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The photocatalytic generation and trapping of alkyl radicals is a
powerful synthetic tool in organic chemistry, but it remains under-
explored in biological settings. Here, we present two photoredox
systems that leverage green- or red-light irradiation for the acti-
vation and subsequent Giese coupling of redox-active alkyl phtha-
limide esters. Besides utilizing mild low-energy light sources, these
reactions operate with biocompatible BnNAH or NADH as electron
donor. Notably, they display compatibility with air, water and bio-
logically relevant conditions, including cell-culture media or even
cell lysates. This work marks a significant step towards integrating
synthetic alkyl-radical chemistry into biological settings.

Performing artificial synthetic reactions in living settings
without disrupting the native cellular machinery—the funda-
mental principle of bioorthogonal chemistry'—has enabled
diverse applications, from the selective manipulation of bio-
molecules to the controlled release of drugs.”> While early
bioorthogonal transformations relied mostly on Staudinger
ligations® or on copper-catalyzed azide-alkyne click cycloaddi-
tions,* recent developments have been increasingly focused on
strain-driven cycloaddition reactions.” There have also been
notable advances in the development of cell-compatible reac-
tions promoted by transition-metal complexes,® although pro-
gress in this area remains limited by the rapid deactivation of
the catalysts. An appealing alternative for performing non-
natural synthetic transformations in biorelevant settings could
be based on the use of radical chemistry. Radical-based reac-
tions have been successfully applied for the chemoselective
manipulation of peptides or proteins in aqueous media.”
However, their use in biorelevant habitats remains largely
unexplored.® A first step towards the implementation of
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bioorthogonal reactions based on alkyl radicals is the develop-
ment of strategies to generate these species under mild and
biologically compatible conditions (tolerance to air, water, bio-
molecules, high dilution, etc. Scheme 1A).° In this context,
photocatalysis serves as an ideal platform'® owing to its intrin-
sic mildness and spatiotemporal controllability."*

Photoredox catalysis is widely employed as a mild strategy
to generate alkyl radicals: versatile intermediates with a rich
downstream chemistry.'”> In particular, redox-active alkyl
phthalimide esters (RAE) are well-known alkyl-radical sources

A. Addressing the challenges towards bioorthogonal alkyl-radical synthetic photocatalysis

in vitro in vivo

R!

Rz)-\ R3
alkyl radicals

© Highly versatile intermediates
© Underexplored in biological settings

- simple settings - complex systems

- mild conditions
and low-energy
light required

- harsh conditions
or high-energy
light tolerated

&'@ﬁ

- exogenous or
toxic reagents

- endogenous or
biocompatible reagents

B. Decarboxylative alkyl coupling promoted by NADH and blue light (Mendoza, 2020)

R blue
light ™ / (o) R

o] R2
N’O\[])<R3 p J\
o © N NHy —> 2% ps
R

NADH or analogs alkyl radicals

—_
—

redox-active ester

% low bioorthogonality

direct blue-light photoexcitation: 5
% no spatiotemporal control

+ synthetically convenient

C. This work: Red-shifted photoredox generation and trapping of alkyl radicals

=
R? R"‘l:;“com-l2
[o] ° R? N R!

N~ j])<R3 v Pewe —{e)—znrp—> R@K/\

\/ or " 3 EWG
o R

(] green red

light light

© Mild and biocompatible red/green light © Photocatalysis-enabled spatiotemporal control

o Under air and common biorelevant media © Biocompatible reductants (NADH, BnNAH)

Scheme 1 Challenges in translating artificial alkyl-radical synthetic
chemistry into living systems (A). Comparison between the photo-
catalyst-free generation of alkyl radicals by direct excitation with high-
energy blue light (B) and a biocompatible low-energy light photo-
catalytic generation of alkyl radicals (C). EY = Eosin Y disodium salt;
ZnTPP = Zn(n) tetraphenylporphyrin; BnNAH = 1-benzyl-1,4-
dihydronicotinamide.
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upon single-electron transfer (SET) and irreversible mesolytic
fragmentation," a sequence of events that can be easily trig-
gered through photoredox manifolds,'* following pioneering
work by Barton,'® Okada'® and co-workers. Most of these reac-
tions have been explored in synthetic-chemistry contexts,
under conditions that are far away from those required for bio-
logical uses. An exception to this is the recent work reported
by Mendoza and co-workers on the use of stoichiometric
photoexcited NADH, a biologically relevant reductant, for the
efficient generation and trapping of alkyl radicals from RAEs
(Scheme 1B)."” However, the reaction requires high-energy
blue-light irradiation, which is not ideal in terms of selectivity
and potential use in biological settings.'® With that in mind,
we wondered if we could circumvent this requirement and
trigger the reaction with less energetic light through the use of
photoredox catalysis. Herein, we report the development of
two photocatalytic systems for the red-shifted generation and
subsequent Giese-type trapping of alkyl-radical fragments
from RAEs 1 (Scheme 1C). Beyond the use of non-toxic red
light,'®'"? the reactions perform well under biologically rele-
vant settings (aqueous buffers, cell lysates, etc.), using biocom-
patible reductants (NADH analogues) and with the spatiotem-
poral control inherent to photocatalytic systems.'® The combi-
nation of these features represents a significant step towards
the future development of alkyl-radical bioorthogonal
chemistry.

