 V vs SCE. In contrast, the azepine
cores (a and b) showed a stronger impact in the Ey of the D-A
structures. For instance, IMD (b) with an oxidation potential of
0.73 V when present in the molecule 5b resulted in a consider-
ably different Ey of 1.32 V (Figure 3).

A molecule that in the excited state exhibits both strong oxida-
tive power (E*,x up to —1.5 V) and strong reductive power
(E*req up to 1.5 V) can be classified as a bimodal photocatalyst.
This type of molecule is capable of driving both oxidative and
reductive reactions, thereby offering significant versatility to
achieve photocatalytic transformations. To our delight, mole-
cule 5a possesses a promising E*,x =—1.89 V vs SCE (Table 1,
entries 1 and 2) and a useful Eox = 1.41 V. For E 4, 5a main-
tains a good balance between the redox potentials in both the
ground and excited states, showing values of E.q = -1.95 V
and E*,q = 1.35 V vs SCE (Table 1, entries 3 and 4).
Comparing it with its analog 5b, we observe similar redox
potentials except for E,yx and E*4 values.

Beilstein J. Org. Chem. 2025, 21, 935-944.

The redox window is more limited for the other members of the
D-A family. For example, for molecule 5e the E,y is 0.75 V,
which is the lowest value among all family members (Table 1,
entry 1). This observation can be explained by the nonexistent
electronic coupling between the donor and the acceptor due to
the highly twisted structure [35] as shown in the HOMO. As a
consequence, the E,x of molecule Se is similar to the E,x of the
phenoxazine core, with respect to the rest of the family (5a-d)
that possesses higher E since their HOMO is localized in both
the donor and acceptor.

Photocatalytic studies and synthetic
applications

After establishing structure—property relationships, we aimed to
use the synthesized donor—acceptor (D—A) compounds to inves-
tigate their photocatalytic activity. We found that most
members of the D—A family exhibited promising redox poten-
tials in their excited states, indicating their potential to function
as effective bimodal photocatalysts. Additionally, our photo-

physical characterization provided essential insights into their
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Figure 3: Comparison of the ground state redox potential of the acceptor moieties (4—6), the donor moieties (a—e), and D—A compounds (4a, 5a—e,
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behavior in the excited state and stability. We initiated the study
of the photocatalytic activity of all family members in an oxida-
tive quenching cycle for the dehalogenation of 4-bromobenzo-
nitrile (7). Typically, this type of chemical transformation
requires highly reducing PCs or the use of UV light [36]. First,
we evaluated the photocatalytic performance of molecules 4a,
5a, and 6a (see Supporting Information File 1, Table S3). As we
expected, due to the blue-shifted absorption presented in mole-
cules 4a and 6a, it was impossible to excite them under visible
light (400 nm). Gratifyingly, PC 5a delivered product 8 with a
promising 63% NMR yield.

Next, we compare the photocatalytic behavior of compound 5a
with the other family members utilizing the same dehalogena-
tion manifold. Here, even slightly changes in the redox proper-
ties have an influence on the yield of the reaction. The D-A
with the azepine analog (5b), gave the dehalogenated product 8
in 58% NMR yield (Table 2, entry 2). Quite surprisingly, Se
showed only traces of 8, even with an E*, of —1.85 V (Table 2,
entry 5).

Under the oxidative quenching study, we also evaluated the
photocatalytic potential of the new family of D-A compounds
in the atom transfer radical addition (ATRA) reaction involving
styrene and tosyl chloride (TsCl), as previously reported by
Zysman-Colman and co-workers [19]. Compound 5d showed
the best performance with a 27% calculated NMR yield (20%,
isolated yield) (Table 3, entry 3), while the azepine derivatives
5a and Sb led the transformation at 13 and 8%, respectively
(Table 3, entries 1 and 2). However, these results are compa-

Table 3: ATRA reaction between tosyl chloride (9) and styrene (10).

Beilstein J. Org. Chem. 2025, 21, 935-944.

