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Visible—light—induced radical decarboxylative functionalization of
carboxylic acids and their derivatives has recently received consid-
erable attention as a novel and efficient method to create C—C and
C—X bonds. Generally, this visible-light-promoted decarboxylation
process can smoothly occur under mild reaction conditions with

a broad range of substrates and an excellent functional-group toler-
ance. The radical species formed from the decarboxylation step can
participate in not only single photocatalytic transformations, but also

dual-catalytic cross-coupling reactions by combining photoredox
catalysis with other catalytic processes. Recent advances in this

research area are discussed herein.

1. Introduction

Carboxylic acids are widely used in biological and
chemical syntheses as one of the most fundamental and
important platform molecules and their radical decarboxyla-
tive functionalization has garned much interest as an attrac-
tive synthetic method.!"! Generally, radical decarboxylation of
carboxylic acids has several advantages for synthetic organic
chemistry: 1) Most of the carboxylic acids are abundant and
inexpensive basic chemicals; 2) the formed radical intermedi-
ates can be easily converted into many high-value chemical
products; and 3) the elimination of CO, as the traceless by-
product does not influence the reaction system. Dating back
to the 1930s, Hunsdiecker et al. found that aliphatic, o,p3-
unsaturated, and aromatic carboxylic acids bearing electron-
withdrawing substituents can efficiently undergo radical
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halogenative decarboxylation in the
presence of dry silver salts.” Since this
elegant discovery, numerous modifica-
tions have been exploited to simplify
the procedure, because of the technical
difficulties in the preparation of pure
and scrupulously dry silver salts.”! Another classic radical
decarboxylative method, the Barton decarboxylation, was
first discovered in 1962 and has been widely used in chemical
synthesis.!!. However, the method generally requires an
additional procedure to transfer carboxylic acids to the
corresponding thiohydroxamate esters, thus providing 2-
(alkylthio)pyridine as an undesired by-product. In addition
to the reactions above, radical decarboxylative functionaliza-
tions involving high-energy UV-light induction® and electro-
chemical processes!® have been developed as efficient options
for the synthesis community. From the perspective of
sustainable synthetic chemistry, the development of novel
and efficient radical decarboxylation methods for the con-
version of carboxylic acids into valuable fine chemicals is
highly desirable.

Since 2008, visible-light-induced photoredox catalysis has
emerged as a powerful method for initiating radical reactions
under very mild reaction conditions and low-energy irradi-
ation.[’! Recently, the application of this strategy to radical
decarboxylation reactions has resulted in a significant ad-
vancement of this field. The radical species formed from
carboxylic acids can participate not only in single photo-
catalytic transformations but also in dual-catalytic cross-
coupling reactions by combining photoredox catalysis with
transition-metal catalysis.®! In addition to carboxylic acids,
some of their derivatives can also be used in photocatalyzed
decarboxylative functionalization reactions. Herein, we sum-
marize recent advances in the visible-light-mediated radical
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decarboxylative functionalization of carboxylic acids and
their derivatives, thus hoping to attract more research efforts
to this field and encourage the development of novel chemical
transformations with the radical intermediates formed. This
minireview is organized according to the types of starting
materials employed.

2. Radical Decarboxylative Functionalization of
Carboxylic Acids

o-Keto acids are important acyl synthons in synthetic
organic chemistry and the development of novel methods for
the decarboxylation of a-keto acids has attracted consider-
able research interest.!! However, most of the reported
methods are largely limited to activating a-keto acids with
transition metals at a high temperature or with strong
oxidants.”! At the end of 2013, an inspiring breakthrough in
this field was reported by Lei and co-workers, who developed
the first visible-light-induced decarboxylative amidation of a-
keto acids, thus providing a novel and efficient route to
various amides in good yields (Scheme 1).!'”! One of the key
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Scheme 1. Visible-light-induced decarboxylative amidation of a-keto
acids. DMSO =dimethylsulfoxide, phen=1,10-phenanthroline.

features of this work was the use of O, as a green terminal
oxidant. Different aryl-, heteroaryl-, or alkyl-substituted o-
keto acids could be successfully used in this transformation.
Importantly, the method can be successfully applied to the
efficient synthesis of nitrogen-containing heterocyclic com-
pounds when ortho-substituted anilines are involved.

