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Decarboxylative Alkylation of Carboxylic Acids with Easily
Oxidizable Functional Groups Catalyzed by an Imidazole-
Coordinated Fe; Cluster under Visible Light Irradiation

Sota Tamaki,” Tetsuro Kusamoto,” and Hayato Tsurugi*™®

Decarboxylative alkylation of carboxylic acids with easily
oxidizable functional groups such as phenol and indole
functionalities was achieved using a catalytic amount of basic
iron(lll) acetate, Fe(OAc),(OH), in the presence of benzimidazole
under 427 nm LED irradiation. Kinetic analyses of this catalytic
reaction revealed that the reaction rate is first-order in alkenes

Decarboxylation of naturally occurring carboxylic acids provides
numerous advantages in synthetic organic chemistry due to the
facile generation of multi-functionalized organic radicals by
removing CO, from the carboxyl groups for further C—C or
heteroatom bond-forming reactions." The utilization of multi-
functionalized alkyl chains reduces subsequent reaction steps in
complex molecular synthesis. Naturally occurring carboxylic
acids are inexpensive, easily accessible, and environmentally
friendly, as CO, is the main byproduct and other byproducts are
minimally harmful. Thus, selective conversion of the carboxyl
moiety while preserving other functional groups enhances their
usefulness as key intermediates in multi-step synthesis.”” In fact,
single-electron oxidation of carboxylate anions is a waste-free
approach for decarboxylation, but the overpotential required
for the oxidation process can induce the degradation of easily
oxidizable functional groups attached to multi-functionalized
carboxylic acids.”! In this context, derivatization of carboxylic
acids to more usable species such as Barton esters, NHPI-esters,
and iodobenzene dicarboxylates allows for the use of multi-
functionalized carboxylic acids as sources of carboxyl radicals
due to their functional group stability during the generation of
carboxyl radicals. A large amount of reaction waste is
produced from the specific ester or iodobenzene functionalities,
however, following radical formation (Figure 1a). Alternatively,
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and is linearly correlated with the light intensity; the faster
reaction rate for the benzimidazole-ligated species was consis-
tent with the increased absorbance in the visible light region.
Wide functional group tolerance for the easily oxidizable groups
is ascribed to the weak oxidation ability of the in situ-generated
oxo-bridged iron clusters compared with other iron(lll) species.
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Figure 1. Decarboxylation pathways from carboxylic acids for generating
organic radicals.

activation of oxime esters via energy transfer has recently been
developed,® in which both of alkyl radicals and iminyl radicals
are generated, leading to bifunctionalization of alkenes and
(hetero)arenes with high atom economy after radical addition
and radical-radical coupling sequences.*®

Photolysis of metal carboxylate complexes produces less
waste and preserves functional groups because it does not
require pre-treatment of carboxylic acids or external oxidants
harmful to easily oxidizable groups (Figure 1b)."*® In fact,
photo-excitation of high-valent metal carboxylate complexes
such as cerium(IV),”” iron(ll),® and copper(I)’*” promotes
homolysis of the metal-carboxylate covalent bond to afford
carboxylate radicals via ligand-to-metal charge transfer (LMCT).
Several catalytic systems composed of iron(lll) complexes,
carboxylic acids, and alkenes have been reported for decarbox-
ylative alkylation under blue LED irradiation; however, carbox-
ylic acids with phenols, thioanisoles, alcohols, indoles, and
electron-rich (hetero)aromatic rings, which are often found in
naturally occurring carboxylic acids, remain problematic for

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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decarboxylative transformation due to their low compatibility
with high-valent metal complexes in the reaction mixture.®"
Thus, the development of high-valent photocatalysts with weak
oxidation ability and efficient photo-responsivity is highly
desirable to establish decarboxylative functionalization as a
major tool in organic synthesis using naturally occurring
compounds. Herein, we report on decarboxylative C—C bond
formation of multi-functionalized carboxylic acids catalyzed by
iron salts under blue LED irradiation. A wide variety of phenol-
and indole-containing carboxylic acids were applicable to form
the decarboxylative alkylation products, in which benzimida-
zole-coordinating oxo-bridged iron clusters served as photo-
responsive catalysts. This is the first example of transforming
non-protected phenol- and indole-containing carboxylic acids
in decarboxylative functionalization reactions.

