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Harnessing the reactivity of captodative radicals:
photocatalytic a-pyridination of glycyl derivatives

through reversible radical couplingt
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Captodative radicals that are highly stabilized by the presence of both electron-donating and electron-

withdrawing groups exhibit unique reactivity in organic syntheses. These radicals are known to be less

reactive towards radical-radical coupling reactions due to the presence of a shielding occupied molecular

orbital. Herein we describe a photocatalytic synthetic strategy for the coupling of two different captoda-
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Introduction

Radical-radical coupling reactions represent a keystone in
modern synthetic chemistry due to their ability to construct
complex molecular architectures with high efficiency and
selectivity." The importance of these transformations lies in
their capacity to form diverse covalent bonds under mild con-
ditions, thus offering expedient access to a wide array of
organic compounds with significant synthetic utility. Among
the myriads of radical coupling processes, bond formations
between two different radicals stand out as a particularly versa-
tile and powerful strategy, and they can offer an opportunity
for the construction of intricate molecular frameworks with
unparalleled precision. The formation of a covalent bond
between radical species occurs through the overlap of singly
occupied molecular orbitals (SOMOs), leading to the sharing
of electrons and the establishment of a stable chemical bond.>
This process relies on the inherent reactivity of radicals, which
possess unpaired electrons, making them highly reactive
species capable of participating in bond-forming events. The
reactivity of radicals is intricately linked to their radical charac-
ter, which can be categorized into two main classes: persistent
radicals, characterized by the longevity of their unpaired
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tive radicals, which are generated from glycyl derivatives and 4-cyanopyridines. An aromatization is incor-
porated as the driving force after a reversible radical-radical coupling process. This method can be
applied to a wide variety of peptides, providing pharmaceutically relevant pyridyl-functionalized products

electron, and transient radicals, which exhibit a more fleeting
nature.’

Since Dewar’s report in 1952, a fascinating subset of rad-
icals—known as captodative radicals—has garnered significant
attention in recent years due to their unique electronic struc-
ture and reactivity profile (Scheme 1A).* Captodative radicals
are characterized by the presence of both electron-donating
(captan) and electron-withdrawing (dative) substituents in
their molecular framework, resulting in a delicate balance of
electronic effects. This electronic arrangement endows capto-
dative radicals with enhanced stability and reactivity, render-
ing them promising intermediates for their synthetic appli-
cations. Intriguingly, the interaction between two captodative
radicals offers a rich and unexplored landscape of reactivity,
characterized by reversible bond formation and cleavage pro-
cesses. These radicals have been known for decades, such as II
and IV that can be observed by the bond dissociation from I
and V, respectively. Recently, Bickelhaupt et al. proposed that
this unique behavior stems from the proximity of the highest
occupied molecular orbital (HOMO) to the SOMO in captoda-
tive radicals, which acts as a shielding effect with other rad-
icals due to the Pauli repulsion, thereby facilitating the bond
cleavage of two radicals (Scheme 1B).> Consequently, the con-
trolled manipulation of captodative radical reactivity rep-
resents an enticing avenue for the development of novel syn-
thetic methodologies and the construction of complex mole-
cular architectures.

Motivated by the unique reactivity profile of captodative
radicals and their potential synthetic applications, we sought
to explore the feasibility of harnessing their reactivity in
radical-radical coupling between two different captodative rad-
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Scheme 1 Captodative radicals and their reactivity. (A) Characteristic features of captodative radicals. (B) Origin of the captodative effect.® (C)

Synthetic strategy for the hetero-coupling of two captodative radicals.

icals and to devise strategies for controlling their interaction
in the context of radical coupling processes. By incorporating
additional factors that drive bond formation between two
different captodative radicals, we aimed to unlock new avenues
for the controlled synthesis of organic molecules with tailored
properties and functionalities (Scheme 1C). In this paper, we
describe a photocatalytic synthetic strategy for the coupling of
two different captodative radicals that incorporates an aromati-
zation as the driving force after a reversible radical-radical
coupling process.® This method can be applied to a variety of
peptides as the captodative radical precursors.

