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Constructing Heterocycles by Visible Light Photocatalysis
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Abstract: Heterocycles are widely spread in natural products and in many bioactive com-
pounds, as well as in a variety of fine chemicals. Synthesis through catalysis is always an
advantageous strategy and today it is difficult to consider an approach to a target molecule
without the inclusion of a catalytic step. Moreover, it is indeed almost a required characteris-
tic for all the synthetic transformations in line with the principles of green chemistry and sus-
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Chemical transformations via visible light photocatalysis are emerging strategies that meet
the increasing demand for more sustainable chemical processes. Up to date, several visible
DOl light approaches have been successfully applied to various organic transformations. Moreo-
ver, potential advantages are envisaged in this highly active new field.

Roberto A. Rossi

This review gives a brief overview of methods based on visible-light photoredox catalysis that have been devel-
oped for the synthesis of heterocycles using transition metal catalysts and organic catalysts. Only works in which
at least one heterocycle is constructed are included, leaving the vast area of functionalization of heterocycles for

other reviews.
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1. INTRODUCTION

The synthesis of heterocycles has considerably expanded be-
cause of the pharmacological, agricultural, and industrial impor-
tance of most heterocyclic compounds. The contribution of hetero-
cyclic chemistry to several areas is unquestionable. Heterocycles
are the basic moieties of many natural organic compounds; they are
widely used in industrial chemistry, such as in agrochemicals, col-
orants, plastics, perfumes and antioxidants. Moreover, heterocycles
compounds have many pharmacological activities. In the Compre-
hensive Medicinal Chemistry database, more than 67% of the com-
pounds listed contain heterocyclic rings [1]. A large number of
combinations of carbon, hydrogen and heteroatoms can be de-
signed, thereby providing compounds with the most diverse physi-
cal, chemical and biological properties. Approximately 70% of all
agrochemicals that have been introduced into the market within the
last 20 years bear, at least, one heterocyclic ring [2]. Because of
this, the synthesis of heterocycles is of remarkable value, leading to
a growing interest in new and more effective methods.

Synthesis through catalysis is always an advantageous strategy
and today it is difficult to consider an approach to a target molecule
without the inclusion of a catalytic step. Moreover, it is actually
almost a required characteristic for any synthetic transformation in
line with the principles of green chemistry and sustainable proc-
esses. This last characteristic is particularly important, not only in
organic chemistry, but also in terms of a broad social acceptance of
chemical transformations at an industrial scale.
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Likewise, the processes promoted by visible light are important
in response to the energy problem facing humanity, and its use is
encouraged not only in chemistry but in all fields of science in or-
der to arrive at an ideal source of energy: the sun. In particular, the
synthesis via visible light photocatalysis is one of the emerging
strategies to meet the increasing demand for more sustainable
chemical processes. Access to electronically excited organic mole-
cules using visible light suggests a much wider diversity of reac-
tions than processes traditionally conducted with high-energy UV
light. In addition, we could expect more operationally accessible
and tolerant methods to access complex functionality using visible
light photocatalysts.

Based on the stronger reduction or oxidation capability of the
excited state than that of the corresponding ground state, photo-
catalyzed electron transfer (ET) is one of the most used photocata-
lysis. The mechanism of a photoredox catalysis (PRC) starts with
irradiation of a photocatalyst (PCn) to produce an excited state
(PCn)*, which can be either reduced (Scheme 1, Path A) or oxi-
dized (Scheme 1, Path B) by single electron transfer (SET). The
terms ‘reductive quenching’ and ‘oxidative quenching’ are used to
describe the two distinctive pathways. Thus, the reductive quencher
or electron donor (ED) reduces the excited-state catalyst to the
corresponding low-oxidation state species, while the oxidative
quencher or electron acceptor (EA) oxidizes the excited state cata-
lyst to the corresponding high oxidation state species. Radical ion
intermediates (ED™ and EA”) are formed from a SET step through
either oxidative quenching or reductive quenching. Significantly,
most radical ions subsequently undergo a second chemical step to
be transformed into either radicals or ions, serving as the real key
reactive species to react with other molecules. However, some radi-
cal ions still remain as key species directly participating in some
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chemical reactions. Overall, photoredox catalytic reactions typically
involve a radical ion, a radical or an ion as the key reactive inter-
mediate. Independently if oxidative or reductive quenching is tak-
ing place, a pair of radical ions (anion and cation) is produced and
the final product could be the same. Moreover, in several cases the
real mechanism is unclear due to the poor thermodynamic and ki-
netic information of the elementary steps involved.