The proposed reaction mechanism consists of reductive
quenching of the excited Ru™ with an amine to give a Ru'
species, which is subsequently oxidized by O, to regenerate
the photocatalyst and give the superoxide radical anion
(Scheme 1). Simultaneously, deprotonation of 1 delivers the
anion intermediate 5, which may subsequently undergo one-
electron transfer (SET) with the superoxide radical anion to
generate the intermediate 6. The decarboxylation of 6 then
gives the key acyl radical 7. Finally, the reaction of 7 with the
amine 2, followed by another SET, provides the desired amide
3. Notably, the signal of the Ru' species can be directly
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detected by electron paramagnetic resonance spectroscopy.
Moreover, the results of a radical-trapping experiment with
the addition of TEMPO suggested that 7 was a possible
intermediate. All of the mentioned mechanistic studies,
combined with the results of density functional calculations,
support the proposed mechanism as a reasonable pathway.

The group of MacMillan extended this type of visible-
light-induced decarboxylation to various other useful trans-
formations, and made a major contribution to this research
area. In 2014, they described an elegant visible-light-mediated
decarboxylative arylation of a-amino acids with cyanoarenes,
thus affording the corresponding, and prevalent, benzylic
amine architectures in good yields (Scheme 2)."'l A wide
range of Boc-protected natural and unnatural a-amino acids,
as well as a-oxygenated acids such as tetrahydro-2-furancar-
boxylic acid (12) and 2-methoxyphenylacetic acid (15), were
successfully used with high reaction efficiencies. Notably,
a major limitation of this methodology was that only
cyanobenzenes possessing electron-withdrawing groups could
be coupled with carboxylic acids.

The reaction is initiated by oxidative quenching of the
excited photocatalyst Ir'"™* with the cyanoarene 10 to generate
the aryl radical anion 18 (Scheme 2). Then, the a-amino acid 9
functions as an electron donor to reduce the formed IV to the
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Scheme 2. Visible-light-induced decarboxylative arylation of a-amino
acids. Boc =tert-butoxycarbonyl, p-F (tBu)ppy = 4-(tert-butyl)-2- (4-fluoro-
phenyl)pyridine.
low-valent Ir™ so as to complete the photocatalytic cycle. The
generated carboxyl radical species subsequently looses CO,,
thereby delivering another key a-amino alkyl radical (19).
Finally, a radical-radical cross-coupling of the persistent
radical 18 with the transiently formed 19, followed by cyanide
elimination, provides product 11. One of the most attractive
features of the reaction is that the two coupling partners, 9
and 10, are simultaneously activated in a single photocatalytic
cycle without requiring an external reductant or oxidant.

In 2014, Doyle, MacMillan, and co-workers described an
unprecedented decarboxylative cross-coupling of carboxylic
acids with aryl halides by merging nickel catalysis with visible-
light photoredox catalysis (Scheme 3).['* This novel method-
ology tolerated differently electron-rich aryl halides and
provided a new option for the visible-light-induced decar-

10 mol% NiCly-glyme

.- R COOH 1 mol% [I{dF (CF3)ppy}a(dtbbpy)]PFg - RAT

: + Ar—Xx2 /

X ' 15 mol% dibbpy X
21 22 Cs,CO3, DMF, 23 °C

23
X'=NHBoc, 0 X2=1,Br, Cl 26 W CFL or blue LED light 60-93% yields
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Boc ~ N Boc N N CO,Et
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N
| Me
NHBoc
Boc Ac NHBoc
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Scheme 3. Visible-light-induced decarboxylative cross-coupling of car-
boxylic acids. glyme =monoethylene glycol dimethyl ether; [dF(CF;)-
ppy] = 2-(2,4-difluorophenyl)-5-trifluoromethylpyridine, dtbbpy =4,4"-di-
tert-butyl-2,2"-bipyridine, DMF = N,N-dimethylformamide, CFL= com-
pact fluorescent lamp.
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boxylative arylation of carboxylic acids, albeit with a relatively
high loading of the nickel catalyst (10 mol%). Apart from
several types of carboxylic acids, N,N-dimethylaniline was
also shown to be a suitable coupling partner with a variety of
aryl halides under optized reaction conditions. In a contribu-
tion of 2015, MacMillan and co-workers described the
decarboxylative arylation of a-oxo acids using this visible-
light-promoted dual-catalytic system , and thus provided
efficient access to many aryl and alkyl ketones in good
yields.?"]