Results and discussion

Among a variety of captodative radicals known to date, we
chose glycyl radical and pyridyl radical as the model system in
this study.”° The glycyl radical is derived from
N-phenylglycine ethyl ester (1a) (Ey = +0.31 V vs. SCE in
MeCN),"! while the pyridyl radical originates from 4-cyanopyri-
dine (2a) (B}, = —1.75 V vs. SCE in MeCN),"” providing a
diverse yet synergistic pair for our investigation. The radical
cation A can be easily obtained through the single electron oxi-
dation of glycine derivative 1a, while C is generated by the
single electron reduction of 4-cyanopyridine (2a). The balanced
redox processes are extremely important for achieving the
selective hetero-coupling reaction as overly formed radicals
through uncontrolled conditions may result in the homo-coup-
ling of the same radicals.

Org. Biomol. Chem.

A proof of concept for this study was to demonstrate the
selective coupling of captodative radicals B and D, while avoid-
ing homo-coupling reactions. To achieve this, we designed the
reaction with an aromatization that follows the radical-radical
hetero-coupling. This strategy leverages the thermodynamic
stability provided by the aromatic product, which drives the
reaction towards the desired hetero-coupled product through a
radical sorting.’®> We designed the reaction system using the
Ir(ppy)s as a photocatalyst (E°[Ir'"™*/Ir'"] = +0.31 V vs. SCE, E°
[1r'"/1r™"] = —=2.19 V vs. SCE),"* which possesses sufficient redox
potential to facilitate both the oxidation of glycine derivative
1a and the reduction of 4-cyanopyridine (2a). In combination
with DABCO (1,4-diazabicyclo[2.2.2]octane) as a base, this
system not only promoted the formation of captodative rad-
icals B and D but also facilitates the rearomatization step.
Through a series of optimization experiments, we optimized
the reaction conditions to furnish the hetero-coupled product
3a in 78% (Scheme 2A). Notably, under these conditions, no
formation of potential homo-coupled products was detected,
underscoring the high selectivity of our reaction system.
Furthermore, an addition of TEMPO or BHT to the standard
conditions inhibited the product formation (see the ESIY),
indicating that a radical is likely to be involved in the reaction
pathway (Scheme 2B). When ethyl 2-(phenylimino)acetate 1a’
was used instead of 1a, no reaction was observed, indicating
that 1a’ was not involved in the reaction pathway. Stern-
Volmer fluorescence quenching studies revealed that
N-phenylglycine derivative 1a is a better quencher of the
excited iridium species.

This journal is © The Royal Society of Chemistry 2025
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Scheme 2
mechanism.

Based on the above observations and analyses, we hypoth-
esized the following reaction mechanism (Scheme 2C).
Initially, the Ir(ppy); photocatalyst is excited by visible light
irradiation (470 nm). The excited state Ir* then oxidizes the
glycine derivative 1a through a single electron transfer (SET) to
produce a cation radical A and the reduced form of Ir(u1) photo-
catalyst."® The cation radical A is readily deprotonated at the
a-position by DABCO, resulting in the formation of a captoda-
tive radical B. Concurrently, 4-cyanopyridine (2a) is reduced by
Ir(u) through another SET process, furnishing an anion radical
C and regenerating the photocatalyst."® The anion radical C
undergoes facile protonation by the protonated base to form
another captodative radical D. These persistent radicals, B and
D, have the potential to undergo homo-coupling (forming pro-
ducts E or F from B, and G, H, or I from D) or hetero-coupling
(forming product J). Throughout the reversible radical coup-

This journal is © The Royal Society of Chemistry 2025

{’d’

(A) Model reaction in the radical-radical hetero-coupling of two captodative radials. (B) Mechanistic studies. (C) Proposed reaction

ling and dissociation of B and D, the presence of DABCO pro-
motes a smooth rearomatization leading to the formation of
the desired product 3a.