We started by searching for an effective ligand for
decarboxylative alkylation of 4-hydroxyphenylacetic acid (1a) as
a model substrate with electron-deficient alkene 2a under Ar
with 427 nm LED irradiation at room temperature in MeCN
using basic iron(lll) acetate as a catalyst, and the results are
summarized in Table 1. We found that benzimidazole (L1) was
the optimal ligand for this reaction, giving the decarboxylative
alkylated product 3aa in excellent yield in 24 h (entry 1). In the
absence of any ligands, 3aa was generated in only 58% yield
under the same reaction conditions (entry 2), though the final
yield reached 96 % after 72 h without degradation of the phenol
moiety under a prolonged reaction time (entry 3). 1-Methyl-
benzimidazole (L2) and 4-phenylimidazole (L3) also served as

Table 1. Ligand screening for decarboxylative alkylation of 1a with 2a.”’

Fe(OAc),(OH) (2 mol%)
ligand (2 mol%) CN
AF/H/I\CN
MeCN, r.t., 24 h
427 nm LED, under Ar
1a 2a —CO, 3aa

(Ar = 4-OHCgHy) (1.5 equiv.)

CN
OH
Ar/\[c]; + %\CN
Ph

N
H
L1 L2 L3 L4 L5
Pr ipr
/\ N —
Iy >
Dds © 1 00
. H H
'Pr'Pr
L6 L7 L8 L9
entry ligand yield [%]"®! entry ligand yield [%]®
1 L1 95 (90) 7 L5 53
2 none 58 8 L6 56
3 none 9 9 L7 87
4 L2 94 10 L8 60
5 L3 89 11 L9 74
6 L4 61

[a] Reaction conditions: 1a (0.300 mmol), 2a (0.450 mmol), Fe(OAc),(OH)
(2 mol%), ligand (2 mol%), MeCN (3.0 mL), under Ar. Irradiated with
427 nm LED (distance between the light source and the test tube, 5 cm).
[b] Determined by 'H NMR using 1,3,5-trimethoxybenzene as an internal
standard. [c] Isolated yield. [d] 72 h.
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good ligands, affording 3aa in high yields (entries 4 and 5),
whereas no improvement of the catalytic activity was observed
for 2-phenylimidazole derivatives (L4 and L5, entries 6 and 7).
When N-heterocyclic carbene ligand L6 was added to the
reaction mixture, no positive effect was observed (entry 8); we
thus ruled out the generation of carbenes from L1-—L3.
Although imidazole (L7) showed a positive effect, its chelating
variant, 2,2-biimidazole (L8), was ineffective under the reaction
conditions (entries 9 and 10). Pyridine derivative L9 exhibited
less positive effect compared with imidazole derivatives in this
catalytic reaction (entry 11). In addition, other iron sources were
less active than the basic iron(lll) acetate (Table S4). By
changing the light source with a shorter or longer wavelength,
the yield of 3aa was low under the same reaction conditions,
probably due to degradation of the phenol moiety with higher
energy light (370 nm and 390 nm) and a slow reaction rate at
the longer wavelength (467 nm and 525 nm) (Table S5). In this
iron(lll)-catalyzed decarboxylative alkylation with carboxylic
acids, a simple phenol derivative was tolerant, even when
added to the decarboxylative alkylation with 4-fluorophenyl-
acetic acid (Figure S1 and Table S1); in fact, the positive effect
of an imidazole derivative was found in the additive screening
using a functional group evaluation kit (FigureS2 and
Table 52)."”