Table 2: Dehalogenation of 4-bromobenzonitrile (7).

hv

400 nm
PC (5 mol %)

NBuj3 (5 equiv)
HCOOH (5 equiv)

. pol

7 MeCN, overnight, rt 8
Eeg=-1.92V
Entry PC TH NMR yield? (%)
1 5a 63
2 5b 58
3 5¢ 56
4 5d 44
5 5e traces

28CHoBrs, as internal standard.

rable to those obtained by the same author using the well-estab-
lished PCs 1 and 3 (Table 3, entries 6 and 7)

Next, we wanted to analyze the use of the PCs in reductive
quenching mechanisms. For this purpose, we selected the
Giese-type addition between the N-Cbz-Pro (12, Eqx = 0.95 V
vs SCE) and the dimethyl maleate (13), which is a standard
benchmark reaction for the evaluation of novel PCs [37]. In this
case, we obtained the best result using compound Sa with a
76% NMR yield (65%, isolated yield) (Table 4, entry 1). Com-

hv
Oo. .0 400 nm 0, .0 cl
g7 SN PC (2 mol %) S
Nea o
)©/ DCM, 24 h, rt
9 10 11
Eeq=—0.94V
Entry PC Yield? (%)

1 5a 13
2 5b 8
3 5¢ 27 (20)
4 5d 12
5 5e 21
6P 1 10
7° 3 16

aYields determined by 'H NMR analysis of the crude mixture using CH,Br; as internal standard. Isolated yield in parentheses. Yields reported in

reference [19].
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Table 4: Giese addition using N-Cbz-Pro (12) and dimethyl maleate (13).

Beilstein J. Org. Chem. 2025, 21, 935-944.

hv
400 nm
0 PC (5 mol ¢
Q\/( . (\COZMG (5 mol %) \ CO,Me
Cbz OH CO,Me KoHPO, Cbz CO2Me
12 13 MeCN, 48 h, rt 14
Eox=0.95
Entry PC Yield? (%)
1 5a 78 (65)
2 5b 59
3 5¢ 65
4 5d 43
5 5e 5
6P 1 99
7° 3 64

aYijelds determined by 'H NMR analysis of the crude mixture using CH,Brs as internal standard. Isolated yield in parentheses. PYields reported in

reference [19].

pounds 5b and Sc, whose redox potential in the ground and
excited state are similar to Sa, lead to the formation of the 14 in
59% and 65% NMR yield, each (Table 4, entries 2 and 3). Inter-
estingly, compounds 5d and 5e showed the worst photocatalyt-
ic performances that can be attributed to their inferior E* ¢4
(Table 4, entries 4 and 5). Gratifyingly, our PC 5a showed a
better performance in comparison with the D-A-D compound 3
(Table 3, entry 7).

Furthermore, we obtained pleasing outcomes when we tried the
photocatalyzed reductive pinacol coupling of benzaldehyde
(15), as reported by Rueping [38]. In this methodology, the
reduction of compound 15 is facilitated by reduced photocata-
lyst (PC) and the interaction of 15 with the radical cation of
DIPEA. The best result, again, was attributed to molecule 5a
with 60% isolated yield (Table 5, entry 1). In contrast, mole-
cule 5b showed the worst performance with 41% NMR yield
(Table 5, entry 2). For compounds Sc—e, the NMR yield calcu-
lated for product 16 was similar (55-51%), probably due to the
comparable reductive properties in both ground and excited
states (Table 5, entries 3, 4 and 5). Unfortunately, for this reac-
tion, all the members of the D—A family delivered the product
in a lower yield compared with molecules 1 and 3 (Table 5,

entries 6 and 7).