After establishing the optimal reaction conditions and
understanding of detailed reaction mechanism for the model
reaction, we proceeded to explore the scope of our coupling
strategy of two different captodative radicals. We found that a
variety of aromatic glycine derivatives 1 worked well in the
reaction with 2a (Scheme 3). N-Arylglycine derivatives 1b-1e
possessing para-substituents such as methyl and halides gave
the desired products 3b-3e in high yields. However, the reac-
tion of 1f possessing an electron-withdrawing (CF;) group was
sluggish to give 3f in a low yield. Interestingly, the para-meth-
oxyphenyl (PMP)-substituted substrate 1g furnished the
product 3g in 39% yield under the standard conditions along
with the undesired N-pyridinated byproduct 3g’ in 28% yield

Org. Biomol. Chem.
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Scheme 3 Substrate scope of the pyridination of glycine derivatives. ? Conditions A: 1 (0.2 mmol, 1.0 equiv.), 2 (2.0 equiv.), Ir(ppy)s (1.0 mol%),
DABCO (1.5 equiv.), MeCN/1,4-dioxane (0.10 M), rt, 24 h, blue LEDs (470 nm). ® Conditions B: 1 (0.2 mmol, 1.0 equiv.), 2 (2.0 equiv.), Ir(ppy)s
(1.0 mol%), DABCO (2.5 equiv.), LiCl (1.2 equiv.), EtOAc (0.067 M), rt, 24 h, blue LEDs (470 nm). € 3g (0.6 mmol, 1.0 equiv.), CAN (2.2 equiv.), MeCN/

H,0 (0.10 M), rt, 2 h. “4a (0.10 mmol, 1.0 equiv.), MeMgBr (2.0 equiv.), THF (0.050 M), 0 °C to rt, 17 h.

(see the ESI}). Pleasingly, we were successfully able to control
the reaction between an in situ-generated captodative radicals
from the starting material 1g and 4-cyanopyridine (2a) by the
addition of LiCl additive, and the modified conditions greatly
suppressed the formation of byproduct 3g' to provide the
desired compound 3g in 78% yield. The introduction of ortho-
substituents 1h and 1i resulted in diminished yields.
Additionally, a substrate 1j with tert-amide substituent gave
the pyridinated product 3j in 55% yield. Notably, our method
is not limited to the glycine derivatives alone, but also appli-

Org. Biomol. Chem.

cable to a variety of peptides under the standard conditions.
Dipeptides bearing glycine (1k), alanine (1l), valine (1m),
leucine (1n), valine (10), serine (1p), and phenylalanine (1q)
ethyl esters with glycine N-terminus (Ph- or PMP-) were well
tolerated to give the corresponding products 3k-3q in good to
high yields. Subjecting tripeptides 1r-1t also furnished the
desired products 3r-3t in good yields. In every example, we
observed no trace of epimerization of the products from the
enantiomerically pure starting materials. The other captodative
radical precursor is not only limited to 4-cyanopyridine (2a),

This journal is © The Royal Society of Chemistry 2025
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and we have found that the presence of silylated alkynyl or
heterocycle adjacent to the pyridine nitrogen atom does not
affect the reactivity to give the products 3u and 3v in 69%
yields, respectively. The trace amount of N-pyridinated
byproducts were observed in most examples under Conditions B.

The synthetic utility of the products was demonstrated by
the further transformations of 3g. The amine protecting PMP
group was converted into carbonyl group, giving o-keto ester
4a in 61% yield when a simple oxidation protocol using ceric
ammonium nitrate (CAN) was applied. a-Hydroxy ester 4b was
obtained on the treatment of 4a with MeMgBr.

Conclusions

A photocatalytic synthetic strategy for the radical-radical coup-
ling reaction between two captodative radicals was developed.
An aromatization was successfully incorporated as the driving
force after a reversible C-C bond forming coupling process to
selectively furnish a wide variety of pyridyl-functionalized pro-
ducts in high yields. Our findings and the mechanistic investi-
gation not only expand the synthetic toolbox available to che-
mists but also pave the way for the development of innovative
strategies for the bond formation and functionalization in
organic synthesis.
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