With the optimal iron-photocatalyst system in hand, we
screened the substrate scope with phenol and indole groups
(Table 2). 3-Hydroxyphenylacetic acid (1b) showed high reac-
tivity even without L1 to give the desired product 3ba in 95%
yield, whereas the use of 2-hydroxyphenylacetic acid (1c)
resulted in a lower yield of 3 ca. 3-Substituted-4-hydroxyphenyl-
acetic acid 1d —i were applicable to produce the corresponding
alkylated products 3da—ia in excellent to moderate yields for
both electron-donating and -withdrawing substituents. Gener-
ally, synthesis of the corresponding NHPI-esters from carboxylic
acids with a phenol group is challenging because esterification
of the phenol group concomitantly proceeds under the reaction
conditions; thus, this is a useful method to utilize phenol-
containing carboxylic acids. Furthermore, 3-indoleacetic acid
(1j) was suitable to give 3ja in 96 % yield. In contrast, carboxylic
acids having phenol and indole groups at the B-position were
less reactive, giving 3ka and 3la in moderate to low yields.
Encouraged by the success of simple carboxylic acids with
phenol and indole functionalities, we applied amino acids and
bioactive molecules as multi-functionalized carboxylic acids. N-
Boc and N-benzoyl-glycine (1m and 1n) afforded the corre-
sponding products 3ma and 3 na in moderate yields. Other N-
protected amino acids having phenol, indole, and thioether
moieties were all tolerated under the reaction conditions to
give 30a—ga in high to moderate yields without deprotection
of the nitrogen atom, though the decarboxylative alkylation
product was not observed for non-protected variants. Drug
molecules with heterocyclic moieties such as bendazac (1r) and
indomethacin (1s) were also applicable to produce 3ra and 3sa
in high yields, respectively.

We further checked alkene substrates, and the results are
summarized in Table 3. Methylenemalononitrile 2b with a
phenol functionality at the B-position was applicable to afford
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Table 2. Substrate scope of carboxylic acids.”

Fe(OAC),(OH) (2 mol%)

Table 3. Substrate scope of alkenes.”

Fe(OAC),(OH) (2 mol%)

3ca: R = 2-OH, 37% (24 h) 3ea:R = Me, 80% (48 h) 3ha:R = Br, 94% (48 h)

4
R’ o CN L1 (2 mol%) R' CN R’ on R L1 (2 mol%) R' R
A o A A e S
R MeCN, r.t. R CN R 3 MeCN, r.t. R 3 R
0 Ph Ph o) R R
427 nm LED, under Ar 427 nm LED, under Ar
2a ~CO, 3: isolated yield (time) 1 2 —-CO, 3: isolated yield (time)
(1.5 equiv.) (1.5 equiv.)
CN CN
N CN R CN
R SO,Ph
~ Ph HO Ph o
SOzPh N
3ba: R = 3-OH, 95%! (24 h)3da: R = OMe, 92% (24 h)3ga: R = Cl, 96% (48 h) HO °" Ton
HN. CN

3fa: R=F, 85% (48 h) 3ia: R=NOy, 64% (72 h)

WWW

3ka: 62% (72 h) 3la: 14% (72 h)

30a: 94% (72 h)
54:46 dr
from L-Tyrosine

“Ac O
Bn

3ra: 91% (48 h) C'
from Bendazac 3sa: 83% (48 h)
from Indometacin

3ja: 96% (48 h)

y Ph
R/N\)YCN

3ma:R = Boc, 30% (72 h)
3na: R = Bz, 50% (72 h)
from Glycine

3pa: 31% (72 h)
50:50 dr
from L- Tryptophan

3qa: 55% (72 h)
54:46 dr
from L-Methionine

[a] Reaction conditions: 1 (0.300 mmol), 2a (0.450 mmol), Fe(OAc),(OH)
(2 mol%), L1 (2 mol%), MeCN (3.0 mL), under Ar. Irradiated with 427 nm
LED (distance between the light source and the test tube, 5cm). [b]
Without L1.

30b in moderate yield using N-benzoyl-protected L-tyrosine
10, indicating that a phenol group on the radical donors and
acceptors was both tolerant in this catalytic system, though the
redox potential for oxidizing substituted phenols and carbox-
ylate anions is almost similar."" Decarboxylative alkylated
products 3ac and 3ad were obtained in excellent yields,
respectively, though dimethyl maleate (2e) was less reactive
under the same reaction conditions. In contrast, alkenes 2f-j
having only one electron-withdrawing substituent on the C=C
moiety were inactive under the reaction conditions. Such
different reactivity is likely due to the lower reducing ability of
the iron(ll) center within the oxo-centered trinuclear core for
carbon radicals having only one electron-withdrawing substitu-
ent (vide infra for the SET between iron(ll) species and organic
radicals shown in Scheme 2).

