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Abstract: Carboxylic acids and their derivatives are abun-
dant and inexpensive organic and biomass-derived platform
molecules, and their conversion into high-value products
represents an important goal. Recently, visible-light photore-
dox decarboxylative coupling reactions have become an im-
portant chemical transformation because of their wide sub-

strate scope, mild reaction conditions, high efficiency, and
practicability. This review summarizes recent advances in
visible-light photoredox decarboxylative coupling strategies,
which include the formation of C—C and C-Y (Y =heteroa-
tom) bonds.

1. Introduction

Carboxylic acids and their derivatives are common structures
that are widely found in organic molecules and natural prod-
ucts,! and their decarboxylative coupling reactions have at-
tracted much attention. Some classical reactions have been de-
veloped? such as Heck-type reactions,” allylations,” redox-
neutral cross-coupling reactions,” and oxidative arylation reac-
tions.” Although great success has been achieved in transi-
tion-metal-catalyzed decarboxylative coupling reactions, it is
highly desirable to develop more convenient and efficient
methods that take place under mild conditions.

In 1984, Barton and co-workers first reported the decarboxy-
lative coupling reactions of thiohydroxamate esters by using
disulfides, diselenides, and ditellurides under the irradiation of
visible light” In 1989, Okada and co-workers described their
pioneering research on the decarboxylative coupling of N-(acy-
loxy)-
phthalimides under the irradiation of UV light.®! Unfortunately,
visible-light photoredox decarboxylative coupling reactions
have not been studied for a while. Although this is the case,
visible-light photoredox decarboxylative couplings of carboxyl-
ic acids and their derivatives as radical precursors have recently
attracted much attention, and some important results have
been obtained.” This review is intended to provide an over-
view of recent advances in visible-light photoredox decarboxy-
lative coupling reactions, which include details regarding the
formation of C—C and C-Y (Y = heteroatom) bonds.

2. Formation of C—C Bonds

The formation of carbon-carbon bonds is a fundamental and
important chemical transformation in organic synthesis. How-
ever, it still is a great challenge to develop convenient and effi-
cient methods for the formation of these bonds under mild
conditions with readily available starting materials. Herein, we
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discuss the formation of C—C bonds by using visible-light pho-
toredox decarboxylative strategies that include decarboxylative
addition, alkynylation, alkenylation, allylation, arylation, and al-
kylation reactions.

2.1. Addition Reactions

In 1991, Okada, Oda, and co-workers established a method for
a visible-light photoredox decarboxylative Michael addition of
N-(acyloxy)phthalimides 1 (Scheme 1a). The protocol used
electron-deficient olefins 2 as the radical acceptor, Ru(bpy);Cl,
as the photocatalyst, and 1-benzyl-1,4-dihydronicotinamide
(BNAH) as the reductant, and the reaction proceeded smoothly
in a mixture of tetrahydrofuran (THF) and water (7:3) under ni-
trogen to provide the target product 3."” In 2012, Overman
and co-workers applied this Vvisible-light decarboxylative
method towards the total synthesis of (—)-aplyviolene. In
this study, compound 7 was considered a key intermediate
and was prepared by a visible-light photoredox decarboxyla-
tive Michael addition of N-(acyloxy)phthalimide 5 to alkene 6
in the presence of N,N-diisopropylethylamine (DIPEA) and the
Hantzsch ester (HE) as the reductant. In addition, tertiary
carbon radical 8 was formed from the decarboxylation of 5
(Scheme 1b).

In 2013, Reiser and co-workers established a radical cycliza-
tion strategy to prepare spirobutenolide and its furan deriva-

@ Ru(bpy)Clz, BNAH, RT

R O-NPhth . = THF/H0 (7:3), N3, 2h R .
EWG —— ———————— HNPhTh
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H (e}
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Scheme 1. Visible-light photoredox decarboxylative Michael addition of N-
(acyloxy)phthalimides (LED = light-emitting diode).
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tives by visible-light photocatalysis''< using Ir(ppy),(dtbbpy)PF,
(ppy =2-phenylpyridine, dtbbpy=4,4'-di-tertbutyl-2,2'-dipyrid-
yl) as the photocatalyst in a mixed solvent of acetonitrile and
water (9:1) under irradiation with a 1 W LED (455 nm). For sub-
strate 9, in which R=Br, the intramolecular coupling reaction
provided intermediate 10 and then released HBr to give spiro-
butenolide derivative 11 (Scheme 2a). For substrate 9, in
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Scheme 2. Visible-light photoredox decarboxylative synthesis of spirobute-
nolides and its furan derivatives (TFA = trifluoroacetic acid, Boc = tert-butoxy-
carbonyl).

which R=H, a similar cyclization afforded 12, and then dehy-
dration in the presence of acid led to furan derivative 13
(Scheme 2b). Furthermore, the useful target compound (S)-
(+)-lycoperdic acid was successfully prepared by the visible-
light photoredox decarboxylative strategy using 14 as the
starting material (Scheme 2c).

Unnatural chiral a-amino acids are important building blocks
in the synthesis of biological and pharmaceutical peptides,
peptidomimetics, and complex molecules, and the synthesis of
these compounds has received tremendous attention."” Very
recently, our group developed the visible-light photoredox
synthesis of unnatural chiral amino acids by using the deriva-
tives [i.e., N-bis(Boc)-Asp(ONPhth)-OMe and N-bis(Boc)-
Glu(ONPhth)-OMe] of two genetically coded proteinogenic
amino acids, L-aspartic acid and glutamic acid, as the radical
precursors, and olefins including o,-unsaturated ketones,
amides, esters, and sulfones as the radical acceptors
(Scheme 3).'" The experimental results showed that the opti-
mal conditions for the decarboxylative coupling involved
1 mol% of [Ru(bpy);]Cl, as the photocatalyst and dichlorome-
thane as the solvent in the presence of DIPEA and HE under
the irradiation of visible light at room temperature. The visible-
light photoredox decarboxylative method provided high yields
and demonstrated excellent tolerance for a variety of function-
al groups.

A possible mechanism for this transformation is shown in
Scheme 4, and the decarboxylative coupling of N-bis(Boc)-As-
P(ONPhth)-OMe (16) is used as an example. The irradiation of
Ru(bpy);?* with visible light gives the excited state
[Ru(bpy);**1*, which is reduced by HE or DIPEA to afford
Ru(bpy);" and convert HE or DIPEA into radical cation A or B.
The treatment of 16 with Ru(bpy);" gives radical anion C and
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Scheme 3. Visible-light photoredox synthesis of unnatural chiral amino acids
(CFL=compact fluorescent light).

regenerates the Ru(bpy),®" catalyst. Elimination of phthalimide
anion D and CO, from C provides radical E, which then under-
goes an addition to olefin 18 to lead to radical F. Finally, the re-
action of F with A affords product 19 and releases cation G.

In addition to Ru and Ir complexes, organic photosensitizers
are also important photocatalysts. For example, Kénig and co-
workers recently developed a mild, environmentally friendly
method for the visible-light decarboxylative coupling of N-(acy-
loxy)phthalimides 21 with electron-deficient alkenes 22
(Scheme 5)." The reaction was catalyzed by the organic dye
eosin Y in the presence of green light (535 nm). The method
employed a wide scope of substrates including abundant de-
rivatives of amino acids, a-oxy acids, and fatty acids, which are
available from renewable resources. The eosinY catalyzed
mechanism is similar to that shown in Scheme 4.
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Scheme 4. Possible mechanism for visible-light photoredox synthesis of un-
natural chiral amino acids.
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Scheme 5. Eosin Y catalyzed visible-light photoredox decarboxylative Mi-
chael addition.

Compared with the N-(acyloxy)phthalimide derivatives, free
carboxylic acids are more readily available and inexpensive,
and, thus, it is highly desirable to develop direct visible-light
photoredox decarboxylative coupling reactions of free carbox-
ylic acids. In 2013, Zhu and co-workers developed a tandem
protocol for the formation of quaternary oxindoles under visi-
ble-light photoredox catalysis (Scheme 6a)."® The protocol
used readily available primary, secondary, and tertiary aliphatic
carboxylic acids 24 as the radical precursors, N-methyl-N-aryl-
methacrylamides 25 as the radical acceptors, and fac-Ir(ppy);
as the photocatalyst under the irradiation of a 35 W fluores-
cent light bulb. The reaction was successful, and investigations
into the mechanism show that the reaction underwent a se-
quential exchange of phenyliodine(lll) diacetate with 24, an in-
termolecular coupling, and an intramolecular arylation reac-
tion. Interestingly, this method was effectively applied to the
conjugation of lithocholic acid derivative 27 with 25 to yield
28 (Scheme 6b).
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Scheme 6. Visible-light photoredox decarboxylative synthesis of oxindoles
(DMF = N,N-dimethylformamide).