Conclusion

In conclusion, we explored the potential of tri-
benzo[b,d,flazepine (TBA) as a donor in donor—acceptor (D-A)
organic photocatalysts (PCs). We synthesized a new series of

sulfur-based D—A compounds and compared their photophysi-

Table 5: Pinacol coupling of benzaldehyde (15).

hv
(I) 400 nm OH
N PC (2 mol %) O
( _ DIPEA (5 equiv) OH
DMF, 24 h, rt
15 16
Ereq=—-2.11V
Entry PC Yield? (%)
1 5a 69 (60)
2 5b 41
3 5¢c 55
4 5d 51
5 5e 51
60 1 76
7° 3 80

aYields determined by 'H NMR analysis of the crude mixture using
CH>Br» as internal standard and refer to the combined yield of meso:dl
isomers. Isolated yield in parenthesis. PYields reported in reference
[19].

cal and photoredox properties with TBA, its analog
5H-dibenz[b,f]lazepine (IMD), and common nitrogen donors.
The excited state redox potentials of these compounds suggest
their suitability for challenging photocatalytic reactions through
oxidative and reducing quenching cycles. TBA showed a well-
balanced redox window, making it a promising candidate for
new PC designs. While TBA and IMD displayed similar charac-
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teristics, the D—A IMD compound showed a shorter lifetime,
which proved unfavorable in photocatalytic tests. The differing
excited state conformations (bend vs planar) reported for these
azepine analogs did not negatively impact photocatalytic activi-
ty, showing similar results in some of the benchmark reactions
carried out during this analysis. Our findings suggest that
antiaromatic compounds like TBA could replace traditional
nitrogen donors in PCs, offering good redox potentials and
competitive photophysical properties in addition to the previ-
ously reported characteristics like highly twisted structures that
can be useful in designing new PCs with TADF behavior. We
hope this study inspires the construction of new PCs that could
combine azepine derivatives, exemplifying the valuable incor-
poration of widely used structures in materials chemistry to

photocatalysis.
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Enaminones are key intermediates in the synthesis of several derivatives with important applications in medicinal chemistry.

Furthermore, many marketed drugs feature the enaminone structural moiety. In this context, we have developed a photoredox and

nickel catalytic system to rapidly forge the enaminone scaffold from 3-bromochromones via a Michael reaction of an amine with an

electron-deficient alkene moiety and subsequent photocatalyzed debromination. With this dual catalytic system, a range of struc-

turally diverse enaminone derivatives have been achieved in good yields with total trans selectivity. Mechanistic studies indicate

that the key to the success of this process is the formation of an unexplored ternary Ni-complex with 3-bromochromone and a pyri-

dinium salt, which is crucial for the effective activation of the o,B-unsaturated system towards the nucleophilic addition.

Introduction

Enaminones are relevant intermediates in organic chemistry and
the pharmaceutical industry [1-6]. These enamines have a car-
bonyl group conjugated to a carbon—carbon double bond, owing
its great versatility in organic synthesis to its ability to act as
both electrophiles and nucleophiles [7]. This makes enam-
inones very reactive, providing an excellent scaffold for organic
synthesis. Thus, enaminones are valuable building blocks in the
preparation of several carbocyclic [8-11], heterocyclic [12-18]

as well as acyclic compounds [19-23]. Furthermore, the enam-

inone structural moiety represents the key framework of many
drug classes, including antibiotic (1) [24], anti-inflammatory (2)
[25], antinociceptive (3) [26], anticonvulsant (4) [27], antituber-
cular (5) [28], and antitumor (6) [29] agents (Figure 1).

In view of the important biological roles of enaminones and
their relevance as synthetic intermediates, it is not surprising
that there has been a continuous focus on developing general,

straightforward, and efficient strategies for their synthesis.
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Figure 1: Examples of compounds with medicinal effects containing an enaminone structural moiety.

Enaminones are usually accessed by condensation of 1,3-dicar-
bonyl compounds with amines [30]. While this approach is
simple and straightforward, it often leads to a mixture of consti-
tutional isomers in which the two different a-positions of the
ketone have been functionalized. Therefore, the development of
novel methods for the synthesis of enaminones has attracted
much attention over the past decades.