To gain insight into the reaction mechanism, we carried out
a kinetic study with variable time normalization analysis, which
is a graphical method for following the concentration profiles."”
We monitored the concentration of product 3aa under 427 nm
LED irradiation with different concentrations of each reaction
component, as shown in Figure 2. This catalytic system was
zero-order regarding the concentrations of carboxylic acid 1a

Chem. Eur. J. 2024, 30, €202402705 (3 of 6)

3ob: 64% (72 h) 3ac: 97% (24 h) 3ad: 80% (72 h)

53:47 dr
CO,Me CN SO,Ph
CO,Me Ph
3ae: 43% (72 h) 3af: n.d. (24 h) 3ag n.d. (24 h)
/@/\/\ /@/\/\COzMe /@/\/\W
3ah: n.d. (24 h) 3ai: n.d. (24 h) 3aj: n.d. (24 h)

[a] Reaction conditions: 1 (0.300 mmol), 2 (0.450 mmol), Fe(OAc),(OH)
(2 mol%), L1 (2 mol%), MeCN (3.0 mL), under Ar. Irradiated with 427 nm
LED (distance between the light source and the test tube, 5 cm). n.d.=not
detected.

Standard conditions
Fe(OAc),(OH) /L1

OH CN ([cat]o = 0.002 M) ™
O™ e Lo 2 on
HO Ph MeCN, r.t., 6 h HO Ph
427 nm LED
1a 2a under Ar 3aa
([acid]p = 0.10 M) ([alkene]p = 0.15 M) [product]
b
@ o8 ® 008
=0.06 = ¢
3 s 0.06 8 ®
S0.04 So.04 #
3 3 £ 5013M
T 0.02 o002 | © 40.15M
® 0017 M
0
: 0 0204 0608 1
Z[acid]’At Z[alkene]'At
© Gl
0.08 0.02
=0.06 o 0.015
=) o 2 R? =0.997
‘5 o
3 0.04 & 00.001M ~ oo
a 0.02 =] 20.002M 0.005
g ©0.003 M
0
0o 2 4 & 8 0 25 50 75 100
flcat]® Light intensity [%]

Figure 2. Variable time normalization analysis for the determination of Fe/L1
catalytic system: (a) order on 1a [acid]; (b) order on 2a [alkene]; (c) order on
Fe(OAc),(OH) and L1 [cat]; (d) order on light intensity.

and catalyst, while a first-order rate dependence on the
concentration of alkene 2a was observed, clearly indicating that
the radical addition is the rate-determining step in the overall

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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catalytic cycle. Due to the lack of rate dependence on the
concentration of 1a and the iron catalyst, radical generation
under the reaction conditions was reasonably rapid, but the
concentration of the reactive radical in the reaction mixture
depends on the light intensity: in fact, the initial reaction rate in
the first half-life of 1a and the light intensity was linearly
correlated. We presumed that the lack of influence on the
catalyst concentration is due to the kinetically saturated
situation of the iron species under our reaction conditions,
according to the dependence of the light. Our observation for
this kinetic study is somewhat different from the recent report
by Bunescu etal. on decarboxylative oxygenation with
TEMPO,®" in which the reaction was zero-order with respect to
TEMPO but first-order with respect to the carboxylic acid and
iron catalyst. In contrast, our reaction involves radical addition
to alkenes, and we assume that the radical coupling reaction
between organic radicals and TEMPO in their system occurs so
quickly that it does not affect the reaction rate, which explains
the zero-order dependence on TEMPO. The reaction rate in their
system, however, was limited by the availability of catalytically
active iron(lll) species necessary for the homolysis of the
iron(lll) — carboxylate bond.