In 2014, MacMillan and co-workers reported a visible-light
photoredox decarboxylative coupling reaction of carboxylic
acids, especially N-protected amino acids, with Michael accept-
ors and iridium complexes as the catalyst. The method demon-
strated a tolerance of various functional groups and a broad
scope of both carboxylic acids and Michael acceptors
(Scheme 7).'7 Compared with Zhu’s work,"® a larger scope of

PG-NH.__CO,H 3 PG-NH._R'
T L Ry R®  IMdF(CF3)ppyla(dtobpy)(PFe) RS
R! EWG K,HPO, DMF, RT R?
PG = Boc, Cbz 26 W CFL or 34 W blue LED EWG
29 30 31

Scheme 7. Visible-light photoredox decarboxylative coupling of N-protected
amino acids with Michael acceptors (Cbz = benzyloxycarbonyl, PG = protect-
ing group, dF =difluoro).

carboxylic acids including a-amino acids and a-O-acids could
be employed, and no additional oxidant was needed. The cor-
responding mechanism is shown in Scheme 8. The I" photoca-
talyst is transformed into its photoexcited *Ir" state under the
irradiation of visible light. A single-electron transfer (SET) from
the carboxyl group of 29 to *I" gives I’ and a-amino radical
A along with the release of CO, and a proton. The addition of

+H* R2 N RS
PG-NH\. EWG
30
PG-NH.__CO,H R
D -CO, A
R1
28 SET
" N R
rNAR
RUD) g EWG
SET,
visible light PG- 1
Ir(lit) CNH R
R R
EWG

31

Scheme 8. Proposed mechanism for visible-light photoredox decarboxylative
coupling of N-protected amino acids with Michael acceptors.
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A to Michael acceptor 30 then provides carbon radical B. Final-
ly, B receives an electron from Ir'" followed by capture of
a proton to afford the target product 31.

In 2015, Shang and Fu developed the decarboxylative 1,4-
addition of a-keto acids 32 to Michael acceptors 33 under the
photoredox catalysis of Ir[dF(CF,)ppyl,(phen)PFs (phen=1,10-
phenanthroline) at room temperature with the irradiation of
36 W blue LEDs (Scheme 9a)."® The Michael acceptors includ-

IdF(CF3)ppyla(phen)PFg (1 mol%) o R?
2HPO4 (1.2 equiv)

\—=( —_— A EWG
(a) ArACOOH * EWG CH,Cly/H,0 (1:1) i
36 W blue LEDs, RT, 9 h
32 33 34
fac-Ir(ppy)s (0.5-2.5 mol%) Ar
Me 2,6-lutidine (0.5 equiv) Me,
O\ f DMDC or Boc,0 (3 equiv) R = o
(b) DMF [35], = 0.05 M ZSN"So
blue LEDs, RT R2
35 37
Me Ar
O:\/Ief BI-OAc (20 mol%) N
© Ar COOH PholLRT, 120 R °
1.5 W blue LEDs DY
RZ
32 36 37
pAc
o o o o I
AL J o
MeO” ~O” “OMe tBuO” ~0” ~Ot-Bu
o)
DMDC Boc,0 BI-OAc

Scheme 9. Visible light photoredox decarboxylative addition of acyl radicals
with Michael acceptors.

ed a,p-unsaturated esters, ketones, amides, aldehydes, nitriles,
and sulfones. The method showed a good tolerance of various
functional groups. In the same year, Wallentin and co-workers
reported a convenient tandem acylarylation reaction sequence
that involved olefins under visible-light photocatalysis
(Scheme 9b)." Initially, they employed available aromatic car-
boxylic acids 35 in the photoredox decarboxylation to gener-
ate acyl radicals and also found that different types of olefins
could be coupled with the generated acyl radicals. The addi-
tives, dimethyl dicarbonate (DMDC) or di-tert-butyl dicarbon-
ate, were suggested to be key for the activation of the aromat-
ic carboxylic acids. Very recently, Wang’s group developed the
hypervalent iodine(lll) reagent 1-acetoxy-1,2-benziodoxol-3-
(1H)-one (BI-OAc) to catalyze the carbonylarylation of acryla-
mides 36 with a-keto acids 32 under the radiation of a blue
LED (450-455 nm) in the absence of a photoredox catalyst
(Scheme 9¢).? The reactions were conducted at room temper-
ature and provided the corresponding oxindoles in good
yields.

Besides carboxylic acids and their derivatives as radical pre-
cursors, in 2013, Overman and co-workers developed an ele-
gant method to construct quaternary carbons by starting from
tertiary alcohols and using a photomediated decarboxylative
coupling reaction (Scheme 10a).2' Tertiary alcohols were first
converted into tertiary alkyl N-phthalimidoyl oxalate intermedi-
ates 38, and then the visible-light photoredox decarboxylative
coupling of 38 with electron-deficient alkenes 39 provided the
target products 40 that contained the quaternary carbon
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Scheme 10. Visible light photoredox decarboxylative coupling of tertiary
alkyl N-phthalimidoyl oxalates.

atoms. Among the reactions, the couplings of three chiral oxa-
lates exhibited high diastereoselectivity (>20:1). During the
optimization of the reaction conditions, the authors discovered
that iPr,NEt-HBF, was key to the efficiency of reaction, as BF,”
could undergo an anion exchange with that of the catalyst
[Ru(bpy);](PF¢), to result in the more soluble [Ru(bpy);1(BF,),
complex. In 2015, Overman and co-workers provided the
mechanism shown in Scheme 10b.2" Irradiation of Ru" with
visible light gives the excited state ‘Ru", which can be reduced
by HE to afford Ru' and radical A. A single-electron transfer
from Ru' to 38 yields radical anion B, and the loss of anion C
and two molecules of CO, from B provides tertiary carbon rad-
ical D. The Michael addition of D to 39 in the presence of A af-
fords the target product 40.

Although the method in Scheme 10 has a wide substrate
scope, it required a stoichiometric amount of the reductant
and released a stoichiometric amount of the phthalimide by-
product during the visible-light photoredox coupling of N-
phthalimidoyl oxalate derivatives of tertiary alcohols with Mi-
chael acceptors. In addition, N-phthalimidoyl oxalates are not
stable to aqueous workup or flash chromatography, which can
be an inconvenience during the experiment. In the same year,
Overman and MacMillan cooperatively developed simple,
stable, and easily handled oxalate salts of tertiary alcohols (i.e.,
41) as radical precursors, which underwent high-yielding pho-
tocatalytic coupling reactions with electron-deficient alkenes
42 in the presence of the Ir[dF(CF;)ppyl,(dtbbpy)PFs photoca-
talyst and visible light (Scheme 11).*? The method was suc-
cessfully applied to the synthesis of the natural product trans-
clerodane (47). The acylation of tertiary alcohol 44 with methyl
chlorooxoacetate followed by hydrolysis with aqueous CsOH

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.AsianJOC.org

Editorial Society
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Scheme 11. Visible light decarboxylative couplings of alkyl oxalates and Mi-
chael acceptors (DME = 1,2-dimethoxyethane, dr=diastereomeric ratio,
rr=regioisomeric ratio).

provided cesium oxalate 45 in 93% yield without the use of
chromatography. The visible-light photoredox decarboxylative
coupling of 45 with commercially available 4-vinylfuran-2-one
(46) gave trans-clerodane (47) in 98% yield with high diaster-
eo- and regioselectivity.

2.2. Alkynylation

Alkynes are important chemical structures and synthetic inter-
mediates, and the construction of alkyl-substituted alkynes is
highly desirable. In 2015, Chen and co-workers reported a visi-
ble-light-induced reductive decarboxylative C,;—C,, bond cou-
pling reaction to construct aryl-, alkyl-, and silyl-substituted al-
kynes by carrying out the reaction of N-(acyloxy)phthalimides
48 with alkynyl sulfones 49 at room temperature in an organic
solvent or a neutral aqueous solution (Scheme 12).%* The che-
moselective alkynylation was then applied to the conjugation
of biomolecules.

Ru(bpy)3(PFg), (1 mol%)
0 DIPEA (2 equiv), HE (1.5 equiv)
J_NPhth  *+ PhO,S—=—Ph
R™ 7O CH,Cly or MeCN/H,0 (1:1)
48 49 argon, RT, blue LED 50

R—==—Ph

Scheme 12. Visible light photoredox decarboxylative coupling of N-(acylox-
y)phthalimides and alkynyl sulfones.

In the same year, Xiao, Liu, and co-workers developed a visi-
ble-light photoredox decarboxylative alkynylation by the reac-
tion of carboxylic acids 51 with benziodoxolone (Bl)-alkynes
52.%% More interestingly, when the reaction was performed
under 60 bar of carbon monoxide, a decarboxylative carbony-
lative alkynylation reaction occurred and afforded ynones 54 in
good yields (Scheme 13). This method directly used carboxylic
acids as radical precursors instead of the approach above that
used N-(acyloxy)phthalimides.” In this year, Waser and co-
workers also reported a similar reaction for the decarboxylative
alkynylation of carboxylic acids.”*"!