Kuwano’s group described the synthesis of enaminones from
ethyl ketones via a nickel-catalyzed selective B-amination

(Scheme 1A) [31]. The preparation of enaminones can also be

A)

previous work

achieved by the reaction of aldehydes and calcium carbide in
the presence of amines and Cul as catalyst, as reported by
Zhang and co-workers (Scheme 1B) [32]. On the other hand, Li
et al. disclosed a silver-catalyzed amination of propargyl alco-
hols to afford enaminones (Scheme 1C) [33].

Although these new methods provide a wide variety of enam-
inones, there are limitations such as expensive and unavailable
reagents, long reaction times and drastic reaction conditions.
Furthermore, the increasing emphasis on economic and environ-

mental factors has highlighted the limitations of traditional

o Ni(cod), PMe3 (0]
JJ\/\ + /H\ Phel, KsPOs R1lj\/\N/R3
R H R2” "R® dioxane |
100 °C, 40 h R2
B)
o) o}
hoe /H\ Cul (5 mol %) _ N/RZ
R "R2 DMF/H,0 L,
85°C, 16 h R
C)
o o)
. H Ag,CO3 (5 mol %) R1JJ\/\N/R3
RJ\Q R CR2 THF |
40°C,2h R2
this work
D) o) o)
| B, K @ o /\N/R
R™ "R &
0 OH

Scheme 1: Synthesis of enaminones.
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methods for enaminone synthesis to align with the modern

understanding of organic chemistry.

With the increasing concern on the environmental impact of
organic synthesis, photocatalysis emerged as a powerful synthe-
tic tool in organic chemistry, offering new ways to deliver
diverse organic products via mild, easy to handle, and environ-
mentally benign operations [34-36]. Thus, the use of visible
light as an energy source provides more efficient chemical
transformations and minimize the use of harmful reagents, the
generation of waste and the consumption of energy, fulfilling
several principles of Green Chemistry and promoting greener
opportunities for organic synthesis [37,38]. In this context, the
reactivity of enaminones under visible-light-mediated reaction
conditions has attracted significant attention [39]. However, it is
rather surprising that a photocatalytic approach for the synthe-
sis of enaminones has yet to be explored.

Herein, we report the first light-mediated reaction for the syn-
thesis of enaminones from 3-bromochromones (Scheme 1D).
Initially, a Ni(II)-catalyzed hydroamination protocol affords the
intermediate 2-amino-3-bromochromanones, which upon photo-
catalytic dehalogenation and subsequent opening of the hetero-
cyclic ring provide the corresponding enaminones. This trans-
formation is simple, straightforward, and proceeds under mild
conditions.

Results and Discussion

The initial challenge in achieving the desired reactivity was the
activation of the unsaturated system towards the nucleophilic
addition of the amine. The most common strategy to increase
the reactivity of unsaturated esters towards an aza-Michael ad-
dition is the use of transition metal complexes as catalysts/
promoters [40-42]. Considering this background, we reasoned
that Ni(II) could be a suitable catalyst for the amination of
unsaturated systems.

Initial investigations were carried out by using 3-bromo-
chromone (7a) and morpholine (8a) as model substrates in the
presence of Ni(II) salt (5 mol %) and ligand (5 mol %), a pyri-
dinium salt (1 equiv) and a photocatalyst (1 mol %) under
427 nm blue LEDs. After carefully screening of the reaction pa-
rameters (Table 1 and Tables S1-S7, Supporting Information
File 1), we found that a combination of 1-[1-(tert-butoxycar-
bonyl)piperidin-4-yl]-2,4,6-triphenylpyridin-1-ium (PS1),
NiBr,-diglyme, 4,4'-dimethoxy-2,2'-bipyridine (dmbpy), and
10-(3,5-dimethoxyphenyl)-9-mesityl-1,3,6,8-tetramethoxy-
acridin-10-ium tetrafluoroborate (PC1) in N,N-dimethylform-
amide (DMF) at 20 °C afforded the best results, giving the
desired product 9a in 70% isolated yield (Table 1, entry 1).
Changing NiBr;-diglyme to other nickel salts, such as Ni(OTf),