ED EA

EA -

B pCrtl

ED

EA. EDT

ED= electron donor EA= electron acceptor

PC= photocatalyst EQ= energy quencher

Scheme 1. Three types of catalytic cycles involved in visible-light-promoted
photocatalytic processes. A) Reductive quenching. B) Oxidative quenching.
C) Energy transfer.

In addition, the photoexcited states of photocatalysts can serve
as energy donors, activating organic substrates through an energy
transfer process (Scheme 1, Path C). This strategy, although less
explored, could open the possibility for obtaining different products
not accessible through a PRC. Although energy transfer photocata-
lysis (EP) is mechanistically less complicated, a successful trans-
formation is usually more difficult due to competing process such
as ET.

For almost the last decade, photoredox catalysis has received
much attention from the organic synthetic community since the
independent seminal reports from the MacMillan’s, Yoon’s, and
Stephenson’s groups. Up to date, this approach has been success-
fully applied to various organic transformations, including aza-
Henry reactions, asymmetric alkylations, cycloadditions, Diels-
Alder reactions, reductive dehalogenations, oxidations, among oth-
ers [3-9]. Moreover, potential advantages are envisaged in this
highly active new field.

Among the photocatalysts used, two groups could be defined:
complex of transition metals (Ru, Ir, etc) and pure organic dyes.
Reactions promoted by Ru-based photocatalysts can be considered
as significant for development of visible light photocatalysis. Many
years before the development of this field, the photophysical and
photochemical properties of tris(bipyridine)ruthenium(Il) chloride
was studied in detail and some examples showed that these proper-
ties were suitable for photocatalysis, namely long life time of ex-
cited state and high photo stability. Seminal works using this Ru
catalyst aroused synthetic interest, allowing useful synthesis by
visible light photocatalysis [6]. Therefore, it is not surprising that
most of the following examples use Ru and Ir complexes to produce
various chemical transformations. However, similar to what hap-
pens in other catalysis, the cost and potential toxicity of transition
metal direct the attention to dyes as photocatalysts. Underestimated
in the first years of development, organic photocatalysts has shown
to be a good alternative in many reactions driven by metals com-
plexes [7, 8]. In general, organic photocatalysts have less photosta-
bility and a shorter life-time of the excited state than metal photo-
catalysts. Consequently, higher catalyst loading and longer reaction
times are usually required. However, most organic dyes are cheaper
and much more available than metal ones. In addition, little effort
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has been put in the development of organic photocatalysts with
enhanced properties. If we compare the effort devoted to metal-
based catalysts, we can expect a higher performance of organic
dyes, when more development appears in the context of visible light
photocatalysis. As part of the previous comparison, it is important
to note that many studies that claim a better performance of metal
complexes compare optimized with not optimized conditions and
usually put no effort into the screening of organic dyes.

In this review, we will describe the synthesis of the heterocyclic
moiety by visible light photocatalysis. We include works in which
at least one heterocycle is formed, leaving the vast area of function-
alization of heterocycles for a comprehensive review. The synthesis
has been organized in terms of the type of catalyst used: 1) transi-
tion metal catalysts and 2) organic (transition metal-free) catalysts.
Each section is divided into intramolecular and intermolecular
processes from simpler to more complex synthetic strategies.

2. TRANSITION METAL CATALYST

Photoredox catalysis by a well-known method, and ruthe-
nium(ll) and iridium(l11) polypyridine complexes, has become a
powerful tool for redox reactions in synthetic organic chemistry,
since they can effectively catalyze SET processes by irradiation
with visible light. Remarkably, since 2008, this photocatalytic sys-
tem has gained importance in radical reactions for being not only a
useful and selective protocol but also for adhering to the principles
of green chemistry [9].

2.1. Intramolecular Processes

The ability of photoredox catalysts to reduce chemoselectively
suitable activated carbon-halogen bonds under mild conditions and
irradiation by visible light represents in advance in the both fields:
free radical and photochemistry applied to organic synthesis. Fur-
thermore, the use of visible light to induce these reactions is of
particular significance for the more environmentally conscious
chemical community, since it allows for the generation of free radi-
cals without using highly toxic, environmentally hazardous or ex-
plosive reagents (alkyl stannanes, boranes, AIBN, etc) and avoid-
ance of specialized and expensive reaction equipment. Progress
made in the application of visible light photoredox catalysts in a
free radical reaction includes cyclization onto unactivated =-
systems.

