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The direct generation of carbon radicals from carboxylic acids under visible-light photocatalysis offers an
appealing strategy for molecular diversification. Here, we report a decarboxylative Giese-type addition
using a zwitterionic acridinium amidate as a uniquely effective photocatalyst, which enables the efficient
and selective activation and functionalization of a broad range of carboxylic acids without an external

base or oxidant. The catalytic process relies on the formation of a hydrogen-bonded complex between
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to generate the corresponding carboxy! radical. This method featuring neutral conditions demonstrates
DOI: 10.1039/d6sc00657d excellent functional group tolerance and is applicable to structurally demanding substrates, including

rsc.li/chemical-science complex natural products and pharmaceutically relevant compounds.

Open Access Article. Published on 21 April 2026. Downloaded on 4/21/2026 11:39:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Introduction

Carboxy groups are fundamental functional groups that are
prevalent in a range of organic molecules, including biomole-
cules, natural products, and pharmaceuticals. Because of its
large dipole moment and ability to act as a hydrogen-bond
donor and acceptor, the carboxy group plays a cardinal role in
biochemical processes as well as in drug design as a constituent
of pharmacophores.” Given that replacement of this functional
group with other fragments can profoundly alter the physico-
chemical properties, it offers an effective strategy for modu-
lating molecular behaviour for specific purposes, such as
understanding biological mechanisms, upgrading natural
products, and improving the efficacy of drug candidates.
Accordingly, direct decarboxylative functionalization has
garnered particular attention as an ideal means of fulfilling the
synthetic demand in this pursuit.>?

Photocatalysis has emerged as an enabling platform for
decarboxylative transformations under mild conditions
through the generation of carbon radicals from carboxylic acids.
The methodologies developed for this purpose rely on one of
the three distinct modes of activation: single-electron transfer
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(SET),*** ligand-to-metal charge transfer (LMCT),"*>* and
proton-coupled electron transfer (PCET) (Fig. 1A).>*™*' The SET-
based approach typically involves oxidation of carboxylate ions,
but the relatively high oxidation potential of these species (ca.
+1.3 Vvs. SCE) often results in poor chemoselectivity, especially
in the presence of electron-rich functional groups. While LMCT
allows for the direct generation of carboxyl radicals via the
homolytic cleavage of photoexcited metal carboxylates, it
generally requires a stoichiometric amount of base and is
sensitive to polar or Lewis basic functionalities, which
compromise both the efficiency and substrate scope of the
reaction. In this regard, methods exploiting PCET obviate the
use of an external base, and recent development of
azaanthraquinone catalysts significantly expanded the scope of
this approach.*” In parallel with this progress, the effectiveness
of photoinduced hydrogen atom transfer (HAT) catalysis with
ketone derivatives has been explored for the direct radical
generation from carboxylic acids.*® Despite these significant
advances in catalytic activation of carboxy groups, efficient and
chemoselective decarboxylative functionalization in the pres-
ence of multiple polar and reactive functional groups, which are
common features of natural products and therapeutic agents,
remains a considerable challenge. Therefore, further develop-
ment of photocatalysts that operate with high reactivity and
chemoselectivity in such demanding settings is a highly desir-
able goal.

Recently, we introduced zwitterionic acridinium amidate 1a
as a novel organic molecular photocatalyst capable of facili-
tating HAT for the direct functionalization of structurally
unbiased aliphatic C-H bonds (Fig. 1B).* The salient feature of
this catalyst is that attractive noncovalent interaction between
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Fig. 1 Background and summary. (A) Representative strategy for
photocatalytic activation of carboxylic acids. (B) Acridinium amidate 1
as a hydrogen-bonding photocatalyst.

the pertinent hydrogen-bond donor and the amidate moiety is
crucial for exerting productive photocatalytic reactivity.
Considering the basicity of 1a (pK, of 1a-H = 17.0 in acetonitrile
(MeCN)), we reasoned that carboxylic acids could serve as
hydrogen-bond donors, which would not only ensure the
precise recognition of the carboxy group but also set a reactivity
basis for the generation of the corresponding carbon radicals
via PCET with 1 upon photoexcitation followed by decarboxyl-
ation, thereby allowing precisely chemoselective trans-
formation. Herein, we report the decarboxylative Giese-type
addition of carboxylic acids to electron-deficient olefins in the
presence of acridinium amidate 1 as the sole catalyst under
visible-light irradiation. This protocol enables the direct deca-
rboxylative alkylation of a broad range of carboxylic acids,
including those with polar and/or redox-sensitive functional
groups, using an equimolar amount of olefins with high effi-
ciency, demonstrating the vast synthetic utility of hydrogen-
bond-induced photocatalysis of 1 as a practical tool for
unlocking the long-standing limitations in carboxy group
activation.