As shown in Scheme 9, a-keto acids are also useful radical
precursors. In 2015, Wang, Li, and co-workers reported a visi-
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Cs,C03 4 AM.S,, CH,Cly, RT
o R _ R2 7 W blue LED, 4 h 53 (53-99% yields)
Z
R OH BI/ —

51 52 o
?L (b) | I[dF(CF3)ppy],(dtbbpy)PF g (2 mol%) R1l\

Bl = o Cs,CO3, CH,Cly, RT, 60 bar CO R?

2x8Wblue LED, 4 h 54 (27-90% yields)

o}

Scheme 13. Visible light photoredox decarboxylative alkynylation and car-
bonylative alkynylation (M.S.=molecular sieves).

ble-light photoredox decarboxylative alkynylation of a-keto
acids under the irradiation of sunlight or blue LED light
(Scheme 14).%% The reaction used bromoacetylenes 56 as the

o R BI.OH (0.3 equiv) 1
OH Z —_—— ‘l\
1 4 R
@ R lK[( + Br/ o AN

2
o sunlight, RT, 8 h R

57 (44-80% yields)

BI- OH OH sunllght

\lc;t

E
o
I3

x

\
o O

1 1
OR RHT'R‘

[+ CO, D

Scheme 14. BI-OH catalyzed cross-coupling of a-keto acids with bromoace-
tylene derivatives under the irradiation of sunlight.

alkynyl precursors and 30 mol% of BI-OH as the hypervalent
iodine catalyst to give ynones 57 in good yields at room tem-
perature. A proposed mechanism has been provided. The cou-
pling of BI-OH with a-keto acid 55 gives intermediate A, which
is transformed under sunlight irradiation into two radicals, that
is, iodine radical B and radical C. The decarboxylation of C
yields acyl radical D. The treatment of 56 with B provides inter-
mediate E along with Br’, and the addition of D to E provides
vinyl radical F. Finally, F can undergo an elimination reaction to
arrive at the target product 57 and release B. The combination
of B with Br' forms hypervalent iodine(lll) reagent G, and the
hydrolysis of G regenerates the BI-OH catalyst.

Almost at the same time, Chen and co-workers developed
a similar decarboxylative ynonylation by using a hypervalent
iodine(lll)  reagent/photoredox  dual catalytic  system
(Scheme 15).%9 The ynonylation protocol used [Ru(bpy);l(PF¢),
as the photocatalyst, a-keto acids 55 as the radical precursors,
Bl-alkyne 58 as the radical acceptor, and BI-OAc as the additive
to provide ynones, ynamides, and ynoates at room tempera-
ture. The method employed a broad scope of substrates, and
the reaction demonstrated excellent chemoselectivity. The
mechanism of this Ru-catalyzed photoredox decarboxylation is
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2> Ru(bpy)s(PFg); (2 mol%) o
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Scheme 15. Visible-light photoredox decarboxylative ynonylation reaction.
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shown in Scheme 15. Similar to the above process, intermedi-
ate A is also generated during the reaction and can decom-
pose to give acyl radical D and CO, after a single-electron
transfer with the Ru" complex. The combination of substrate
58 and D yields vinyl radical F, which is continuously converted
into the final product 57 and iodine radical B. Another SET can
occur between B and the Ru™* complex to complete the cata-
lytic cycle and generate anion H.

Recently, our group developed an efficient method for the
visible-light photoredox synthesis of internal alkynes 61 that
contain quaternary carbon atoms (Scheme 16).””! This protocol
used readily available N-phthalimidoyl oxalates of tertiary alco-
hols (i.e., 59) and 1-[2-(arylsulfonyl)ethynyllbenzenes 60 as the
starting materials, and the reaction proceeded smoothly at
room temperature and demonstrated good functional group
tolerance.

Ru(bpy)3Cl,, HE

R! iPr,NEtsHBF R!
2
R;%—O . 9 ,, THFICH,Cly RT, argon RSJ\
r—=——38—Pt R N
d o-nPhi 3 40 W CFL, 8 h N,
59 60 61

Scheme 16. Visible-light photoredox decarboxylative coupling of tertiary
alkyl N-phthalimidoyl oxalates with alkynyl sulfones.

2.3. Alkenylation

Alkenes are another type of key building blocks, and their
functionalization can transform them into diverse molecules.
Recently, great progress in visible-light photoredox decarboxy-
lative alkenylation has been achieved. In 2014, MacMillan and
co-workers developed the photoredox decarboxylative a-vinyl-
ation reaction of N-Boc-a-amino acids 62 with vinyl sulfones
63 (Scheme 17).”® This protocol employed Ir(ppy),(dtbbpy)PF
as the photocatalyst and CsHCO; as the base with 1,4-dioxane
as the solvent, and the reaction was successfully carried out at
50°C to provide a broad diversity of allylic amines in high
yields with excellent geometric control of the olefin. The ap-

Asian J. Org. Chem. 2017, 6, 368 - 385 www.AsianJOC.org

ASIAN JOURNAL
OF ORGANIC CHEMISTRY
Focus Review

(Ppy)z(dlbbPY)PFe

Boc-HN COOH (1 mol%) Boc-HN o Ar
g +PROS N, Yy
R CsHCOj3, 1,4-dioxane R
62 63 50 °C, 26 W CFL 64

Scheme 17. Visible-light photoredox decarboxylative alkenylation of N-Boc-
a-amino acids.

proach has been successfully applied to the syntheses of sever-
al natural products and a number of established pharmaco-
phores. The proposed mechanism for this visible-light photore-
dox decarboxylative alkenylation reaction is shown in
Scheme 18. First, the I'" photocatalyst is irradiated with a 26 W

Boc-HN.__COOH
*Ie(Ill) oc Y
visible light R
61
(i1 SET
R
PhSO, SET . Tco
D Boc-HN +
Ir(Il) A
PhSO; ¢
T PhO,S A~
Boc-| HNJ\A Boc-| HNJ\(\Ar 63
SO,Ph

Scheme 18. The proposed mechanism for visible-light photoredox decarbox-
ylative alkenylation.

CFL to give the excited state *Ir", and a SET from 61 to *Ir"
leads to a-amino radical A, which releases Ir', CO, and
a proton. The addition of A to 63 provides carbon radical B,
which releases sulfinyl radical C to afford the target product
64. Finally, the SET from Ir" to C affords sulfinyl anion D.

In the same year, Zhu and co-workers developed the visible-
light-induced decarboxylative trifluoromethylation of a,p-unsa-
turated carboxylic acids 65 in the presence of the Togni re-
agent (66) as the CF, source (Scheme 19).”” This method pro-
vided trifluoromethylated alkenes 67 in moderate to high
yields with excellent functional group tolerance at ambient
temperature.

R! 2 Ir(ppy)s (1 mol%) ,
ﬁj/\COOH . 5 CH3COONa (2 equiv) R %\CH
R Vv 35 W CFL R2
\ RT, 1824 h
65 66 CFy 67

Scheme 19. Visible-light photoredox decarboxylative trifluoromethylation of
a,f-unsaturated carboxylic acids.

In 2015, MacMillan and co-workers described the decarboxy-
lative cross-coupling reaction of alkyl carboxylic acids 68 with
vinyl halides 69 that was promoted by the synergistic merger
of photoredox and nickel catalysis (Scheme 20).2” The em-
ployed acids include oa-oxy and a-amino acids as well as
simple hydrocarbon-substituted acids, and their coupling reac-
tions with vinyl iodides and bromides provided vinylation
products 70 in high efficiency under mild conditions. The pro-
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R! R4 Ir[dF(Me)ppy](dtbbpy)PFg (1 mol%) R' R*
FCOZH . X\/\ NiCl+dtbbpy (2 mol%) P
5 2 5
R? R R DBU, DMSO, 25 °C RRTOR
el 34 W blue LED R
68 69 70
+ pE-
Me F PF
tBu ‘ X +BU A
|
/N,,“". | = E 2N, WCl
Ir F NI
z |N/ | N el
N |
By N 2 I tBu” N
Me”
Ir[dF (Me)ppy](dtbbpy)PF g NiCly*dtbbpy

Scheme 20. Visible-light photoredox decarboxylative cross-coupling reaction
of alkyl carboxylic acids with vinyl halides promoted by the synergistic
merger of photoredox and nickel catalysis (DBU = 1,8-diazabicyclo[5.4.0]un-
dec-7-ene, DMSO = dimethyl sulfoxide).