Photoactive metal-catalysts, M", undergo a visible light induced
excitation to afford an excited state, M™ (Scheme 2). This excited
state can then be reductively quenched by a sacrificial electron
source (in general trialkyl amines are particularly effective in this
regard) to afford a powerful single electron reductant M™* (Scheme
2, Path A). The species M™* has a reduction potential higher
enough to reduce alkyl halides 1 and afford radical 2 and regenerate
the photoactive catalysts M™. Alternatively, depending on redox
potential of photocatalysts and RX, radical 2 could be generated
from 1 by oxidative quenching (Scheme 2, Path B). In this case, the
excited state M™ reacts directly with RX to afford radical 2 and
M™!, Both strategies (reductive or oxidative quenching) lead to the
formation of the same reactive intermediate 2, they could also be
used for constructing several heterocyclic in intermolecular ap-
proaches (see section 2.2).

Then, the alkyl radical can be trapped by the double (or triple)
bond in an exo (or endo not drawn in Scheme 2) ring closure mode
to give radical 3, which, depending on reaction conditions, can take
two different pathways. In the presence of sacrificial reducing
agent, heterocycle 4 could be obtained and the overall process gives
the addition-reduction product. On the other hand, oxidation of
radical 3 followed by deprotonation gives the corresponding substi-
tution product 6. In this case, extra sacrificial donor is not needed
(neutral reactions) and radical 3 is used as an electron donor form-
ing cation 5.
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Scheme 2. Synthesis of heterocycles from RX (reductive and oxidative quenching).
Another general procedure for heterocyclic synthesis involves
the cyclization of substrate 7, in an intramolecular homolytic aro- Ru(bpy)sCly
matic substitution or HAS (Scheme 3). i PerEt DME
NA CFL (14 W)
hv H ‘ CO,Me
\(\Z m \l\ . MeO,C CO,Me
12 0
ET. X~ 7 m 27 m 13, 60%
7 0 Scheme 4. Synthesis of indole dicarboxylate 13.
8
Both six- and five-membered fused rings are possible, although
five-member rings are more difficult to form and generally require
ET a substituent at C-3 to stabilize the tertiary radical resulting from
cyclization. Selected examples (14-19) of this reaction are shown in
Figure 1.
CO,Me
R OzMe
CO,Me CO,Me
Base CO,Me
Z m
11
10 14 60% 15, 61%

Scheme 3. Synthesis of fused heterocycles by HAS.

COzMe
Once radical 8 is generated (by oxidative or reductive quench- COMe
L - : - : CO,Me CO,Me
ing), it adds to the arene moiety to give cyclohexadienyl radical 9, 2

which after oxidation-deprotonation reactions, gives the fused het-
erocycle 11. If this reaction proceeds by oxidative quenching (neu-

tral reactions), a catalytic amount of external sacrificial donor is 16, 61% 17, 95%
enough; however, in many systems they are added in a stoichiomet- CO,Me CO,Me
ric amount due to Kinetic issues. ' | A CO,Me
. . CO,Me

Thus, Stephenson demonstrated that a radical formed from acti- 2 N
vated a-bromodicarbonylic compounds (12) reacts with indoles and
pyrroles by Ru(bpy)sCl, (bpy=2,2’-bipyridine) photoredox catalysis
in the presence of amines (reductive quenching). For instance, the 18, 80% 19, 53%
[i%(];tlon of 12 afforded heterocycle 13 in good yields (Scheme 4) Fig. (1). Photoredox-catalyzed HAS of a-dicarbonyl radical onto indoles

and pyrroles.
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Another example of photoredox-mediated radical generation is
the cascade radical cyclization of substrate 20 to afford product 21
in good yield (Scheme 5) [10].

% Ru(bpy)sCl;

N | i-Pr,NEt, DMF
CFL (14 W)

COZMe

MeOzC

21, 79%

Br
20

Scheme 5. Tandem synthesis to obtain 21.