This cross-coupling process starts with the reductive
quenching of Ir™* with an carboxylic acid 21 to generate
a Ir'" species and a carboxyl radical (Scheme 4). The latter
subsequently loses CO,, thus delivering the carbon-centered
radical species 24. Simultaneously, the oxidative addition of

Ar—X2
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L\NI" e <L>Ni0 R
L/B “Ar - A
- R
b Nickel Reductive (it
X catalytic quenching r
24 cycle cycle
<L\ e RYCOOH
; A\A’ X
<L\N, X2 I ] |
‘ L~ b €Oy, H*
X __,'c Y ’l” Rj.
R\rAr oo X
N .oX23 2

Scheme 4. Plausible mechanism of the visible-light-induced decarbox-
ylative cross-coupling of carboxylic acids.

Ni’ to an aryl halide 22 provides a Ni" complex (B), which
rapidly intercepts 24 to afford the Ni"" complex C. Reductive
elimination provides the C—C, coupling products 23 and
the Ni' species D. Finally, one-electron transfer from the Ir" to
the Ni' species completes both catalytic cycles.

Shortly after its discovery, this dual-catalytic decarbox-
ylative cross-coupling reaction was elegantly expanded to
carboxylic acids and vinyl halides by the group of MacMillan
(Scheme 5)."¥ The method provides an ideal platform for the
formation of new C—C bonds and thus allows direct access to
complex allylic amino, allylic oxy, and alkyl vinyl products
with good results. Importantly, the loading of the nickel
catalyst could be decreased to 2 mol % in this case. Further-
more, the specific use of this methodology is well demon-
strated by its utilization in the construction of rose oxide 29,
a widely used natural product, in good yield. These two dual-
catalytic cross-coupling processes may open up a new avenue
for the combination of visible-light photoredox catalysis with
other catalysis approaches.

Another impressive example of decarboxylative vinyl-
ation of a-amino acids developed by the group of MacMillan
was based on the use of a radical conjugate addition as a key
step (Scheme 6)." Good to excellent yields of the corre-
sponding allylic amines 31 can be obtained with the assistance
of 0.5 mol % [Ir(ppy).(dtbbpy)]PF, as the photoredox catalyst
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Scheme 5. Decarboxylative cross-coupling of carboxylic acids with vinyl
halides. [dF (Me)ppy] = 2-(2,4-difluorophenyl)-5-methylpyridine,
DBU =1,5-diazabicyclo[5.4.0]undec-5-ene, NPhth= N-phthalimido.
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Scheme 6. Visible-light-induced decarboxylative vinylation of a-amino
acids. Cbz =benzyloxycarbonyl.

and vinyl sulfones as a-amino radical acceptors.™ Advan-
tages of this strategy are the broad scope with respect to both
starting materials, good functional-group tolerance, and
excellent control of the olefin geometry. An additional
attractive feature of the method is that several natural
products and many established pharmacophores can be easily
accessed using the decarboxylative vinylation reaction as the
key step. The formation of a-amino radical species 32 is also
based on reductive quenching of the excited photocatalyst, in
this case with an a-amino acid 21, as shown in the mechanistic
pathway (Scheme 6). Then, the radical addition of 32 to
a vinyl sulfone 30 delivers another radical intermediate (33),
which subsequently looses a sulfinyl radical to provide the
final allylic amine 31. Finally, one-electron reduction of the
sulfinyl radical with Ir" gives a sulfinate anion and regener-
ates the photoredox catalyst to complete the photocatalytic
cycle.

Actually already in 2013, a visible-light-mediated decar-
boxylative radical conjugate addition reaction was success-
fully achieved by Nishibayashi and co-workers (Scheme 7).
Note that only an arylacetic acid bearing an amino group at its
para-position can efficiently undergo the decarboxylation
process to generate the key benzyl radical. The fact that this
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visible-light-mediated decarboxylative radical conjugate ad-
dition process is completely shut down when either the visible
light or the ruthenium catalyst are excluded, strongly
demonstrates the photoredox characteristics of this trans-
formation. At approximately the same time, Wang, Tan and
co-workers described an elegant visible-light-mediated de-
carboxylative annulation of N-aryl glycines 37 using decar-
boxylative radical conjugate addition as a key step
(Scheme 7).'") The reaction uses fluorescein as simple organic
photoredox catalyst and leads to the corresponding natural-
product-like heterocyclic ring structures 39 in generally good
yields. More notably, the method can be efficiently extended
to synthesize the spiro-bicyclic amine 42 by using the
methylene succinimide 41 as the radical acceptor. In a later
effort, MacMillan and co-workers further expanded the scope
of the carboxylic acids from aminoaryl acetic acids and N-aryl
glycines to a variety of generic acids, including a-amino acids,
a-oxy acids, as well as many cyclic and acyclic alkanoic acids,
which greatly enriched the synthetic potential of the meth-
od."® Notably, the successful three-step synthesis of prega-
balin, an anticonvulsant drug,'”) represents a good example of
the synthetic application.