;
R R>. R'" R*

-H*
yooH M R, RZJ\/KRS

R -CO,
68 SET R?
70
LaNi()—X
R4

“Ir(Ill) Il

3
R R%F&

Photoredox i c
Catalytic Cycle Z—r\‘u(m)Ln
Nickel RT x
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ity LNi(0) R¢ A
3
}J w A
" Ei(II)L"
X AN s B
R® 69

Scheme 21. Proposed mechanism for the visible-light photoredox decarbox-
ylative cross-coupling reaction of alkyl carboxylic acids with vinyl halides.

posed mechanism for this olefination is shown in Scheme 21.
Photoexcitation of the iridium(lll) photocatalyst Ir[dF(Me)p-
pyl,(dtbbpy)PF, gives the long-lived excited state *Ir' species.
This photoexcited complex is a strong oxidant and undergoes
a thermodynamically favorable single-electron transfer with
the carboxylate that is formed by deprotonation of carboxylic
acid 68 to lead to the formation of a carboxyl radical. The
rapid CO, extrusion of the carboxyl radical provides radical A
along with reduced Ir' species. Meanwhile, the Ni catalytic
cycle initiates the oxidative addition of the L,Ni° species to
vinyl halide 69 to generate vinyl Ni" intermediate B. The reac-
tion of radical A with B gives organometallic Ni" adduct C, and
the reductive elimination of C affords the target product 70
and the Ni' species. The two catalytic cycles are then complet-
ed by the reduction of the Ni' species by the reduced state
(i.e., Ir") of the photocatalyst, which regenerates the photocata-
lyst I'" and the Ni° catalyst.

In the same year, Chen and co-workers developed a visible-
light-induced deboronative/decarboxylative alkenylation reac-
tion (Scheme 22).B" The protocol used [Ru(bpy);l(PF,), as the
photocatalyst, alkyl trifluoroborates 71 as the radical source,
and vinyl carboxylic acids 72 as the radical acceptors. The reac-
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[Ru(bpy)3](PFe)2 (2 mol%)

R? R?
BI-OAc (1.5 equiv) 1
RI-BF;K + HOC. .~ RA
K+ HOC A, DCE/;0, N, RT o
4l 72 4W blue LED, 15 h 3

Scheme 22. Visible-light-mediated deboronative/decarboxylative alkenyla-
tion with BI-OAc as the oxidant.

tion proceed smoothly in the presence of acetoxybenziodoxo-
lone (BI-OAc) under blue LED irradiation (4,,,,=443-493 nm).
Recently, Liu and co-workers reported the photoredox/
copper catalyzed decarboxylative difluoroacetylation reaction
of o,B-unsaturated carboxylic acids (Scheme 23).%? The dual

[Ru(bpy)3](Cl)2-H20 (2 mol%)
[Cu(MeCN)4JPF¢ (10 mol%)

EtsN (1.5 equiv
AP ~coom + ICFaCOME N (1.5 equiv) AR, COLEt
74 75 DCE, argon, RT, 12 h 76
blue LED

Scheme 23. Visible-light photoredox/copper catalyzed decarboxylative di-
fluoroacetylation of a,f3-unsaturated carboxylic acids.

catalyzed decarboxylative difluoroalkylation reaction used
readily available a,f-unsaturated carboxylic acids 74 and ethyl
iododifluoroacetate (75) as the starting materials and could tol-
erate a wide range of substituted cinnamic acids. With the in-
troduction of the difluoroalkyl groups into the acid derivatives,
the corresponding products 76 were obtained in moderate to
high yields.

Very recently, our group developed efficient consecutive visi-
ble-light photoredox decarboxylative coupling reactions of
substituted adipic acid active esters 77 [i.e., bis(1,3-dioxoisoin-
dolin-2-yl)-substituted hexanedioates] with 1-(2-arylethynylsul-
fonyl)benzenes 78 under the assistance of the [Ru(bpy);]Cl,
photocatalyst and visible light (Scheme 24).5% The successive

OPht 0. 0
/_\< o [Ru(bpy)sCly], DIPEA
r1L o . / “Ph HE, CHoCl, RT, Ar, 4-16 h A,”&Q
N o} Ar 40 W CFL Mgt
ONPhth
77 78 79

Scheme 24. Consecutive visible-light photoredox decarboxylative coupling
reactions.

photoredox decarboxylative C—C bond formations at room
temperature had some function group tolerance and afforded
the corresponding cyclic compounds 79 in good yields. This
discovery provided a practical strategy for synthesis of cyclic
molecules.

The proposed mechanism for the consecutive visible-light
photoredox decarboxylative coupling reactions is shown in
Scheme 25. The irradiation of Ru" with visible light gives the
oxidized excited state *Ru", and a SET from DIPEA to the pho-
toexcited catalyst provides Ru'. The transfer of one electron
from Ru' to the phthalimide of 77 yields radical anion B and re-
generates the Ru" catalyst. The subsequent release of phthali-
mide anion C and CO, affords carbon radical D, and the addi-
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Scheme 25. Proposed mechanism for consecutive visible-light photoredox
decarboxylative coupling reactions.

tion of D to alkyne sulfone 78 forms vinyl radical E. Subse-
quent homolytic cleavage of the C—S bond of E affords inter-
mediate F and releases PhSO,’, which upon treatment with HE
affords PhSO,H and radical G. The SET from G to *Ru" gives Ru!'
and cation H. Similarly, the treatment of F with Ru' provides
another radical anion | and regenerates the Ru" catalyst. The
elimination of C and CO, from | leads to radical J, and the in-
tramolecular cyclization of J produces alkenyl radical K. Finally,
the treatment of K with HE yields the desired target product
79 and releases another radical G.

2.4. Allylation

Allylation is an important chemical transformation in organic
synthesis, but it is a challenge to conduct a room temperature
decarboxylative allylation reaction. In 2014, Tunge and co-
workers developed a combined photoredox and palladium cat-
alyzed system to facilitate the room temperature decarboxyla-
tive allylation of amino alkanoic acids and esters
(Scheme 26).2Y They achieved the intramolecular decarboxyla-
tive allylations of phenylacetic and a-amino allyl esters 80 and
81, respectively, by the dual catalysis of Pd(PPh,), and Ir(p-
py),(bpy)BF, (Scheme 26a). Under similar reaction conditions,
the intermolecular allylation of para-amino-substituted phenyl
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R2 R?
oA
N N
R 80 Pd(PPhs)s (2.5 mol%) R!
) or Ir(Ppy)2(bPY)(BF4) (0.5 m0I%) g3 (43.57% yields)
@ o 0.10 M MeCN, argon, RT or
R%O/\/ white LED, 2 h R3 _
réNRS reNRS
81 83 (50-61% yields)
() /@Acom
R1
N Pd(PPhs), (2.5 mol%) N
R s ImbmIGR) OSmor) /©/\A
+ 0.10 M MeCN, argon, RT N
o) white LED, 2 h R!
Meo)]\o/\/ 86 (39-55% yields)

Scheme 26. Decarboxylative allylation of amino alkanoic esters and acids by
dual catalysis.

acetic acid 84 with allyl methyl carbonate (85) also generated
the desired allylation products 86 in comparable yields to
those obtained from the intramolecular process (Scheme 26b).
A radical dual catalysis mechanism has been proposed in
Tunge's research.

In 2015, the same group reported the decarboxylative allyla-
tion reactions of N-protected a-amino acid allyl esters 87 (in-
tramolecular process) and N-protected o-amino acids 88
with allyl methyl carbonate (85) (intramolecular process) by
using the dual catalyzed system of Pd(PPh;), and
Ir[dF(CF;)ppyl,(dtbbpy)PF, (Scheme 27).5°

(0]

H
PG N j)J\O/\/ ;
R N =
P
PG = protecting group ¢ \RK\/
o7 Pd(PPhs), (5 mol%) 89
Ir[dF (CF 3)ppy](dtbbpy)PF g (1 mol%)
or DMSO, argon, RT or
blue LED, 4-48 h R!
RUQ e N =
Boc’N OH + MeO)I\OM Boc 1/\/
R
88 85 90

Scheme 27. Decarboxylative allylation of N-protected a-amino esters and
acids by dual catalysis.

Also in 2015, Chen and co-workers designed an effective
method for photoredox carboxylative allylation reactions
(Scheme 28),%9 which could be applied to diverse carboxylic
acid derivatives including primary, secondary, tertiary, benzyl,
and oa-heteroatom-substituted carboxylic acids. Importantly,
the decarboxylative allylation reaction is completed within mi-

pe RUbR)(PFo);, DIPEA R2
O-NPhth HE, CH,Cl,, RT, argon -
R1_<o AN 468 nm LED LA
91 92 93

Scheme 28. Chemoselective decarboxylative allylation method for diverse
carboxylic acids.
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nutes with good chemoselectivity in both organic solvents and
neutral aqueous solutions.