We started our exploration using tertiary RAE 1a and benzyl
acrylate (2a) to probe the generation and intermolecular Giese-
type trapping of alkyl radicals under air (Scheme 2). To
promote the overall photoreductive process, we selected
1-benzyl-1,4-dihydronicotinamide (BnNAH, 4) as model elec-
tron and H-donor, as it is a cheap, readily available analogue
of cell-endogenous NADH. As reported by the group of
Mendoza, the reaction of 1a (0.025 mmol, 12 mM) with 2a (2.0
equiv.) and 4 (1.5 equiv.) in a 1:1 DMSO/water mixture
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afforded Giese-coupling product 3a after 90 min of high-
energy blue-light irradiation (467 nm, 61 kcal mol™", entry 13),
while no reaction was observed in the dark (entry 14)."
However, evaluation of the same reaction using lower-energy
light sources (green: 525 nm, 54 kcal mol™" or red: 660 nm,
43 keal mol™") without photocatalysts resulted in only traces of
3a (entries 4 and 10), which is consistent with BnNAH not
absorbing light beyond 400 nm.** Contrastingly, when 5 mol%
of Eosin Y disodium salt (EY, 5) was added to the same
mixture of 1a (0.050 mmol, 25 mM), 2a (2.0 equiv.) and 4 (1.5
equiv.) in 1:1 DMSO/water, we observed the formation of 3a
in 75% yield (67% isolated yield) after 90 min of green-light
irradiation (entry 1). A significant conversion to the product
(55%) can already be observed after only 15 min of irradiation
(entry 5). As expected, no product was observed in the absence
of light (entry 2) or reductant (entry 3), while only traces (<3%)
were detected when photocatalyst 5 was omitted (entry 4). In
order to further red-shift the photoreactivity and potentially
supress this minimal background reaction, we selected Zn(u)
tetraphenylporphyrin (ZnTPP, 6) as red-light-harvesting photo-
catalyst, since porphyrins have been shown to photoactivate
redox-active radical precursors in different synthetic contexts.>
We observed that using 15 mol% of ZnTPP as photocatalyst
product 3a was formed in 94% yield after 240 min of red-light
irradiation (entry 7), while 45% was obtained after only 60 min
(entry 11). Control experiments showed no detectable amounts
of product in the absence of light (entry 8), reductant (entry 9)
or porphyrin photocatalyst (entry 10). Furthermore, experi-
ments carried out using only DMSO demonstrate that the
addition of water as a co-solvent is not a requirement for the
reaction (entries 6 and 12).

Then, we sought to explore the range of alkyl radicals that
could be generated and intermolecularly trapped under air.
We compared side-by-side the performance of both photo-
catalytic systems for each substrate (Scheme 3). First, we evalu-
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Scheme 2 Development, optimization and control experiments for the two photocatalytic systems based on green or red light. Standard con-
ditions, green light: 1a (0.050 mmol, 25 mM), 2a (2.0 equiv.), 4 (1.5 equiv.) and 5 (5 mol%) in DMSO/H,O (1:1) under 525 nm light irradiation for

90 min; Pred light: 1a (0.025 mmol, 12 mM), 2a (2.0 equiv.), 4 (1.5 equiv.)

and 6 (15 mol%) in DMSO/H,0 (1:1) under 660 nm light irradiation for

240 min. Unless stated otherwise, yields were determined either by *H NMR or GC-MS using 1,3,5-trimethoxybenzene as internal standard. Isolated

yield in parenthesis. n/d = not detected.
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ated the behavior of several Giese-type trapping agents using
tertiary RAE 1a as model substrate. We could successfully carry
out radical additions to a,p-unsaturated esters (3a, 3e), sul-
fones (3b), amides (3c¢) or nitriles (3d) using both our green-
and red-light-based systems. Subsequently, we set forth to
evaluate the scope of alkyl radicals that could be generated
under the two sets of reaction conditions, using phenyl vinyl
sulfone (which performed similarly well with both systems) as
model Giese acceptor.