In 2015, we described a visible-light-mediated decarbox-
ylative alkynylation reaction using Bl-alkyne®®”! as electro-
philic alkynylating agent (Scheme 8).?) Remarkably, in the
presence of 60 bar carbon monoxide, this reaction becomes
a decarboxylative carbonylative alkynylation reaction, and
affords valuable ynones 46 in good yields. The reaction is
quite general. Importantly, the synthetic application of the
method was elegantly demonstrated by the preparation of
naturally occurring ursolic acid and the synthesis of oxazo-
lidinones. Similar to the mechanism discussed above, the
radical intermediate 47 is formed through reductive quench-
ing of the excited Ir'™*. Then, radical addition of 47 to the BI-
alkyne 44 generates the intermediate 48, which eliminates
a radical to afford the decarboxylative alkynylation product
45. In the presence of CO, 47 can be firstly trapped by CO to
give the acyl radical 49, which undergoes a similar radical
addition/elimination process to provide the decarboxylative
carbonylative alkynylation product 46. In both cases, the
formed BI radical 51 is considered to be the oxidant for
completion of the photocatalytic cycle.
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Scheme 8. Visible-light-mediated decarboxylative alkynylation and car-
bonylative alkynylation of carboxylic acids. M.S.=molecular sieve.

As part of their continuing studies focusing on the
development of palladium-catalyzed decarboxylative cou-
pling reactions,”! the group of Tunge described an impres-
sive dual-catalytic decarboxylative allylation of aminoaryl
acetic acids by combining palladium and visible-light photo-
redox catalysis to provide novel access to allylated alkanes in
moderate yields (Scheme 9).%*"! Compared with the previ-
ously reported palladium-catalyzed benzylic allylation pro-
cesses,®! this reaction is characterized by its mild reaction
conditions and does not require additional activating agents.

As depicted in Scheme 10, a radical dual-catalysis mech-
anism is proposed to explain this reaction. The photocatalytic
cycle starts with reductive quenching of an excited Ir'"™*
photocatalyst with an aminoarylacetic acid 34 to give
intermediate 55, which after loss of CO,, affords the benzyl
radical intermediate 55'. Simultaneously, the reaction of Pd"

2.5 mol% [Pd(PPhs),]

CH4CN, 25 °C, Ar

R2
White LED, 2h 54 39-55% yields

MeOzCOJ
53
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57 55'
/\“l ® |—'—/
dO
pd" Palladium radical
56 Catalytic cross-coupling

cycle

/@M
:
R*N

R? 54

Scheme 10. Plausible reaction mechanism for dual-catalytic decarbox-
ylative allylation of aminoarylacetic acids.

with allyl methyl carbonate (53) delivers a m-allylpalladium
complex (56), which is subsequently reduced by low-valent
I to give the allylic radical 57, and thus completes the
photoredox and palladium catalytic cycle. At last, the radical
cross-coupling of 55’ with §7 generates the desired benzylic
allylation product 54. Note that the addition of 55" to the
palladium center of the m-allylpalladium complex 56, fol-
lowed by sequential reduction of the formed Pd™ species with
the low-valent Ir" and reductive elimination, is thought to be
an alternative reaction pathway.

Fluorinated compounds have been widely used in materi-
als, agrochemical, and pharmaceutical chemistry applications,
and the incorporation of fluorine atoms into organic mole-
cules can significantly alter not only their chemical properties,
but also their physical and biological properties.”* Based on
their previous work on UV-mediated decarboxylative fluori-
nations,”! the first example of visible-light-mediated decar-
boxylative C—F bond formation was realized by Sammis,
Paquin, and co-workers in 2014, by using Selectfluor as the
fluorine source (Scheme 11).°! A mechanistic study involving
transient absorption spectroscopy revealed that a SET from
the *MLCT state of the Ru" photoredox catalyst to Select-