2.5. Arylation

In past decades, great progress has been made in transition-
metal-catalyzed coupling reactions between aryl and olefinic
(sp>-hybridized) carbons in a selective and predictable manner
with high functional group tolerance. However, coupling reac-
tions that involving alkyl (sp>-hybridized) carbons have proven
more challenging.?” In 2014, MacMillan and co-workers devel-
oped the direct decarboxylative arylation of N-protected a-
amino acids 94 with arylnitriles 95 that contain electron-with-
drawing groups by using visible-light-mediated photoredox
catalysis (Scheme 29).5® The method provided rapid entry to

; )R\ CN MP‘E:Z(Y-BUI‘));F;PYE R R
mol -
RiN"Scom + [ — R
Boc P CsF, DMSO, RT Boc N_X
X 26 W CFL
94 95 96

radical-radical R

R CN
R! ) I YS coupling R! CN
Yo (o) . e
Boc i) Boc N\ X
A B

Scheme 29. Visible-light photoredox decarboxylative arylation of N-protect-
ed a-amino acids with arylnitriles.

prevalent benzylic amine architectures from readily available
a-amino acid precursors. The reaction initially underwent a visi-
ble-light-mediated photoredox reaction to form the two radi-
cals A and B, the composite structure of which is C. The re-
lease of the CN™ anion from C then yields the target product
96.

In the same year, Doyle and MacMillan cooperatively report-
ed the direct decarboxylative C,,;:—C,,. cross-coupling reactions
of amino acids 97, as well as a-O- or phenyl-substituted car-
boxylic acids, with aryl halides 98 by merging photoredox with
nickel catalysis (Scheme 30a).%’® This method significantly en-
larged the scope of arylation reagents and also allowed for the
preparation of products that contained electron-donating
groups on the aromatic ring. Very recently, Zhang and co-
workers performed a similar reaction with 1,2,3,5-tetrakis(car-
bazol-9-yl)-4,6-dicyanobenzene (4CzIPN) as the photocatalyst
(Scheme 30b).*® In addition, Oderinde, Johannes, and co-
workers reported a similar method (Scheme 30¢) and found
that oxygen serves an important role in the dual-catalyzed de-
carboxylative coupling.?? The mechanism, which is shown in
Scheme 31, undergoes a similar pathway to that depicted in
Scheme 21.

On the basis of the investigation above, MacMillan and Fu
have cooperatively developed an enantioselective decarboxyla-
tive arylation of a-amino acids by the combination of photore-
dox and nickel catalysis (Scheme 32).% This method has some
advantages including its mild and operationally simple reaction
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@ ‘< \‘/ 26 W CFL ~N \‘/
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\\QiCOOH X \ ‘ / visible light \\N \ ‘ /
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X=1,Br O
97 98 99
N
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O N N Q
K
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(© Br Ir[dF(CF3)ppyl,(dtbbpy)PFe
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E>—COOH Cs,CO;, DMF, 23 °C no via syringe N
N +
hoc degassed by product og \w CFL éoc Ac
freeze-pump-thaw 16h o i
97a 98a 26 W CFL, 4 h 99a (60% yield)

Scheme 30. Visible-light photoredox decarboxylative cross-coupling reaction
of amino acids with aryl halides by merging photoredox with nickel cataly-
sis.

\\\NB—COOH L \r\> A <y \ | )
Boc -;:EOT% Boc Boc R
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LoNi(ly~X
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Catalytic Cycle " >—ITI|(III)L,‘
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visible light Catalytic Cycle
PC LaNi(0) N A
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=
Ni(IhL,
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Scheme 31. Proposed mechanism for visible-light photoredox decarboxyla-
tive cross-coupling of amino acids with aryl halides (PC = photocatalyst).

conditions, its use of a wide variety of naturally abundant a-
amino acids 100 and readily available aryl halides 101, and its
ability to provide valuable chiral benzylic amines 102 with
high enantiomeric excess.

In the decarboxylative arylation above, aryl halides are used
as the arylating agents. However, aryl triflates and tosylates
can also be employed. Recently, Rueping and co-workers de-
veloped a visible-light photoredox decarboxylative arylation
that involved the reaction of N-arylglycines 103 with aryl tri-
flates 104 by using a combined photoredox and nickel catalyt-
ic system (Scheme 33).*Y A wide range of aryl triflates, mesy-
lates, and tosylates as well as alkenyl triflates afforded the cor-
responding products in good to excellent yields.
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Ir[dF(CF 3)ppy]2(dtbbpy)PF g (2 mol%) Ar
NiClyeglyme (2 mol%), (S,S)-L (2.2 mol%) R

TBAI, Cs,COy, blue LED
DMF/toluene, RT

NH-Boc

X=1,Br
100 101 102

Scheme 32. Visible-light photoredox enantioselective decarboxylative aryla-
tion of amino acids by merging photoredox with nickel catalysis (TBAI = te-
tra-n-butylammonium iodide).

Ir[dF(CF3)ppyl,(dtbbpy)PFg (1.5 mol%)

o Ni(OTf), (10 mol%) 2N
H _MeO- H A
N CO0H \|©\_R P(4-MeO-Ph)3 (22 mol%) RPN iR
“ Cs,CO03 (2 equiv), blue LEDs
103 104 MeCN, RT, 24 h 105

Scheme 33. Visible-light photoredox decarboxylative arylation of N-arylgly-
cines by merging photoredox with nickel catalysis (TfO = trifluoromethane-
sulfonate).

The late-stage modification of useful synthetic intermediates
and drug candidates has emerged as an important strategy in
contemporary drug discovery.*? In 2014, DiRocco and co-work-
ers developed a late-stage functionalization of biologically
active heterocycles by employing a visible-light photoredox
catalyzed reaction (Scheme 34)¥ They used stable organic

o
" Me [Ir(ppy)(dtbbpy)PF g (2 mol%) Me
)(i . SN ‘ N%H TFA/MeCN, 450 nm hv, RT M€~y I N%M
(a) ¢ / »—Me
me” o8 PN PN
Ve Me
106a 107 109 (52% yield)
NH NH
0 ( 0 O
o] -5 Ir[dF(CF3)ppyl2(dtbbpy)PF g (2 mol%) U5
® I o me * 0 TFA/MeCN, 450 nm hv, RT o
Me™ "0"" K A X
Et | |
Me N_ .~ N~
H
106b 108 110 (56% yield)
NH
.
o [Ir(ppy)2(dtbbpy)PF g (2 mol%) 0=%
© V)J\O’OW(A . 105 _TFAIMeCN. 450 nm hv, RT ~
o N~
106¢ 111 (86% yield)

Scheme 34. Visible-light photoredox late-stage functionalization of biologi-
cally active heterocycles.

peroxides 106a-106c to achieve the direct methyl-, ethyl-,
and cyclopropylation reactions of a variety of biologically
active heterocycles (such as 107 and 108) under visible-light
photoredox catalyzed conditions. The simple protocol, mild re-
action conditions, and unique tolerability of this method make
it an important tool for drug discovery.

Recently, our group developed the visible-light photoredox
coupling reaction of N-protected amino acids 112 with substi-
tuted 2-isocyanobiphenyls 113 at room temperature with the
assistance of the [Ru(bpy);ICl, photocatalyst (Scheme 35).¥
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PG-HN%OiNth . |- =|= K,COj (1.2 equiv)
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Me
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115 (72%)
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Scheme 35. Visible-light photoredox decarboxylative coupling of N-protect-
ed amino acids and peptides with substituted 2-isocyanobiphenyls
(Cbz =benzyloxycarbonyl).

The method provided the biologically and pharmaceutically
active phenanthridine derivatives 114 in good yields and was
successfully applied to the conjugation of phenanthridines
with peptides (such as 115 and 116). Importantly, the obtained
products have amino acid and peptide fragments, and upon
their deprotection, further modifications can provide diverse
molecules . Therefore, this finding paves the way for the future
synthesis of biological and pharmaceutical molecules that con-
tain amino acid and peptide fragments.

We proposed a possible mechanism for the coupling of N-
protected amino acids 112 with substituted 2-isocyanobiphen-
yls 113 (Scheme 36). The irradiation of Ru" with visible light

RCOO' M3 O O
D R B
co, E NN
. ]
PhthN
c /E_\ O O
H =N
.- Ru(l) o *Ru(ll) de
RCOONPhth visible light
° iPr NEt
(DIPEA)
iPr,NEt
RCOONPhth A
112 Ru(l)
c —
base H )=N
4 "
PhthNH
=N
R 114

Scheme 36. Proposed mechanism for visible-light photoredox decarboxyla-
tive coupling of N-protected amino acids with substituted 2-isocyanobi-
phenyls.

gives the excited state *Ru', and the photoexcited catalyst is
then reduced by DIPEA to yield Ru' and radical cation A. The
treatment of 112 with Ru' produces radical anion B and regen-
erates the Ru" catalyst, and subsequent elimination of the
phthalimide anion (C) provides carboxyl radical D. The follow-
ing release of CO, from D yields a-amino radical E, which un-
dergoes an addition to substituted 2-isocyanobiphenyl (113) to
afford imidoyl radical F. The intramolecular homolytic aromatic
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substitution of F provides radical intermediate G, which can
undergo an oxidation in the presence of A to yield cation H
and regenerate DIPEA. Finally, deprotonation of H in the pres-
ence of base and C leads to the target product 114.