We further elucidated the iron(lll) complex relevant to the
photo-responsive species. After mixing basic iron(lll) acetate,
excess amounts of 1a, and L1 in MeCN, we found the formation
of Ll-coordinated trinuclear iron(lll) clusters, Fe",0-
(OCORY),(L1),[" (R = CH,C4H,0H, n=0-3, Figure 3a), as the
major species in the ESI-MS measurement, though multiple
iron(lll) carboxylate clusters were generated without L1. This
trinuclear cluster formation was very rapid within a few
minutes, indicating that the trinuclear cluster is the photo-
responsive species in this catalytic reaction. In fact, basic iron(lll)

(a)

Intens. - [a] NS, 0.1-0.1min #3-4
x10% with L1 13261158
20 0 [Fe',0(OCOR(L1),J* (n = 0-3) obssived
15
305.1590
o
1.0 1208.0666
o
05
636.9109 787.9460 1090.0130
o ] 1 i 1= | A48
: 200 400 600 800 1000 1200 1400 1600 1800 miz
Intens. N NS, 0.2-0.8min #1150
x108. without L1 11521548
"1 O [Fe",0(0COR)J", [Fe";,0(OCORY), + H']* observed
08
06 [m]
Joouss2 1394 1305
04 o
0.2 304.2690 7879614
o PV T T | add s 1
200 400 600 800 1000 1200 1400 1600 1800 miz
(b)
3
o) —with L1
Q
52 |
2 —with L9
=
21 i i
@ without ligand
<<
o L . E——
300 400 500 600

Wavelength [nm]

Figure 3. Spectroscopic measurement of the intermediates in the catalytic
mixture: (a) ESI-MS spectra of trinuclear iron(lll) cluster w/wo L1; (b) UV-vis
absorption spectra of catalytic reaction mixtures w/wo L1 and with L9.
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acetate contains an oxo-bridged trinuclear structure,"* and

thus, the ligand exchange reaction of the acetate to 4-
hydroxyphenylacetate occurs in the presence of L1 without
decomposition of the oxo-bridged trinuclear core. After photo-
irradiation for 30 minutes, iron(ll)-containing clusters of Fe",.
.Fe" O(OCOR),,, (n=1-3) and Fe",(OCOR),(OH,);"**" were de-
tected, indicating the photo-reduction of the iron(lll) center
along with the corresponding carboxyl radicals (Figure S10).
The superiority of the L1-coordination on the catalytic perform-
ance is ascribed to the increased absorption coefficient in the
visible light region compared to that without L1 (Figure 3b):
due to first-order dependence on light intensity for the catalytic
performance, increased absorption by the L1-coordination
improved the photo-responsivity for homolytic cleavage of the
iron(lll)-carboxylate bond. Lower amounts of L1 under the
optimized reaction conditions resulted in decreasing the
product yields, which was also relating to the absorption
coefficient of the catalytically active species (Table S7 and
Figure S14). It is interesting to note that absorbance in the UV-
vis absorption spectrum for the L9-containing mixture was in
between the two spectra (Figure 3b), which is consistent with
the importance of the light intensity and absorption coefficient
for the homolytic cleavage process. No ligand-coordinated
species for L4 —L6 and L8 was detected in the ESI-MS spectra,
which is also consistent with the absence of a ligand effect on
the catalytic performance.

We carried out time course analyses of this decarboxylative
alkylation reaction using some 4- or 3- substituted arylacetic
acids, and the Hammett plot based on the competitive study
for the consumption of the substrate is shown in Figure 4.1
The reaction was faster for electron-rich arylacetic acids such as
methoxy- and methyl-substituted arylacetic acids while the
electron-deficient substrates were slow; electron-richness of the
radical center affected the radical addition rate to electron-
deficient alkene 2a, consistent with the first-order dependence
on the alkene concentration. 4-Hydroxy one 1a, however, was
the exception to the trend. In fact, monitoring the reaction

Standard conditions

Fe(OAC),(OH) / L1 N
EN OH ;\N ([cat]y = 0.002 M) “
R + NN ———————— & CN
Z O o & MeCN, r.t. R pp
427 nm LED
1 2a under Ar 3
([acid]p = 0.10 M) ([alkene]p = 0.15 M) [product]
04 r
p-OMe
0.2 =]
- R?=0.975
S oot
N;
5-02 |
o
-OH p-Cl
-04 P
.06 | L L L L )
-0.6 -04 -0.2 0 0.2 04 0.6
[}