Sammis. Paquin et al. 2014
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. /@/\ + MeOZCOJ 0.5 mol% [Ir(ppy)o(dtobpy)IBFs - /@/\A /j/ oo
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1:1 H;0/ICH,CN, NaOH 37
500 W lamp, RT 59
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N : -N -
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MacMill l. 201 i LNJ
55% yield 54% yield 55% yield MacMillan et al. 2015 Selectfluor ET
N N . Ry
T 3)PPY}2(dtbbpy)]PFg
NO/\/\ N/©N\ NON\ R >COOH 1 TO/CHON. Na PO NE
60 AR 3UN, Nag 4
\) O\) \/, eneric aliphatic 34 Wblue LED, 23 °C 61
9 P 70-99% yields
40% yield 39% yield 48% yield carboxylic acids

Scheme 9. Dual-catalytic decarboxylative allylation of aminoarylacetic
acids by combining palladium and visible light photoredox catalysis.
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Scheme 11. Visible-light-mediated decarboxylative C—F bond formation.
bpz=2,2"-bipyrazine.
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fluor was involved as a key step in this reaction. Although the
method made an impressive breakthrough in this research
area, the limitation to the utilization of aryloxyacetic acids is
a major shortcoming.

To overcome this obstacle, MacMillan et al. developed
a versatile decarboxylative fluorination protocol for a wide
range of aliphatic carboxylic acids by employing either
[Ru(bpz)s](PF), or [Ir{dF(CF;)ppy}.(dtbbpy)|PFs as the
photoredox catalyst under irradiation with a 34 W blue
LED light (Scheme 11).?7!l This kind of reaction can also be
performed under transition-metal-free condition by organic
photoredox catalysis.””™ The reaction itself features a simple
operation under mild reaction conditions, and gives the
corresponding valuable fluorinated products in excellent
yields. Different substituted alkyl carboxylates, such as
primary, secondary, and tertiary alkyl carboxylic acids and
their sodium salts, are well tolerated. It is of note that in the
cases of some unactivated primary and tertiary carboxylic
acids, a relatively long reaction time is required for their full
conversion.

A plausible reaction mechanism based on the oxidative
quenching cycle is proposed (Scheme 12). Initially, the
irradiation of the Ir'™ photocatalyst with visible light gener-

(\+/—C|

[NJ (\+/_C|

NG A

&

Oxidative

quenching  Ir'V N
cycle FY RSNE
. 61
i R™
CO,, H* 62
R >COOH
60

Scheme 12. Plausible mechanism for visible-light-mediated decarboxy-
lative C—F bond formation.

ates the excited Ir'™* complex, which is subsequently oxidized
by a sacrificial quantity of Selectfluor to give the high-valent

I species. This step is proven to be feasible by the
ﬂuorescence quenching experiments and the reported results
from the group of Sammis.”! Under basic conditions, facile
deprotonation of carboxylic acid 60, followed by a one-
electron oxidation of the formed carboxylate by ItV regen-
erates the iridium photocatalyst. The formed carboxyl radical
immediately looses CO, to give the radical intermediate 62.
Finally, direct fluorine transfer from Selectfluor to 62 provides
the desired C—F bond-formation product. The concomitantly
generated Selectfluor radical cation (63) is thought to replace
Selectfluor as an oxidative quencher in the subsequent
photocatalytic cycles to oxidize Ir'"™* to Ir".

In 2014, the group of Wallentin used an organocatalytic
photoredox system to achieve an impressive visible-light-
promoted decarboxylative reduction of carboxylic acids
(Scheme 13).%! Similar to Nicewicz and co-workers, " they
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Scheme 13. Visible—light—mediated decarboxylative reduction of carbox-
ylic acids. DCE =dichloroethane, DDDS = bis (4-chlorophenyl)disulfide.

exploited Fukuzumi’s mesityl acridinium salt PC****! as the
organic photoredox catalyst and DDDS as a redox-coupled
hydrogen shuttle. a-Amino acids, a-hydroxy acids, and
phenylacetic acids are suitable radical precursors for this
decarboxylative reduction process. In addition, a variety of
sensitive functional groups, such as esters, ethers, amines,
alcohols, and thioethers, are well-tolerated. More importantly,
no obvious loss in optical activity based on the benzylic
stereogenic center is observed when chiral a-amino acids 65
are subjected to the optimal reaction conditions. The authors
proposed the reaction mechanism shown in Scheme 13 to
explain this decarboxylative reduction process according to
a previous study reported by Nicewicz and co-workers .?*
Initially, the carboxylic acid 65 acts as a reductive quencher to
reduce the excited photocatalyst, thus providing the radical
intermediate 67 along with the release of CO, and a proton.
The thiyl radical that exists in equilibrium with DDDS
functions as an oxidant to complete the photocatalytic cycle.
The formed thiolate anion is then protonated to give
thiophenol, which is thought to act as the hydrogen-atom
donor to react with 67 and furnish the final product 66.