Beilstein J. Org. Chem. 2025, 21, 1535-1543.

and NiCl,-diglyme led to lower yields (Table 1, entries 2 and 3).
Similarly, changing the ligand for dtbbpy or phenantroline also
resulted in a decrease in the efficiency of the process (Table 1,
entries 4 and 5). The pyridinium salt has also a significant
effect on reactivity; thus, when 1-benzyl-2,4,6-triphenylpyridin-
1-ium (PS2) was used, enaminone 9a was isolated in only
34% yield (Table 1, entry 6). Replacing DMF by DME,
DMSO or acetone diminished the product yields (Table 1,
entries 7-9). The reactivity of acridinium PC1 was superior to
that of other photocatalysts, including 4-CzIPN (PC2) and
[Ir(dF(CF3)ppy),(dtbbpy)]PF¢ (PC3) (Table 1, entries 10 and
11).

Attempts to increase the temperature of the process resulted in a
complex reaction mixture in which only traces of the desired
enaminone 9a were detected (Table 1, entry 12). Longer reac-
tion times also led to significant degradation, isolating the
desired enaminone in only 18% yield (Table 1, entry 13). The
reaction with 3-chlorochromone gives lower yield while
3-iodochromone failed to provide the desired enaminone 9a

(Table S7, Supporting Information File 1).

Control experiments including the reaction in the absence of
visible-light or photocatalyst, showed no product formation
(Table 1, entries 16 and 17). Interestingly, the yield of 9a
dropped to 30% in the absence of Ni salt and 33% in the
absence of the pyridinium salt (Table 1, entries 14 and 15).

With the optimal reaction conditions, we first studied the sub-
strate scope of 3-bromochromones 7 (Scheme 2).

It was determined that the process was compatible with various
halochromones bearing electron-withdrawing (F, Cl, Br) or
electron-donating (Me, OMe) groups at different positions of
the aromatic ring, affording the corresponding enaminone prod-
ucts 9a—h in moderate to good yields (45-70%). Of particular
relevance is the effective formation of enaminones 9d and 9e
containing bromo and chloro moieties, respectively, since
they could enable further chemical transformations. Unfortu-
nately, when 2-methyl-3-bromochromone was employed as the
substrate, the process failed to afford the desired enaminone
product, which was possibly caused by a combination of in-
creased steric hindrance and decreased electrophilicity of the

B-carbon due to the electron-donating nature of the methyl

group.

Subsequently, we turned our attention to investigate a range of
amine derivatives 8 under the standard conditions. When
morpholine was replaced by piperidine, the expected enam-
inone 9g was provided, albeit in lower yield. Similarly,

4-methylpiperidine and N-tert-butoxycarbonylpiperazine
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Table 1: Optimization of reaction conditions.

Beilstein J. Org. Chem. 2025, 21, 1535-1543.

photocatalyst PC1 (1 mol %)
pyridinium salt PS1(1 equiv)

O H NiBr,-diglyme (5 mol %) (0]
0,
Br N dmbpy (5 mol %) N /\N/\
| DMF | P Lo
0 0 20°C,2h OH
7a 8a LED (427 nm) 9a
P CFs  pr,
z N
N xR Q O

Entry Deviation from the standard conditions?
1 none

2 Ni(OTf)z instead NiBro-diglyme

3 NiCl>-diglyme instead NiBry-diglyme
4 dtbbpy instead dmbpy

5 phenantroline instead dmbpy

6 PS2 instead PS1

7 acetone instead DMF

8 DMSO instead DMF

9 DME instead DMF

10 PC2 instead PC1

11 PC3 instead PC1

12 40 °Cinstead 20 °C

13 16 hinstead 2 h

14 no PS

15 no Ni salt and ligand

16 no PC

17 no light

traces
18

33

30
n.r.¢
n.r.