Besides the visible-light photoredox decarboxylative aryla-
tion of carboxylic acids, the decarboxylative arylation of a-keto
acids has also been investigated by several groups. In 2015,
MacMillan and co-workers reported the visible-light-mediated
decarboxylative arylation of a-keto acids 117 with aryl halides
118 by using a photoredox and nickel dual catalytic system
(Scheme 37).%' The method provided an efficient route to the

IrfdF(Me)ppy](dtbbpy)PF g

R' © “ 4<—=Y NiCl,+dtobpy R}‘/_<7=Y
don " \ |_/> Li,COy, RT d N\ ‘_/)
R 34 W blue LED R2
X=1,Br
Y=CH,N
17 118 119

Scheme 37. Visible-light photoredox decarboxylative arylation of a-keto
acids with aryl halides by merging photoredox with nickel catalysis.

synthesis of aryl and alkyl ketones from simple a-keto acid pre-
cursors and had a wide substrate scope and functional group
tolerance. The mechanism (Scheme 38) shows that the reaction
undergoes a similar pathway to that depicted in Scheme 21.

1
R" O R R v
" o/> -
O QH _.co, A o \|/
117>SH< 19 R
LaNi(l)—X X
(i) (il " | S-Rr?
R! 7
Photoredox »—Ni(lllL,
Catalytic Cycle (0] )'( c

Nickel

visible light Catalytic Cycle

Ir(liTy L,Ni(0)

X
| R
=
=Y, Ni(I)L,
Sl

Scheme 38. Proposed mechanism for visible-light photoredox decarboxyla-
tive arylation of a-keto acids with aryl halides.

In the same year, Shang and Fu developed the decarboxyla-
tive arylation of a-keto carboxylates 120 and 121 with aryl hal-
ides 118 at room temperature by using a merged photoredox
and palladium catalytic system. A variety of aromatic and het-
eroaromatic ketones 122 and amides 123 were prepared in
good yields with excellent functional group compatibility
(Scheme 39). The mechanistic investigations show evidence of
a photoredox cycle for an iridium-catalyzed radical decarboxy-
lation reaction combined with a Pd’-Pd"-Pd" catalytic cycle, in
which the Pd" intermediate oxidizes Ir' to link the two
cycles.d

Meanwhile, Wang and Li reported on the decarboxylative
ortho-acylation of acetanilides 124 with o-keto carboxylic acids
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Ir{dF(Me)ppy],(dtbbpy)PFg
[PA(PhCN),Cly}/Nixantphos
or [Pda(dba)s]

NaOAc or K,HPO,
DMF or DMA, RT
36 W blue LED, 20 h

R!

Ar
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379

Ir[dF(Me)ppy](dtobpy)PF
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X=1B DMF or DMA, RT Ar
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Scheme 39. Visible-light photoredox decarboxylative arylation of a-keto car-
boxylates with aryl halides by merging photoredox with palladium catalysis
(Xantphos =4,5-bis(diphenylphosphino)-9,9-dimethylxanthene, dba = diben-
zylideneacetone, DMA = N,N-dimethylacetamide).

125 at room temperature by using an eosin Y and Pd dual cat-
alytic system (Scheme 40a)."’® The method exhibited a broad
substrate scope and good functional group tolerance, and an
array of ortho-substituted acylacetanilides were prepared in
high yields under mild conditions. Subsequently, the same

2
R R2
HN" Yo Pd(OAC); (5 mol%) ™ ’J*o
3 i 0,
ol N . R o] Eosin Y (3 mol%) I o
@ = o OH 3 W green LED R R3
0,, PhCI, RT 7
124 125 126
IcL
R
No A
Z N
/‘_ 2 R |
N, A R PA(TFA), (5 mol%) S Ar
RN A, O 129 (2 mol%) i
(b) S or + )—4 —_— or
o) Z o OH 1.5 W blue LED o /@
U R DCE, RT, air L LR2
. LIPEN 128 PG FEN
Rz | R |
X X Ar
127
o)

Scheme 40. Visible-light photoredox decarboxylative ortho-acylation of ace-
tanilides as well as azo- and azoxybenzenes.

group described another decarboxylative ortho-acylation of
azo- and azoxybenzenes 127 by using a combination of palla-
dium catalysis and visible-light photoredox catalysis in the
presence of organic catalyst 129 at room temperature under
1.5 W of blue LED irradiation (Scheme 40b).*"’

2.6. Alkylation

In comparison to related procedures that involve sp*hybrid-
ized carbon species, the development of transition-metal-cata-
lyzed methods for C,;—C,,: bond formation has been hindered
historically by deleterious side reactions, such as B-hydride
elimination with palladium catalysis and the reluctance of alkyl
halides to undergo oxidative addition reactions.”®*’ Recently,
MacMillan and co-workers described the visible-light-mediated
decarboxylative alkylation of carboxylic acid 131 with alkyl hal-
ides 132 by using a photoredox and nickel dual catalytic
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“Ir(lny Photoredox Ir(ll)
Catalytic 0 A
Cycle LoNi
K SET Br Nickel
visible light - Catalytic
Ir(li Cycle <\_B— NilL,
LNi—Br ¢ e
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Scheme 41. Visible-light photoredox decarboxylative alkylation of carboxylic
acids.

system (Scheme 41a)*” The metallaphotoredox method is
suitable for many primary and secondary carboxylic acids. The
mechanism, which is shown in Scheme 41b, shows that the re-
action undergoes a similar pathway to that depicted in
Scheme 21.

3. Formation of C—Y (Y =Heteroatom) Bonds

The visible-light photoredox decarboxylative formation of C—Y
(Y =heteroatom) bonds is described and includes the forma-
tion of C—H, C—N, C-S, C-Se, and C—F bonds.

3.1. Formation of C—H bonds

Although recently there have been great advances in visible-
light decarboxylative coupling methods, the hydrodecarboxyla-
tion of carboxylic acids has been omitted. In 2014, Wallentin
and co-workers reported a decarboxylative reduction of car-
boxylic acids 134 by using an acridinium (Acr) photoredox cat-
alyst (PC=Mes-Acr-Me"BF,”, Mes=24,6-trimethylphenyl) in
combination with bis(4-chlorophenyl)disulfide (DDDS) under
visible-light irradiation (Scheme 42).*” The method provided

R X PC (1 mol%), DDDS (10 mol%)
2,6-lutidine (20 mol%
COOH { ) R X
DCE, blue LEDs, 14 h, RT i)
134 135

R = alkyl, benzyl, phenyl
X =NHPG, OH, H, OMe
PG = protecting group

Mes-Acr-Me*BF 4

Scheme 42. Visible-light photoredox decarboxylative reduction of carboxylic
acids.
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direct and easy access to hydrocarbons that contain alcohol or
ether functional groups as well as biologically relevant enan-
tioenriched amines.

The authors proposed a possible mechanism for the visible-
light photoredox decarboxylative reduction of carboxylic acids
(Scheme 43). The deprotonation of carboxylic acid 134 gives

R__X
R._X Y €% g _x
T coo’
coo 8 c
A SET

R YX
H
PC"  As'p 135
pC Photoredox

Catalytic w
Cycle

134

Scheme 43. Proposed mechanism of visible-light photoredox decarboxyla-
tive reduction of carboxylic acids.

the carboxylate of A. The photoexcitation of the catalyst (PC=
Mes-Acr-Me*BF,") affords PC*, and then the single-electron ox-
idation of A by PC* results in the formation of an acyloxyl radi-
cal B and PC’, which rapidly rearranges to form carbon dioxide
and carbon-centered radical C. Meanwhile, a photoinduced S—
S bond homolysis forms arylthiyl radical D, and the SET from
Mes-Acr-Me’ to D gives ArS™ and regenerates the Mes-Acr-Me
photocatalyst. A proton transfer from carboxylic acid 134 to
ArS™ forms thiophenol F, and treatment of ArSH with C pro-
vides the target product 135.

In 2015, Nicewicz and co-workers developed the direct cata-
lytic hydrodecarboxylation of primary, secondary, and tertiary
carboxylic acids 136 by using an organic photoredox catalytic
process (Scheme 44a).®" The catalytic system consisted of a Fu-
kuzumi acridinium (PC=Mes-Arc-Ph"BF,”) photooxidant in the
presence of phenyldisulfide as a redox-active cocatalyst. The
use of trifluoroethanol (TFE) as the solvent allowed for signifi-
cant improvements in substrate compatibilities. The method

PC (5 mol%), (PhS), (10 mol%)

@ R'YCOOH iPraNEt (20 mol%) R1_H
R? RS ReT
450 nm LEDs, TFE (0.5 M) R
136 137

PC (7.5 mol%), (PhS), (15 mol%)

HOOC.__COOH KOtBu (1 equi
(b) x 4 (1 equv) A
R' R? 450 nm LEDs, TFE (0.5 M) R
138 139

ph BFs
Mes-Acr-Ph*BF 4~

Scheme 44. Visible-light photoredox decarboxylative reduction of carboxylic
acids and malonic acids.
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was also applied to the direct double decarboxylation of ma-
lonic acids 138 (Scheme 44 b).