3. Radical Decarboxylative Functionalization of
Carboxylic Acid Derivatives

The visible-light-induced radical decarboxylative frag-
mentation of acyloxyphthalimides was discovered by Okada,
Oda, and co-workers in 1991.7%! The formed radical species
have been impressively applied to the construction of new C—
C, C—H, and C—Se bonds.’™ ! Based on these elegant prior
contributions, Overman and co-workers accomplished a modi-
fied second-generation total synthesis of aplyviolene using the
visible-light-promoted radical decarboxylative fragmentation
of the acyloxyphthalimide 68 as the key step (Scheme 14).51%
The generated tertiary radical species can efficiently undergo
radical conjugate addition to the carbon—carbon double bond
of the a-chlorocyclopentenone 69 to form a new quaternary
carbon stereocenter with high stereoselectivity.
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EtOZCHCOZEt
|

CO,Me Me™ "N "Me
+ 1BSO o 70, 1.5 equiv
H 1 mol% [Ru(bpy)s](BF4)2
cl iProEtN,CH,Cl,, blue LED

Me
71, 61% yield aplyviolene

Scheme 14. Visible-light-mediated decarboxylative fragmentation of
acyloxyphthalimide 68. TBS =tert-butyldimethylsilyl.

Shortly after this discovery, Overman et al. expanded the
strategy to the photoredox-catalyzed fragmentation of fert-
alkyl N-phthalimidoyl oxalates (Scheme 15).*"*4 The meth-
od offered direct and efficient access to quaternary carbon
centers from a variety of tertiary alcohols. Note that the

EtOZCIICOZEt
|

Me N™ "Me
1

H

4

70, 1.5 equiv R R
R2>(\/

1.5 mol% [Ru(bpy)al(PFe)y R gs
iPryEtN-HBF 4, THF/CH,Cl,
23 °C, blue LED

0
1

EXO%O,NPhth v

R R O

(o]
Me Q
Me H M?‘\)\\Me
i: N TBSOVWL
= Me" Me
N A

Boc
82% yield 82% yield 81% yield 22% yield
O o]
Me " Me §02Me
O/\/ " b Vel o COMe
R*=CN, 92% yield
R* = SO,Ph, 89% yield 54% yield 52% yield 85% yield

R* = CO,Me, 84% yield
R* = CON(Me),, 64% yield

Scheme 15. Visible-light-mediated decarboxylative fragmentation of
tert-alkyl N-phthalimidoyl oxalates.

Hantzsch ester 70 serves as both the reductive quencher and
the hydrogen donor in this fragmentation process. In addition,
many commonly used electron-deficient olefins, such as
acrylonitrile, vinylsulfone, dimethylacrylamide, dimethylfu-
marate, and various cyclic unsaturated systems, are shown to
be suitable conjugate acceptors. Interestingly, it was found
that an ammonium additive (iPr,NEt-HBF,) plays an impor-
tant role in this process. The authors speculated that the role
of the additive might involve: 1) protonation of radical anion
76 (Scheme 16), and 2) exchange of the anion with [Ru-
(bpy)s](PFy), to provide [Ru(bpy);](BF,), as a more soluble
photoredox catalyst.

The proposed mechanism of this reaction starts with the
one-electron oxidation of the Hantzsch ester 70 by Ru™* to
give low-valent Ru' and the ester radical cation 75
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(Scheme 16). Then, one-electron transfer from the Ru'
species to the tert-alkyl N-phthalimidoyl oxalate 72 generates
the radical anion 76 and completes the photocatalytic cycle.
Homolytic cleavage of the N—O bond of 76, followed by

R

2
i R3€;R1

CO, }/ 73

R'._O

T’ R2>r Dl

R® O

CO, 77
Phthalimide

o..
I ?
R! om)k N
Rﬂ/ (o)
R3 (] (e}
76

RU"
1 4
“ RF:W "

Reductive

quenching 75
72
115 cycle Ru!
Ru EtO,C_~ CO,Et
TX
+
}<Eto2cjl\/\/l[002& Me \H Me R4
70 +
Me” "N” "Me 80 R2>(\/
H R® 74
75

Scheme 16. Plausible mechanism for photoredox-catalyzed decarboxy-
lative fragmentation of tert-alkyl N-phthalimidoyl oxalates.

decarboxylation, generates the alkoxycarbonyl radical 77.
Later, a slower second decarboxylation process occurs to give
the tertiary radical 78 which is then trapped by the olefin 73 to
provide the radical species 79. Finally, hydrogen abstraction
of 79 from 75 delivers the final product.