a3-Bromochromone 7a (0.2 mmol), morpholine 8a (0.3 mmol), PC1 (1.0 mol %), NiBro-diglyme (5.0 mol %), dmbpy (5.0 mol %) and PS1 (1.0 equiv) in
DMF under Ny, irradiation with a 427 nm LED lamp at 20 °C for 2 hours. Plsolated yield of 9a after flash column chromatography. °No reaction.

afforded the corresponding enaminones 9i and 9j, respectively,
in moderate yields. Gratifyingly, 1-(pyridin-2-yl)piperazine was
also tolerated, providing the expected product 9h in 46% yield.
Considering that pyridine is one of the core components of drug
derivative formulations, present in more than 7,000 active phar-
maceutical compounds [43], the possibility of introducing a
pyridine ring into the enaminone structure could be useful for

the development of new drug candidates.

When pyrrolidine was used as amine reagent, the target enam-
inone 9k was obtained, albeit in low yield. Regrettably, this
transformation failed to provide the corresponding enaminone
products by replacing alicyclic amines by diisopropylamine,
probably due to steric hindrance. Steric factors could also
explain the lack of reactivity of seven-membered azepane. In
view of these results, it seems evident that six-membered cyclic

amines have the optimal ring size for the photocatalyzed enam-
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photocatalyst PC1 (1 mol %)
pyridinium salt PS1 (5 mol %)

(0] NiBr,-diglyme (5 mol %) 0 R
Br dmbpy (5 mol %)
| + HN X /\N/ N
/ DMF l\/x
0" R 20°C, Ny, 2 h OH
7 8 blue LED (427 nm) 9
e} O O
P = =
OH o Me OH MeO OH
9a: 70% yield 9b: 52% yield 9c: 58% vyield
O F O
|
= N/\ C % N/\ @\)V\N/\
Br OH o OH O OH N0

9d: 45% yield

/\,\O
OH

9g: 40% yield

O
=

OH

9h: 46% yield

(6]
/\N/\l
OH \/NBoc
9j: 35% vyield
O Me O
= N/\
OH ‘\/O

Scheme 2: Substrate scope.

inone formation process. For enaminones 9b—k the remaining

mass balance comprised mainly unreacted starting materials.

The scalability of the process was demonstrated in semiprepara-
tive scale for the reaction of 3-bromochromone (7a, 5.0 mmol)

to afford enaminone 9a in a 68% isolated yield (Scheme 3).

In terms of the reaction mechanism, TEMPO completely inhib-
ited the reaction, implying the possibility of a radical intermedi-
ate in the reaction (Scheme 4A). Moreover, the TEMPO adduct
10 was identified using GC-MS (Figure S1, Supporting Infor-
mation File 1). When the reaction was performed under air-

equilibrated conditions, the intended product 9a was obtained in

9e: 60% yield

9f: 50% yield

0
>
O RS
~ OH Me
N~
9i: 39% yield

9k: 24% yield
O /]\
2N

OH)\

n.r.

a 31% yield, indicating that air influenced the interaction be-
tween the Ni-catalyst and the o,f-unsaturated carbonyl function
(Scheme 4B). Furthermore, when the reaction of chromone 10
was carried out under standard conditions, the starting material
was recovered unaltered, evidencing that the photocatalyzed
dehalogenation step is crucial to enable the ring opening
(Scheme 4C).

In order to determine the role of Ni(Il) in this process, UV-vis
studies were carried out. Thus, upon addition of PS1 and 7a to a
solution of NiBrp-dmbpy, a charge transfer (CT) band at
688 nm was visible in the UV-vis spectrum (Figure S2, Sup-

porting Information File 1). This observation is consistent with
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photocatalyst PC1 (1 mol %)
pyridinium salt PS1(1.0 equiv)

0 H NiBry-diglyme (5 mol %) *
Br N dmbpy (5 mol %) /\N/\
| * [ j L_o
0 0 DMF OH
20°C, 2h
7a 8a blue LED (427 nm) 9a
5 mmol 68%

Scheme 3: Scale-up synthesis of enaminone 9a.