3.2. Formation of C—N Bonds

Nitrogen-containing compounds are widely found in natural
products and biologically active molecules, so it is highly desir-
able to develop efficient methods for the formation of C—N
bonds under mild reaction conditions. In 2014, Sanford and
co-workers reported a mild photocatalytic method for the de-
carboxylative C—H amination of arene and heteroarene sub-
strates 140 (Scheme 45). In this work, trifluoromethylacylox-

Ir(ppy)3 (5 mol%)
PhthN, O \eCN, RT, 24 h
o MeeNRLID

CF3 visible light
140 141 142

Ar—H + PhthN—-Ar

Scheme 45. Visible-light photoredox decarboxylative C—H amination reac-
tion.

yphthalimide (141) was used as the precursor to the nitrogen-
based radical intermediates that are formed in these transfor-
mations.®? In general, arenes that contained electron-with-
drawing substituents afforded lower yields than those with
electron-donating groups, and the reaction displayed high re-
activity and selectivity for the aminiation of an arene C—H
bond.

A proposed catalytic cycle for the decarboxylative C—H ami-
nation is shown in Scheme 46. Photoexcitation of Ir(ppy);

*Ir(ppy)s

visible light O
141

Ir
(PPY)3 CF4C00

+  NthPh + O
R— H SET

c Ir(ppy)s” A b (PhthN)

o
cacooiv CF4COOH -/
' e . NthPh e
R R M o
=
140
142 B

Scheme 46. Proposed mechanism for visible-light photoredox decarboxyla-
tive C—H amination.

yields Ir(ppy);*, and a SET from Ir(ppy);* to 141 leads to frag-
mentation of N-acyloxyphthalimide 141 to provide the nitro-
gen-centered phthalimidyl radical A (PhthN’), the trifluoroace-
tate anion, and Ir(ppy); *. The addition of A to arene 140 gives
neutral radical intermediate B, which is oxidized by Ir(ppy);* to
afford cation C and regenerate the Ir(ppy); photocatalyst. The
departure of a proton from C in the presence of the trifluoroa-
cetate anion provides aminated product 142 and trifluoroace-
tic acid.
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In 2013, Lei, Lan, and co-workers described an efficient
method for visible-light photoredox decarboxylative and oxida-
tive coupling reactions of a-keto acids 143 and primary
amines 144 with the assistance of the [Ru(phen),]Cl, photoca-
talyst (Scheme 47a)."¥ The method exhibits good tolerance of

o o
[Ru(phen);]Cl, (1 mol%)
@ R‘”ﬁro"' oo e TR R
) DMSO, 0, 32 °C N
143 144 25 W CFL, 36 h 145
o o
photocatalyst free
® RJKWOH . HN-R? b R
dioxane/H,0, O, RT [
o 23 W CFL, 48 h
143 144 145
2
© o R‘IN 0,
RHHfOH +  HN-R2 -H:0 R1JﬁfOH lvisible
light
o o
143 144 A '0,
HO,
R?
180 R2 18, 2 .
. E +H,'%0 R~IN -Co, R1uﬁfo
P RE — i
RN Ron O\ R1J. I
145 D H0,  HO, ¢ B

Scheme 47. Visible-light photoredox decarboxylation/oxidative coupling of
a-keto acids and amines.

various functional groups and provides an efficient approach
to aerobic oxidative decarboxylation. Recently, Xu and co-
workers reported a catalyst-free strategy for a singlet oxygen
promoted decarboxylative amidation by using similar sub-
strates (Scheme 47b).*¥ This method has some advantages
such as the avoidance of metal catalysts and its high levels of
functional group tolerance. In addition, the reaction could be
scaled up and showed high chemoselectivity. A possible path-
way for this decarboxylative amidation process is proposed in
Scheme 47 c. The treatment of a-keto acid 143 with primary
amine 144 leads to a condensation reactions that proceeds
through the corresponding hemiaminal to give a-iminoacids
A. Singlet oxygen, which is generated from oxygen under irra-
diation with visible light, abstracts an electron from A to yield
radical B, and the decarboxylation of B delivers N-arylimidoyl
radical C. The reaction with '®O-labeled water (H,'®0) gives
enol compound D, and tautomerization of D affords amide
145. The mechanism shows that singlet oxygen, generated
from oxygen under irradiation, was the key promoter for this
catalyst-free transformation.

3.3. Formation of C—S and C—Se Bonds

Aryl sulfides and selenides are important building blocks in or-
ganic chemistry, materials science, and the pharmaceutical in-
dustry. In 1984, Barton and co-workers reported a visible-light
decarboxylation for thiohydroxamic-carboxylic mixed anhy-
drides 146 with disulfides 147 or diselenides 148 to give sul-
fides 149 or selenides 150 in reasonable to good yields
(Scheme 48).74 The reactions proceeded well at 35-120°C
under nitrogen. In addition, Procopiou’s group realized the for-
mation of C=S bonds by using Barton’s thiohydroxamate
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= ArSSAr RSAr
Q 147 visible light 149
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Scheme 48. Visible-light decarboxylative coupling of thiohydroxamic-carbox-
ylic mixed anhydrides with disulphides or diselenides.

esters under the irradiation of two 200 W tungsten filament
light bulbs at 0°C.5

In 2016, Glorius and co-workers reported a method for the
visible-light-induced decarboxylative di- and trifluoromethylth-
iolation of normal alkyl carboxylic acids (Scheme 49).°¢ As alkyl

o Ir[dF(CF3)ppy],(dtbbpy)PF g (2 mol%)
o or PC (5 mol%,
CsOBz (0.2 equiv), 153 or 154 (2 equiv) 1_
RJ\OH + N-SCF3 RI-SCFs
CgHsF, blue LEDs, 4 h
151 o) 152 155
g A dscopemrrere,
sOBz (0.2 equiv), or equiv, 1
R1J\OH + N-SCF,H RI-SCRH
CgHsF, blue LEDs, 14 h
151 o) 156 157

Scheme 49. Visible-light photoredox decarboxylative di- and trifluorome-
thylthiolation of alkyl carboxylic acids.

SCF,H and SCF; compounds are biologically relevant, the de-
velopment of an inexpensive and efficient approach to synthe-
size them is of great significance. In this report, both
Ir[dF(CF;)ppyl,(dtbbpy)PFs and 9-mesityl-10-methylacridinium
perchlorate (the organic dye PC) were effectively used in the
decarboxylative di- and trifluoromethylthiolation of diverse
alkyl carboxylic acids that contain various functional groups. To
suppress the bis(trifluoromethylthiolation) process to form by-
products, either mesitylene (153) or methyl 3-toluate (154)
was added to the system as a sacrificial hydrogen atom donor
to avoid hydrogen atom abstraction from the products by the
intermediate phthalimidyl radical.

Recently, our group developed the visible-light photoredox
arylthiation of N-(acyloxy)phthalimides 158 with aryl thiols
159, and the acids employed to make 158 included common
organic carboxylic acids, various amino acids, and a tripeptide.
The reaction proceeded well at room temperature with good
tolerance of various functional groups (Scheme 50).” Impor-

0 DS s

T newn HS_@ _CsCOs(15equiv) oy @Rz
R" "O — DMF, argon, RT Z

158 159 40 W CFL, 0.5-48 h 160

Scheme 50. Visible-light photoredox decarboxylative arylthiation.

tantly, the visible-light photoredox decarboxylative arylthiation
process did not need a photocatalyst to proceed. Therefore,
the economical, environmentally friendly, and practical method
provided a unique strategy to synthesize aryl sulfides.

A possible mechanism for this visible-light photoredox de-
carboxylative arylthiation is proposed in Scheme 51. The two
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Scheme 51. Proposed mechanism for visible-light photoredox decarboxyla-
tive arylthiation.

resonance structures 158 and A occur in the solution, and the
complexation of A with Cs,CO; gives complex B. The irradia-
tion of B as a photosensitizer under visible light provides excit-
ed state B*, and a single-electron transfer from ArS™ to the
phthalimide moiety of B* delivers the two radicals, C and ArS’,
in which the dimerization of ArS' forms a diaryl disulfide. The
elimination of the phthalimide anion D from C affords carboxyl
radical E, and upon the release of CO,, E yields radical F. The
reaction of F with diaryl disulfide affords the target product
160.

In 1993, Okada, Oda and co-workers established the visible-
light photoredox decarboxylative phenylselenenylation of
N-(acyloxy)phthalimides 161 with Ru(bpy);Cl, as the catalyst
and 1-benzyl-1,4-dihydronicotinamide as the reductant
(Scheme 52).5¥ This photoredox decarboxylative phenylselene-
nylation method affords some opportunities for the synthesis
of high-value chemicals.