Results and discussion

To assess the feasibility of carboxy group-targeted photo-
catalytic functionalization by harnessing the characteristic
attributes of 1, we chose gibberellic acid A; (2a), an important
plant hormone with an ent-gibberellane skeleton decorated
with a carboxy group, two hydroxy groups, internal and terminal
alkenes, and a lactone as a model substrate. With N-phthaloyl
dehydroalanine ester 3a as the radical acceptor, our
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investigation was initiated by subjecting a mixture of 2a, 3a, and
N-benzoyl acridinium amidate 1a (3 mol%) in 1,2-dichloro-
ethane (DCE) to blue-light irradiation for 6 h, affording the
desired product 4a in 13% nuclear magnetic resonance (NMR)
yield as a mixture of diastereomers (Table 1, entry 1). This low
efficiency can be ascribed to the poor solubility of 2a, which is
rich in polar functional groups, in DCE. In fact, changing the
solvent to MeCN significantly improved the product yield (entry
2), and the use of an MeCN/H,O (4 : 1) co-solvent system, which
completely dissolved 2a, led to the formation of 4a in 62% yield
(entry 3). Additional screening of polar solvents revealed that
acetone was optimal for eliciting the full performance of 1a in
this transformation (entries 4-6). We then examined the effect
of the catalyst structure, specifically the substituent of the
amidate carbonyl, on the reactivity profile, as its steric and
electronic properties would affect the hydrogen-bonding ability

Tablel Optimization of reaction conditions and control experiments®

catalyst
Me o
(3 mol%) HO
solvent
blue LED
2a 3a
Me
Ar
W e
2
Me 1a 1b R N R
o0
@ =2
t-Bu N tBu  i-Pr t-Bu 5a <Ar 2 CICSH“)
o / H R=H
Yg %ANHBOC 7121/\

NHBoc <Ar = 2,4,6-Me3C5H2>

R 1 1c 1d R =tBu

Entry Catalyst Solvent Yield” (%)
1 la DCE 13

2 la MeCN 52

3 1a MeCN/H,O (4: 1) 62

4 la DMF 49

5 la DMSO 28

6 1a Acetone 65

7° 1b Acetone 77 (72)
8 1c Acetone 52

9 1d Acetone 62

104 TiO, Acetone Trace
11¢ TiO, MeCN Trace
12° 5a (10 mol%) Acetone 12

13¢ 5a (10 mol%) DCM 8

14°¢ 5b (10 mol%) Acetone 67

15/ 5b (3 mol%) Acetone 40

% Unless otherwise noted, the reactions were conducted with 0.10 mmol
of 2a and 0.11 mmol of 3a in the presence of catalyst (3 mol%) in solvent
(0.2 mL) for 6 h under an argon atmosphere with 450 nm light-emitting
diode (LED) irradiation and a fan to maintain the temperature. > NMR
yield using trimethoxybenzene as an internal standard. Values in
parentheses are isolated yields. © 0.20 mmol scale. ¢ With 10 mg of
anatase TiO, instead of 1 with 390 nm LED irradiation. ¢ With
10 mol% of 5a/b instead of 1 with 390 nm LED irradiation. / With
3 mol% of 5b instead of 1 with 390 nm LED irradiation.
Abbreviations: DMF, N,N-dimethylformamide; DMSO, dimethyl
sulfoxide; DCM, dichloromethane.
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Fig. 2 Decarboxylative Giese-type addition of functionalized carboxylic acids to benzalmalononitrile 3b. Isolated yields are shown. Diaste-
reomeric ratio (d.r.) was determined by *H NMR analysis of the crude reaction mixture. ?Using 3 mol% of 1a. °Isolated yield of the corresponding

cyclized product 4i’ is shown. See the Sl for details.

of the amidate moiety (entries 7-9). While introduction of
a substituent derived from an a-amino acid, such as r-valine (1c)
or L-tert-leucine (1d), was not beneficial, pivaloyl-substituted 1b
delivered a slight improvement in the reaction efficiency, giving
rise to 4a in 72% isolated yield (diastereomeric ratio = 7:3.5:
1:1) (entry 7). Control experiments under the influence of TiO,
or 9-(2-chlorophenyl)acridine (5a) with violet-light irradiation
resulted in markedly diminished yields (entries 10-13). To
further clarify the relationship between acridinium amidates