Beyond 1a, the reaction worked with other tertiary RAEs
(3f-i), giving good yields of the corresponding radical-addition
products using both photocatalytic systems. Notably, we could
assemble products 3g-h starting from the RAE of Gemfibrozil
(a drug used for high-cholesterol treatment), demonstrating
the applicability of the method in the derivatization of relevant
bioactive products. Then, we explored the reactivity with pre-
cursors of secondary and primary radicals, often considered
more challenging to generate and trap due to their inherent
instability. Secondary unbiased RAEs led to the expected
products 3j and 3k in good yields. Furthermore, product 31
could be obtained almost quantitatively upon generation and
trapping of the a-amino radical derived from N-Boc-protected
proline. It is worth noting that previous methods for
the green-light photocatalytic generation and trapping of alkyl
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Scheme 3 Reaction scope with the two photoredox systems. For a
direct comparison, yields shown here were determined by *H NMR using
1,3,5-trimethoxybenzene as internal standard. General reaction con-
ditions: 1 (12-25 mM, 1.0 equiv.), 2 (2.0 equiv.) and 4 (1.5 equiv.) in
DMSO/H,0 (1:1-8:2) with 5 (5 mol%)/green LED or 6 (15 mol%)/red
LED for 2-16 h. For detailed experimental conditions, isolated yields,
and results with other alkene partners, see ESI.}
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radicals perform well for a-oxo or a-amino radicals, but
often struggle when unbiased alkyl radicals are targeted.'*® On
the other hand, more stable secondary benzylic radicals
resulted in low yields of Giese adducts due to competing
radical dimerization.>” Finally, the feasibility of transferring
simple primary alkyl radicals was also successfully demon-
strated with the assembly of products 3m-o in moderate to
good yields. Remarkably, the red light-based system was found
to outperform the green-light photoredox manifold for the
generation and trapping of less stable primary and secondary
radicals.

Once we confirmed the robustness of the two protocols, we
assessed their viability under biologically relevant conditions
(Scheme 4). First, we extrapolated the use of cell-endogenous
NADH as reductant instead of model BnNAH 4: with green
light and Eosin Y, product 3a was formed in 76% yield (entry
2), while the reaction with red light and ZnTPP was unsuccess-
ful under the evaluated conditions (entry 8). The model reac-
tions with BnNAH were also efficient using a higher proportion
of water (1:4 DMSO/water) and more dilute conditions
(10 mM, entries 3 and 10). Further dilution of the substrate
down to 5 mM led to a marginal decrease in yield for the red-
light system (entry 11), while the reaction still performed well
using Eosin Y and green LED (entry 4). The use of a
1: 4 mixture of DMSO and a PBS buffered solution was well tol-
erated using Eosin Y at 10 mM (64%, entry 5) while a signifi-
cant drop in yield was observed for ZnTPP (25%, entry 12).
Importantly, we found that the reaction was still operative in a
1:4 mixture of DMSO and DMEM (Dulbecco’s Modified

4 (BnNAH, 1.5 equiv)
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6 1:4 DMSO/DMEM, 10 mM [without 5] 35% [<3%]
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X
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6 (15 mol%), 4 (1.5 equiv), 660 nm light, 240 min
9 With NADH (1.5 equiv) instead of 4 <3%
10 1:4 DMSO/H,0, 10 mM 72%
11 1:4 DMSO/H,0, 5 mM 45%
12 1:4 DMSO/PBS buffer, 10 mM 25%
13 1:4 DMSO/DMEM, 10 mM [without 6] 18% [<3%]
14 1:4 DMSO/Hela cells lysate@PBS buffer, 10 mM [without 6] 19% [n/d]

Scheme 4 Evaluation of the performance of both photoredox systems
in biologically relevant reaction media. Yields were determined either by
*H NMR or GC-MS using 1,3,5-trimethoxybenzene as internal standard.
n/d: not detected. For detailed experimental conditions, see ESI.
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Eagle’s Medium), a widely used basal medium for supporting
the growth of mammalian cells, containing a variety of bio-
molecules (entries 6 and 13). Furthermore, the reaction could
also be carried out in a 1:4 mixture of DMSO and HeLa cell
lysates with PBS buffer, obtaining comparable results to those
using simpler 1:4 DMSO/PBS media for both systems (entries
7 and 14). This shows that the presence of trace amounts of
the myriad of biomolecules found in living cells has no signifi-
cant inhibitory effect on the studied reaction. Importantly,
blank experiments without photocatalyst in these two biologi-
cally complex reaction media (DMEM or cell lysates) led to
only traces of product (entries 6, 7 and 13, 14, between red
brackets), highlighting the spatiotemporal control that can be
achieved through photocatalysis.°