Figure 4. Hammett analysis of the decarboxylative alkylation of 1 with 2a.
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mixture using 1a by ESI-MS showed one characteristic signal for
quinone methide (QM)-coordinating Fe; clusters IV, [Fe;O-
(OCOR)4(L1),(QM)I* (n=1,2) (Figure S10). Reaction sequences
for the formation of IV are explained as follows (Scheme 1);
photo-irradiation of the iron(lll) cluster generates carboxyl
radical |, followed by decarboxylation, which gives 4-hydrox-
ybenzyl radical Il. Subsequently, hydrogen abstraction of the
O—H moiety by | produces QM along with 1a, in which the low
bond dissociation energy of O—H in Il is the key factor.'?
Coordination of QM to iron(lll) species produces IV in the
reaction mixture, while coordination to iron(ll) species forms llI,
followed by protonation with 1a to regenerate iron(lll) carbox-
ylate and Il, which might be the reason for the slow reaction
rate of 1a compared with other electron-rich carboxylic acids.
We presumed that interconversion of Il and QM in the presence
of the iron cluster is one factor that suppresses undesired
oxidative decomposition of the phenol-containing substrate. In
contrast, the reactivity of m-OH-substituted one was fitting to
the trend due to the no formation of the quinone methide-type
species (Figure 4).

Based on the kinetic study and some control experiments,
we propose the mechanism outlined in Scheme 2. The reaction
of Fe(OAc),(OH) with carboxylic acid 1 and benzimidazole (L1)
affords a trinuclear iron(lll) carboxylate cluster A with an n'-
carboxylate ligand."* Then, photo-induced homolysis of the
iron — (n'-carboxylate) bond preferentially leads to the forma-
tion of iron(ll)-containing cluster B and the corresponding

.
mo\[Fe'”] LI mo — )

HO © -IFe'l  Ho O  -co, o
I n

! ! ‘

J
1a l "4
1a
. [Fe”] [Fe‘”]
[Fe"\, Q/ - [Fe'ls
O (0) —[Fe' O
1] QM v

Scheme 1. Reaction sequence for the formation of quinone methide (QM).

N
Fe''(OAc),(OH) + RCOOH + ©:N‘>

1 H
L1
l — AcOH, H,0
o CN RCOO—[Fe";0(0COR)g(L1),] — hv
j)\CN A
Ph CN
3 %\CN
Ph
2a
; R Re RCOO*
RDS D -CO, c

[Fe',Fe'0(OCOR)g(L1),]
B

Scheme 2. Plausible mechanism of decarboxylative alkylation of carboxylic
acids catalyzed by trinuclear iron clusters.
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carboxyl radical C.*¥ Subsequently, C undergoes decarboxyla-
tion to give the corresponding alkyl radical D, followed by
radical addition to alkene 2a, forming electron-deficient organic
radical E as the rate-determining step. In this step, QM is
involved when 1a is used as the substrate. Then, E oxidizes the
iron(ll) center of B to regenerate iron(lll) species A, during which
one-electron reduction of E followed by protonation by the

carboxylic acid affords the product 3.7 Key to the tolerance of

easily oxidizable functional groups is the weak oxidation ability

of the L1-coordinated oxo-bridged iron(lll) clusters formed in
n7.

the reaction mixture''”; otherwise, oxidative decomposition of

the functional group is inevitable. In fact, treatment of [Fe-
(O'Bu)sl, with excess amount of Ta in MeCN under strictly
anhydrous conditions, generating Fe(OCOR),, produced a black
precipitate, which suggests that the phenol group is oxidized
by an in situ-generated mononuclear iron(lll) carboxylate com-
plex having the high oxidation ability.

In summary, we successfully achieved decarboxylative
alkylation of multi-functionalized carboxylic acids without the
degradation of easily oxidizable functional groups such as
phenol and indole groups. Key to the success is the involve-
ment of a strongly electron-donating oxo ligand to shift the
redox potential of the photo-active trinuclear iron(lll) carbox-
ylate clusters to negative compared with the oxo-free high-
oxidation state iron(lll) carboxylates to weaken the oxidation
ability. High-valent metal species with a weak oxidant character
are obtainable by constructing the oxo-bridged multi-metallic
scaffold, which is an important finding for expanding the
substrate applicability to various naturally occurring carboxylic
acids. Further catalyst development on this decarboxylative
transformation under photo-irradiation is ongoing in our
laboratory.

Supporting Information Summary

Additional supporting information can be found online in the
Supporting Information section at the end of this article.
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