O

A. radical trapping experiments

H TEMPO (3.0 equiv)

Br
e (]
0) (@)
7a 8a

B. control experiment with air

(0] (0]
O—N
X = N/\
standard conditions | P K/o
OH o) N/\

9%a 10 o)
t ob d
not observe: [M + H]* = 389.2436

photocatalyst PC1 (1 mol %)
pyridinium salt PS1(1.0 equiv)
[¢) H NiBr,-diglyme (5 mol %) e

dmbpy (5 mol %) P>

)

DMF
e}
0 0 20°C, air, 2 h OH ~
7a 8a blue LED (427 nm) 9a
31% yield
C. control experiment chromone
(0] H (o]
N
| + [ j /\N/\
standard conditions 0
0 © OH
11 8a 9a

Scheme 4: Mechanistic studies.

the formation of a six-coordinate, pseudo-octahedral Ni(II)
complex [44] involving the carbonyl groups of PS1 and 7a,
which is further activated on aggregation of the pyridinium salt
and the chromone aromatic ring through m—m stacking.

Then, PC1 was submitted to Stern—Volmer quenching experi-
ments. Whereas no interaction occurred between the excited
form of PC1 and 3-bromochromone (7a), a direct interaction
occurred between PC1* and morpholine (8a, Figure S3, Sup-
porting Information File 1). Based on these results, the most
plausible scenario might be that the reaction starts with the exci-

tation of PC1 at 427 nm to generate the highly oxidative state

not observed

PC1%* that interacts with morpholine (8a) to generate the corre-
sponding aminium radical cation.

To gain a better understanding of the process, the formation of
the enaminone product 9a was monitored overtime by 'H NMR,
which confirmed that the the reaction was complete within 2 h.
Furthermore, the rate of the reaction is independent of the con-
centration of the 3-bromochromone substrate 7a and amine 8a
(Figure S4, Supporting Information File 1).

Based on the above experiments and prior work on the photo-

catalytic reductive halogenation using acridinium photocata-
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lysts [45,46], a possible mechanism for this reaction is pro-

posed in Scheme 5.

A ternary complex is initially formed upon complexation of
3-bromochromone (7a) with NiBr-dmbpy. By virtue of being
coordinated to a Ni-center, the B-carbon is activated toward
nucleophilic attack of the amine, furnishing 2-amino-3-
bromochromenone I. Simultaneously, acridinium photocatalyst
PC1 absorbed energy and transitioned from the ground state to
excited state under visible-light irradiation. This excited state
PC1* is quenched by the amine, generating the amine radical
cation and PC1 radical via a single-electron transfer (SET)
process. Then, the C—Br bond of I is cleaved by PC1°, gener-
ating a C-centered radical II, which can be further reduced to
give an enolate III, that ultimately evolves to the more stable
anion IV and undergoes protonation to afford the final enam-
inone product 9a.

Conclusion

In summary, a simple and effective nickel-assisted photocatalyt-
ic protocol for the direct formation of enaminones from
3-bromochromones is reported. The process involves a Ni(II)-
catalyzed hydroamination, followed by photocatalytic reduc-

NHR,

-+
NHR,

PC1:
MeO Mes OMe

\

MeO

OMe [:

Scheme 5: Proposed mechanism.

Beilstein J. Org. Chem. 2025, 21, 1535-1543.

tive debromination. Mechanistic studies suggest that the key
step of this transformation is the complexation of the starting
3-bromochromones to Ni(II) and a pyridinium salt, giving rise
to a ternary Ni-complex which activates the a,B-unsaturated car-
bonyl compound towards nucleophilic addition. The presented
method is operationally simple and can be conducted using low
catalyst loadings of a Ni-catalyst and an inexpensive organic
photocatalyst.

Supporting Information

Supporting Information File 1

Additional optimization details, mechanistic studies,
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