In 2015, Chen and co-workers described a visible-light-
promoted reductive decarboxylative alkynylation reaction
using alkynyl phenylsulfones as the alkynyl precursors
(Scheme 17).2! The reaction can occur smoothly in both

Etozcncoza
||

Me N Me
(o] ° 4
63, 1.5 equiv
+ PhO,S——R? l—=—=—R2
R1)ko,N: § 2 1.0 mol% [Ru(opy)slPFels ®

[¢] 2 equiv iPryEtN, CH,Cl,

81 82 83, 69-92 yields

25 °C, blue LED

Scheme 17. Visible-light-mediated decarboxylative alkynylation of
N-acyloxyphthalimides.

organic solvents and neutral aqueous solutions, thus making it
compatible with a wide range of functional groups and
biomolecules. Similar to previous reports,*>*!! reductive
decarboxylative fragmentation of the N-acyloxyphthalimide
81, followed by a-addition of the formed alkyl radical to the
alkynyl sulfone 82 is considered as the critical step.

In another effort in this area, Reiser et al. impressively
applied this visible-light-mediated decarboxylatve fragmen-
tation of N-acyloxyphthalimides to the construction of
anellated furans or spirobutenolides (Scheme 18).*! More
significantly, the reported photoannulation reaction was
successfully used to prepare the key intermediate 89 in the
synthesis of (S)-(+)-lycoperdic acid (Scheme 18). Although
the mechanism required further investigation, the authors
proposed that [Ir(ppy),(dtbbpy)]PF, might function as a pho-
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Scheme 18. Visible-light-mediated construction of anellated furans or
spirobutenolides.

tosensitizer to transfer energy from its photoexcited state to
the phthalimide moiety of 84. The result of UV irradiation of
the substrate and the influence of the N substituent in the
starting materials appeared to support the proposed sensiti-
zation mechanism and the intramolecular electron transfer
process.

The decarboxylation of carboxylic acids with
phenyliodine(IIT) diacetate (DIB) generally requires high
reaction temperatures (110-160°C) or high-energy UV light
irradiation.’¥ In 2013, Zhu and co-workers developed a novel
visible-light-induced decarboxylative tandem coupling of
DIB at room temperature, thus giving the corresponding
3,3-disubstituted oxindole scaffolds in good yield
(Scheme 19).°1 After a facile ligand metathesis with DIB,
a wide range of primary, secondary, and tertiary aliphatic
carboxylic acids can successfully undergo this decarboxyla-
tion/C—H functionalization cascade reaction. It should be
noted that benzoic acid is not suitable for the transformation
presumably because of the slower decarboxylation process of
the ligand-metathesis product PhI(OCOPh), and the de-
creased nucleophilic ability of the formed aryl radical.

It was proposed that the ligand-metathesis product,
PhI(OCOR?), (93), acts as the oxidative quenching reagent
to oxidize the excited Ir'"™ to Ir", and to simultaneously
provide the radical species 94 (Scheme 19). Coordination of

Me
/j\ f 1) PhI(OAc), - S 32
OH 2) 1 mol% fac-{Ir(ppy)a] Ay
DMF, RT, 35W fluorescent light X i
90 91 92, 48-90% yields
Phi(OAC), + 91
l R2CO, Me
€I fv
PhI(OCOR?), 7—%* $—> R
Ph—I— o
93 e 94 Me g5
Oxidative
quenching 97
cycle Phl + CO,
|rlll |FIV
|rIII
RZ
; X ¥ N
R2CO,H 97 Me 96 Me

Scheme 19. Visible-light-mediated decarboxylation/C*H functionaliza-
tion cascade.
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the carbonyl group of 90 with 94 generates the intermediate
95, which may subsequently undergo a decarboxylation/
radical cyclization cascade to give another carbon-centered
radical species (96). A SET from 96 to Ir"Y completes the
photocatalytic cycle and delivers the cation intermediate 97.
Finally, the carboxylate-anion-assisted deprotonation of 97
affords the desired oxindole 92. Note that a radical-chain
process is also a plausible reaction pathway for the formation
of 97.