Mechanistically, redox-active phthalimide esters 1 can be
activated via single-electron reduction (half-wave potentials
ranging between —1.0 and —1.6 V vs. SCE),"***' triggering an irre-
versible mesolytic cleavage to release alkyl radicals 7, CO, and
phthalimide anion (Scheme 5A). This process can be promoted
by excited (oxidative quenching) or reduced (reductive quench-
ing) blue-light-active photocatalysts, such as [Ru(bpy)s]*"."**°
Contrastingly, Mendoza and co-workers described the direct
photoexcitation of NADH or BnNAH (4) with blue light, boost-
ing their reducing capability to trigger the activation of RAEs
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Scheme 5 (A) Mechanistic proposal for the low-energy-light photo-

redox activation of redox-active esters using BnNAH as reductive
quencher and terminal H-donor. (B) Steady-state fluorescence quench-
ing studies with Eosin Y (14.3 uM in DMSO). HAT = hydrogen-atom
transfer; Phthal = Phthalimide.
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1, via either inner-sphere or outer-sphere SET."” In our case,
since neither the RAE (1) nor the reductant (4) absorb green or
red light,”® the addition of an appropriate light-harvesting
catalyst is indispensable for the activation (see Scheme 2,
entries 4 and 9). Stern-Volmer fluorescence-quenching ana-
lysis with Eosin Y (5) indicates an interaction between the
excited photocatalyst and BnNAH (which would account for a
bimolecular quenching constant of kq ~ 1.6 x 10"* M~' s,
hinting at either static quenching or diffusion-controlled
dynamic quenching), while emission of the photocatalyst
remains unaffected by the presence of RAE 1a (Scheme 5B).>?
Even though steady-state fluorescence quenching can only
describe interactions between the singlet excited state of a
photocatalyst, the observed affinity suggests a reductive-
quenching photoredox manifold to be the most likely mechan-
istic scenario (Scheme 5A).>* This is consistent with the well-
established energetically favourable SET from amine reduc-
tants (BnNAH)>® to the excited photocatalysts.>**® Additional
circumstantial evidence in favour of a reductive-quenching
mechanism lies in the fact that control experiments with
15 mol% of ZnTPP (6) but without reductant (Scheme 2, entry
9) result in full recovery of the starting material (>95% of 1a),
while an operative oxidative-quenching mechanism would lead
to at least partial consumption of 1a. Subsequent SET from
the reduced photocatalyst to 1 and irreversible fragmentation
delivers radical 7. Then, 7 undergoes Giese-type addition to
acceptor 2 followed by formal hydrogen-atom abstraction from
BnNAH™ or BnNAH (4), giving reaction product 3.">'**' 1t
must also be acknowledged that alternative pathways
(Scheme 5, grey arrows), such as further activation of 1 by
BnNAH"", or a free-radical propagation mechanism (hydrogen-
atom abstraction by radical 8 from BnNAH, generating product
3 and nicotinyl radical BnNA", which would in turn activate
another molecule of RAE 1 to give 7 and BnNA") may also be
effective, as previously identified for similar systems."”
However, further interrogation of these mechanistic intricacies
falls beyond the intent of this work.

In summary, we have developed two photoredox systems for
the potentially biocompatible generation and Giese-type inter-
molecular trapping of alkyl radicals. The systems are based on
the reductive quenching of low energy light-harvesting photo-
catalysts (Eosin Y for green and ZnTPP for red) with BnNAH,
subsequently resulting in the SET activation of a broad variety
of redox-active alkyl phthalimide esters. The two systems were
found to be complementary: while the green-light conditions
are more robust and perform better across a wider range of
Giese acceptors, the red-light system proved to be more suit-
able for challenging primary and secondary alkyl-radical coup-
lings. Preliminary experiments showcase the possibility of con-
trolling these relatively complex intermolecular radical pro-
cesses under biologically relevant conditions (in aqueous
buffers or cell-culture media, in the presence of cell lysates,
under biocompatible low-energy light irradiation, etc.) or even
using cell-endogenous NADH as the reductant. This paves the
way for the further development of the nascent field of
bioorthogonal radical photocatalysis.

This journal is © The Royal Society of Chemistry 2025
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