Ru(bpy);Cl; (1 mol%)

o]
BNAH (1 equiv;
R)J\O,Nthh +  PhSeSePh (1 equiv)

161 162

RSePh

THF/H,0, argon, RT 163

500 W Xenon lamp, 1 h

Scheme 52. Visible-light photoredox decarboxylative phenylselenenylation
of N-(acyloxy)phthalimides.

Selenoamino acids are important building blocks in the syn-
thesis of selenoproteins. Recently, we developed an efficient
visible-light photoredox synthesis of chiral a-selenoamino
acids with the assistance of the [Ru(bpy);ICl, photocatalyst, in
which the N-(acyloxy)phthalimide derivatives 164 of two ge-
netically coded proteinogenic amino acids, L-aspartic acid and
glutamic acid, were used as visible-light photoredox chiral
sources and radical precusors along with diorganyl diselenides
165 as radical acceptors to prepare diverse chiral a-selenoami-
no acid derivatives in good yields at room temperature
(Scheme 53).5¥ Furthermore, we investigated the decarboxyla-
tive coupling of N-protected dipeptide active ester by using di-
phenyl diselenide to give the corresponding selenodipeptide
in good yield. Importantly, the configurations of the precursors,
L-aspartic acid and glutamic acid, were maintained as the de-
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(
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Scheme 53. Visible-light photoredox decarboxylative synthesis of a-selenoa-
mino acid derivatives.

carboxylative couplings occurred at the f-carbon of L-aspartic
acid and the vy-carbon of L-glutamic acid. Therefore, the
method afforded a useful strategy for the synthesis of other
unnatural chiral a-amino acids that have biological and phar-
maceutical activity.

We proposed a plausible mechanism for the visible-light
photoredox synthesis of chiral a-selenoamino acids as shown
in Scheme 54. The irradiation of Ru" with visible light yields ex-

EtO,C CO,Et .
Et0,C COEt J\/I or (Pr);NEt
| or (PONEt  Me” N” “Me A
Me” "N “Me Hp
H A
HE
o]
(Boc)zN\:)J\OMe
“Rull) Ru(l) 0O
O. f
64 N
e}
visible light . o
(Boc),N
Ru(ll) 2 \)J\OMe
(\1%0 -
RSeSeR
(Boc)zN\)k 165
B N
(i\% OMe (Boc),l \)I\OMe‘f
SeR (z )n
166 SeR
E A\
N + CO,
A+ C HSeR
F c o
[¢]
EtO,C._~_COEt
Me”™ "N” "Me

G

H O

Scheme 54. Proposed mechanism for visible-light photoredox decarboxyla-
tive synthesis of a-selenoamino acid derivatives.

cited state *Ru", which is reduced by HE or DIPEA to give Ru'
iand radical cations A or A’. The treatment of 164 with Ru' af-
fords radical anion B and regenerates the Ru' catalyst. The
elimination of phthalimide anion C and carbon dioxide from B
provides radical D, which upon treatment with diorganyl dise-
lenide 165 yields the target product 166 and releases seleno
radical E. The combination of A, C, and E gives selenophene F
and byproducts G and H.

3.4. Formation of C—F Bonds

Fluorinated compounds play an important role in the pharma-
ceutical and agrochemical sectors, and thus it is highly desira-
ble to develop synthetic methods for the incorporation of fluo-
rine. In 2014, Sammis, Paquin, and co-workers developed the
first example of a photoredox catalytic method for the forma-
tion of C—F bonds (Scheme 55).°” The protocol used aryloxy-
383

Asian J. Org. Chem. 2017, 6, 368 - 385 www.AsianJOC.org

ASIAN JOURNAL
OF ORGANIC CHEMISTRY
Focus Review

Selectfluor (3.5 equiv)
o) NaOH (1.5 equiv)
~ O\)J\OH MeCN/H,0 (1:1) R—‘\ O _F
L N
168

167

Ru(bpy)3Cl, (1 mol%,
hv (450 nm)

A e
[/NJ 2BF,

E
Selectfluor

Scheme 55. Visible-light photoredox decarboxylative fluorination of aryloxy-
acetic acid derivatives.

acetic acid derivatives 167 as the substrates, Selectfluor [1-
chloromethyl-4-fluoro-1,4-diazoniabicylco[2.2.2]octane  bis(te-
trafluoroborate)] as the fluorinating agent, and 1 mol% of
Ru(bpy);Cl, as the photocatalyst under the irradiation of visible
light (=450 nm). The mild reaction conditions and use of visi-
ble light made this method a practical improvement over pre-
viously developed UV-mediated decarboxylative fluorinations.
In 2015, MacMillan and co-workers described the decarboxy-
lative fluorination of aliphatic carboxylic acids 169 in the pres-
ence of Selectfluor under photoredox catalysis (Scheme 56)."

Selectfluor (3.5 equiv)
Na HPO, (2.0 equiv)
MeCN/H,0 (1:1)

0
RN

OH R-F
169 IdF(CF3)ppyla(dtbbpy)PFs 479
or Ru(bpy)3Cl, (1 mol%)

34 W blue LEDs

23°C,6-15h

Scheme 56. Visible-light photoredox decarboxylative fluorination of carbox-
ylic acids.

This method had some advantages including its simple opera-
tion, redox-neutral fluorination, and high efficiency. Important-
ly, the protocol for this photoredox fluorination used readily
available carboxylic acids as the substrates.

The mechanism for the visible-light-mediated photoredox
decarboxylative fluorination above is proposed in Scheme 57.
Irradiation of the heteroleptic iridium(lll) photocatalyst with
visible light leads to the formation of the long-lived excited
state *Ir", which undergoes an oxidative quenching to give Ir".

/\CI
A‘ /el
LN \
c /\CI
N
/+
D
. Ir(1IV)
1r(lity ( . -
A 17o
H
visible light -CO,
(D)
R OH

169

Scheme 57. Proposed mechanism for the visible-light photoredox decarbox-
ylative fluorination of carboxylic acids.
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Meanwhile, the SET of alkyl carboxylate 169 to Ir" yields radical
A upon the release of CO, and regenerates the Ir'" photocata-
lyst. The treatment of A with Selectfluor provides the target
product 170 and releases radical cation B, and a SET of *Ir'" to
B affords cation C.

In the same year, Ye and co-workers described an efficient,
green method for the decarboxylative fluorination of aliphatic
carboxylic acids 169 with Selectfluor in aqueous solution by
using an organic dye (i.e., Mes-Acr-Me“ClO,") as the photo-
catalyst to afford monofluoroalkanes, aryl monofluoroalkyl
ethers, and fluoroesters in good to excellent yields
(Scheme 58).%” The low cost of the safe fluorine reagent, the
readily available organic photocatalyst, and very mild experi-
ment conditions made this transition-metal-free, photocatalytic
radical fluorination useful.

Selectfluor (2.0 equiv)

o] Cs,CO3 (1.0 equiv)
e MeCN/H,0 (1:1)
R OH — R-F
169 Mes-Acr-Me*CIO4™ (5 mol%) 479

23 WCFL, RT, N,

Scheme 58. Visible-light photoredox decarboxylative fluorination of carbox-
ylic acids by organic dye.

The proposed reaction mechanism for the visible-light-medi-
ated photoredox decarboxylative fluorination with organic dye
is shown in Scheme 59. The irradiation of the photocatalytic

A‘ e
o " RN [/"1\7 —— R-F
A
RJ\OH co, N F 170
169 \
e
pc In
pC* N
B
visible light (1 ~cl
PC N*
InJ

PC = Mes-Acr-Me*CIO4 c

Scheme 59. Proposed mechanism for visible-light photoredox decarboxyla-
tive fluorination of carboxylic acids.

organic dye (Mes-Acr-Me*ClO,”) with visible light yields the
excited state PC*, and the decarboxylation of carboxylic acid
169 under the assistance of PC* provides radical A and PC™.
The treatment of A with Selectfluor gives the target product
170 and releases radical cation B. The SET from PC™" to B re-
generates PC and gives cation C.

4. Conclusions

In this review, recent developments in visible-light photoredox
decarboxylative coupling reactions have been summarized.
The methods that are presented are characterized by a wide
substrate scope, mild reaction conditions, and high efficiency
and practicability. Although great advances have been ach-
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ieved, this field still has some existing challenges, such as the
development of inexpensive photocatalysts, the selective acti-
vation of inert C—H bonds, asymmetric synthetic strategies,
and more applications to achieve total syntheses of a variety
of natural products. In this regard, we anticipate that the prob-
lems will be resolved with the development of highly efficient
catalysts, especially dual catalytic strategies such as the combi-
nation of photoredox with transition-metal catalysis, hydrogen-
bonding catalysis, or organocatalysis. We believe that the ap-
plication of visible-light photoredox decarboxylative couplings
is still an active area of research, and additional methods will
be discovered in the future. It should be noted that examples
of other visible-light photoredox decarboxylative coupling re-
actions do exist, and any omission regarding this broad topic
is unintentional.
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