(e} R2
+ R!
FQ//JJ\\\C)P1 = F{3
2 3 (1 equiv)

and conventional acridine photocatalysts, we evaluated the
performance of 3,6-di-tert-butyl-9-mesitylacridine (5b). Under
390 nm light irradiation, the reaction with 10 mol% of 5b
afforded 4a in 67% yield, demonstrating the ability of the
acridine-type catalysts to promote decarboxylative alkylation of
2a under high-energy shorter-wavelength light irradiation
(entries 14 and 15). UV-vis absorption spectroscopic analysis
showed that 1b exhibits a pronounced absorption band
centered at 420 nm, extending well into the visible-light region,

F{W
1aor1d )\/Rz
MeCN R ,
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4

Ph

CN

1d (3 mol%) 41: 54%, d.r. = 1:1@

MeCN/DMF (1:1)
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Fa“’\\\\/’/Ll\\\
40: 35%

OMe

4s: 88%, d.r. = 1.8:12
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4r: 69%
from valsartan
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)ﬁ/CN CO,Et
R R/\(

Ph
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Fig.3 Decarboxylative Giese-type addition of complex carboxylic acids. Isolated yields are shown. ?Diastereomeric ratios (d.r.) were determined
by *H NMR analysis of the crude reaction mixture. ?Isolated yields after the acetylation of enol moiety are shown; d.r. values were determined
after acetylation and isolation. “Obtained as a 1: 4.7 : 1.4 mixture of the enol and diastereomeric keto nitriles.
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whereas 5b displays negligible absorption above 400 nm, even
in the presence of carboxylic acid (Fig. S4). Consistent with
these absorption profiles, comparison of the catalytic activity of
5b with that of 1b in the reaction of 2a with 3a under carefully
controlled blue-light irradiation conditions revealed that the
product formation was not detected with 5b as the catalyst,
while 1b facilitated the reaction in a time-dependent manner
(Fig. S3). These results demonstrate that acridinium amidates
operate in a distinct photophysical and catalytic regime,
enabling efficient PCET-driven decarboxylation under longer-
wavelength visible-light irradiation.

Next, we explored the general applicability of this photo-
catalytic protocol for the decarboxylative alkylation of various
carboxylic acids bearing diverse functional groups using ben-
zalmalononitrile (3b) as the radical acceptor (Fig. 2). When
simple aliphatic carboxylic acids were employed, the Giese-type
addition proceeded efficiently with 1 mol% of 1a as a catalyst in
MeCN to give the corresponding alkylated products 4 in high
yields, irrespective of the substitution pattern at the a-position
(see the SI for optimization details). Notably, even with a redox-
active indole component in the side chain, whose oxidation
potential is lower than that of the carboxylate, N-Boc-tryptophan
underwent smooth transformation to afford 4b in nearly
quantitative yield. Furthermore, decreasing the loading of 1a to
0.1 mol% still provided 4b in good yield (Table S1).** Likewise,
a carboxylic acid with a more electron-rich 5-hydroxyindole unit
appeared to be a viable substrate, furnishing 4c¢ in good yield. In
addition, substrates with electron-rich aromatic substituents,
such as poly-methoxylated benzenes and methoxyphenols, were
well tolerated, leading to the formation of 4d-4g without any
observable inhibition. The broad functional-group compati-
bility of this method was also demonstrated in the reactions
with carboxylic acids incorporating sulfide, hydroxy, bromo,
and carbamate functionalities, which produced 4h-4k in
uniformly good yields.

Moreover, this catalytic system was reliably applicable to
more complex substrate settings by adjusting the reaction
conditions, as exemplified by the selective functionalization of
cholic acid, a bile acid featuring a fused polycyclic framework
with multiple hydroxy groups (Fig. 3). In the presence of 1d
(3 mol%) as a catalyst, decarboxylative radical addition to 3b
occurred in MeCN/DMF (1: 1), affording the desired product 41.
As radical acceptors for this decarboxylative alkylation, not only
olefins with two electron-withdrawing groups but also simple
vinyl ketones, a-phenyl acrylate, and dehydroalanine derivatives
were all employable, and the corresponding alkylated products
4m-4q were obtained in moderate to good yields. In contrast,
the reactions with less activated acceptors, such as simple
acylates and acrylamides, gave only trace amounts of the
desired products under the standard conditions (see SI, Section
“Unsuccessful examples of radical acceptors”). The possibility
of the chemoselective transformation of functionalized
carboxylic acids was also showcased by the effective conversion
of valsartan into 4r. Base-labile 2-cyano-2-cyclohexenone was
applicable to the coupling reaction to yield 4s, accentuating the
neutral nature of the present conditions.* The versatility of this
protocol was further demonstrated by its application to complex
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molecules bearing diverse reactive functionalities. Specifically,
substrates containing acetal, cyclopropane, alkene, and alkyne
groups were irradiated with 1a to realize the intermolecular
formation of the sterically hindered linkages of 4t and 4u, which
were previously utilized as pivotal intermediates for the total
synthesis of taxol and euphorbialoid A.***”