Another impressive example of the combination of
visible-light photoredox catalysis with hypervalent iodine(I1I)
reagents (HIR) was realized by Chen and co-workers in 2015
(Scheme 20).5%1 The reaction provides an efficient method to

1 equiv BI—OAc

0 O
R)H(OH 2 Bl 2molk RubpylPFol )
I CH,Cly/H;0, blue LED, 25°C g
1 44 46, 37-95% yields
O
Ru” _::\ @
HIR Oxidative
catalytic quenching
OH cycre cycle Ru'™*
[¢]
Rul @E«O_
(orBI OAc) |
Cco,+ ||, o 52
R) 49
O 0
BI—=—"R' ~ L @)
Bl =
|’O 44 . 51
X . o)
RMR' — ——r
BI R
46
50

Scheme 20. Dual-catalytic decarboxylative ynonylation reactions.

obtain various substituted ynones, ynamides, and ynoates in
good yields and with excellent chemoselectivities. Some
commonly used simple alkynyl precursors, such as alkynyl
bromides or alkynyl sulfones, were ineffective for this dual-
catalytic decarboxylative ynonylation reaction in the presence
of BI as an additive. The best result was obtained when the
electrophilic reagent Bl-alkyne 44 was involved. Control
experiments in the absence of the photoredox catalyst and
blue LED irradiation further confirmed the photocatalytic
nature of the transformation. Notably, a wide range of
functional groups, including alkenyl, amine, ester, azide,
hydroxy, and cyano groups, are well-tolerated.

Based on the results of TEMPO trapping, 'H NMR
spectroscopy, and *C-labeling experiments, a plausible dual-
catalytic reaction pathway was proposed (Scheme 20). First,
the reaction of the a-keto acid 1 with BI-OAc afforded the
Bl/ketoacid complex 98. Note that similar to their previous
reports,*®l Chen and co-workers proposed that BI-OAc
might play a role in oxidizing Ru"™ to Ru™ for reaction
initiation. Then, SET from 98 to Ru', followed by decarbox-
ylation, gives the acyl radical intermediate 49 and regenerates
the Ru" photoredox catalyst. The simultaneously formed BI
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cation (or BI-OAc) participates in another new HIR catalytic
cycle. Next, the a-addition of 49 to the Bl-alkyne 44 affords
ynone 50, which subsequently eliminates the BI radical 51 to
give the final product. It is noteworthy that the generated BI
radical will act as the final oxidant to oxidize Ru™* to Ru™ in
the subsequent photocatalytic cycle.

Soon after the discovery of Chen’s group,** Li, Wang, and
co-workers found that a very similar visible-light-induced
decarboxylative alkynylation reaction of o-keto acids oc-
curred smoothly without the addition of a photoredox catalyst
(Scheme 21).7 In this reaction bromoacetylenes (99) were
employed as alkynyl precursors with the assistance of
30 mol % BI—OH as a hypervalent iodine catalyst. Generally,
the corresponding ynones were obtained in good yield under
the irradiation of sunlight or blue LED light. Based on the
results of mechanism studies, the insitu generated BI
derivatives 44 and 98 were proposed to be important
intermediates for this sunlight-driven decarboxylative alky-
nylation process.

30 mol% BI—OH o}
R)H(OH + Br—=—R' Yz R
PhMe, RT, 8h R
o sunlight
1 99 46, 13-82% yields

Scheme 21. Sunlight-driven decarboxylative alkynylation of a-keto
acids.

4. Conclusion

Herein we summarized recent advances in the visible-
light-mediated radical decarboxylative functionalization of
carboxylic acids and their derivatives with a focus on the
discussion of reaction mechanisms. The mild and environ-
mentally benign decarboxylation conditions, which include
visible light as a green energy source, make this protocol quite
attractive. Recent discoveries in this rapidly developing
research area strongly demonstrate that the carbon-centered
radical species formed in the decarboxylation step could be
utilized in not only the creation of simple C—C or C—X bonds,
but also the highly efficient construction of structurally
complex heterocycles and natural products. From the view-
point of green and sustainable chemistry, it can be clearly
forecasted that carboxylic acids and their derivatives as
radical precursors will continue to be developed in the area of
visible-light photoredox catalysis. Although there has been
excellent progress, additional development of catalytic asym-
metric reactions of the radical intermediates, together with
more insightful mechanistic investigations, is highly warrant-
ed.
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