With the broad applicability in mind, our investigation
focused on elucidating the activation mechanism of the carboxy
group in this photocatalytic transformation. The excited-state
reduction potential of acridinium amidate 1a was estimated
to be +1.63 V vs. SCE,* which exceeds the oxidation potential of
typical carboxylate ions (ca. +1.3 V vs. SCE). Nevertheless, when
the reaction was conducted in the presence of hydroxide ions to
ensure the in situ generation of carboxylate ions, little to no
product formation was observed (Fig. 4A). This outcome indi-
cates that direct oxidation of free carboxylate ions is unlikely to
be a dominant pathway under the standard reaction conditions.
"H NMR titration study in CD;CN revealed a significant asso-
ciation between 1a and the carboxylic acid, consistent with the
formation of a ground-state complex under catalytically relevant

A 1a (3 mol%)

/\)OL LN MOH (1 equiv) oN
Ph > N
oH © TINF NN MeCN \/\‘/ “CN
blue LED, 24 h Ph
MOH = NaOH: 0% KOH: 7% CsOH: 8%
B Me Me
S)
(o] R
Me Q Me \ﬂ/
Me Me o
S S
t-Bu /N t-Bu t-Bu /N t-Bu
Oyg\ w5 ® i H
Ph \”/ Ph
(0]
hydrogen-bonded complex ion pair
1a/RCO,H 1a-H*/RCO,~
c 1a
4.00E-05
1a-H*/BF,~
SH0EAD 1a/n-PrCO,H
2.00E-05
<
= 1.00E-05
c
o
g 0.00E+00
-1.00E-05
-2.00E-05
0.5 0 -0.5 -1 -1.5 -2

Potential / V vs.SCE

Fig. 4 Mechanistic investigations. (A) Control experiments with
Brensted base additives. (B) Structures of hydrogen-bonded complex
and amide-acridinium/carboxylate ion pair. (C) Cyclic voltammetry of
1a (blue line), the mixture of 1a and HBF, (1la-H*/BF,~, red line), and the
mixture of 1a and butyric acid (1a/n-PrCO,H, green line).
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conditions (Fig. S7). Since the NMR data alone is insufficient to
distinguish between a hydrogen-bonded assembly (1/RCO,H)
and an ion-pairing interaction (1-H'/RCO, "), cyclic voltamme-
try (CV) measurements were performed to clarify the nature of
this interaction (Fig. 4B). The CV of a solution containing 1a and
butyric acid showed the reduction wave corresponding to 1a
without additional signals attributable to the protonated form
of the acridinium amidate, amide acridinium 1a-H'/BF,”
(Fig. 4C). This result suggests that 1 and carboxylic acid
predominantly form a hydrogen-bonded assembly rather than
an ion pair.

Based on these experimental findings, a plausible mech-
anism for the acridinium amidate 1-catalyzed decarboxylative
Giese-type addition is illustrated in Fig. 5. Initially, 1 engages in
a hydrogen-bonding interaction with carboxylic acid to form
ground-state complex A. Upon blue-light excitation, A
undergoes PCET to generate carboxyl radical B, accompanied by
the formation of 1-derived acridinyl radical C. Decarboxylation
of the resultant B readily occurs to generate carbon radical D,
which adds to the electron-deficient olefin to afford radical
intermediate E. Subsequent SET between E and C, followed by
protonation, gives the desired Giese-type adduct and concur-
rently regenerates ground-state catalyst 1.

Conclusions

In summary, we developed a chemoselective decarboxylative
Giese-type addition by exploiting the unique behaviour of
a zwitterionic acridinium amidate as a photocatalyst. This
transformation proceeds with remarkable efficiency under
essentially neutral, visible-light-driven conditions and exhibits
a broad substrate scope, tolerating a wide range of polar and
redox-sensitive functional groups. The advantage of this
distinct feature is underscored by its application to the direct

© 2026 The Author(s). Published by the Royal Society of Chemistry
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remodelling of natural product scaffolds and reactions of
multiply oxygenated carboxylic acids with highly electron-
deficient olefins, which constitute relevant bond-forming
processes in the total synthesis of natural products. Mecha-
nistic investigations indicated that the key to this prominent
selectivity lies in the formation of a hydrogen-bonded complex
between the catalyst and carboxylic acid, which triggers PCET to
generate the requisite carboxyl radical without requiring pre-
activation or external additives. This study demonstrates the
immense potential of rationally designed zwitterionic photo-
catalysts for expanding the versatility of decarboxylative radical
transformations, particularly for addressing the reactivity and
selectivity challenges in high-complexity structural settings.
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