However, the treatment of o-monocarbonyl substrates 22
(Scheme 6) using Ru(bpy)sCl,-mediated cyclization conditions
presented in Scheme 5, resulted in recovery of the starting material.
Hence, a more powerful reducing agent was needed to initiate this
transformation. One of the advantages of photoredox using transi-
tion-metal catalysis is the possibility of modulating the reactivity
with the choice of metal and ligand. Indeed, changing from
Ru(bpy)sCl, catalyst to Ir(ppy).(dtbbpy)PFes (24, ppy=2-phenyl-
pyridine; dtbbpy= 4,4’-di-tert-butyl-2,2’-bipyridine) catalyst caused
the increase required in the reduction potential (-1.51 V (vs SCE)
for 24 -1.31 V for Ru(bpy);Cl,), now giving the reactions that pre-
viously failed. Accordingly, a-bromo ester 22 and a-bromo amide
25a (R=Me), efficiently underwent cyclization under irradiation
with condensed fluorescent light (CFL) to afford N-tosyl piperidine
23 and spiro-cyclopropane pyrrolidinone 26a (R=Me), respectively,
under Ir-mediated photoredox conditions (Scheme 6) [11].

Br CO.Et CO,Et

Me
= 1 mol % 24
2 equiv Etz;N, DMF N

N
. e |
1 CFL (15W) 14

22 | 23,85%
24, Ir(ppy)(dtbbpy)PFe
R
R R
Br © 1 mol % 24 R 0o
\\\/ N 2 equiv EtzN N
DMF, rt
| | CFL (15W) \
25a (R=Me) 26a, 73% \
25b (R=Ph) 26b, traces

Scheme 6. Phoredox reactions using Ir complex 24.

When the aryl analog o-bromo amide 25b (R=Ph) was sub-
jected to Ir-mediated cyclization conditions at rt, only traces
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amounts of the corresponding 26b were observed (Scheme 6). In-
stead, the fused tricyclic pyrrolidinone 28 was generated as the
major product in 69% vyield, after 12 h at 40°C (Scheme 7) [12].
This strategy was applied to several diaryl substituted bromocyclo-
propanes 25 and tricyclic pyrrolidinones 28 were isolated in very
good vyields. Two mechanisms were proposed, sharing an initial
cyclization via vinylcyclopropane intermediate 27 followed by a
second cyclization onto one aromatic system (HAS reaction) or a
reduction to 26 followed by a Claisen rearrangement.

\ 1 mol% 24 0 / /
2 equiv NEt3 Ar
N
DMF, 40 °C Ar
Br CFL (14 W) /a1

Ar= CgH X (x:Me, OMe, F, H) l o J//
Ar
N
\

28, 66-91%
6 examples / N\
Z= Me, OMe, F, H N

z
Scheme 7. Tandem synthesis to obtain 28.

The synthesis of 3,3-disubstituted oxindoles 30 from 2-
bromoanilides 29 by an intramolecular HAS using fac-Ir(ppy)s was
reported (Scheme 8) [13]. Other commonly used transition metal
photo-catalysts such as Ru(bpy);Cl, and 24 were examined, and the
reactions proceeded with lower yields, requiring tertiary amines as
sacrificial reductants. In this case an oxidative quenching mecha-
nism is took place, following the mechanisms shown in Scheme 3.

0
0
R J\’<cozEt Rl\N
B R? fac-r(ppy)s CO,Et
VY I r 2 mol % 7 | R?
N \R CFL(40W) JelVIERENNG
R
29 R=H, Me, OMe, Br, CI, F 30, 64-98 %
R1= Me, Bn
R2= Me, Et, allyl

Scheme 8. Synthesis of 3,3-disubstituted oxindoles derivatives 30.

Although the photoinduced cyclization of organobromides
shown before has several advantageous features in terms of ability
to form complex ring systems, the strategy needs to use bromides
adjacent to a w system (a-carbonyl, benzyl) or heteroatom. Stephen-
son et al. and Lee et al., independently, reported the reductive trans-
formations of unactivated aryl 31, alkenyl 33 and alkyl 35 iodides
based on iridium(l11) photocatalysts (Conditions A or B, Scheme 9)
[14, 15]. The mechanisms proposed are under discussion since
Lee’s group indicates that reductive quenching is operating while
Stephenson’s group indicates that oxidative quenching is taking
place.

The examples shown in Scheme 9 involve intramolecular radi-
cal cyclization via a radical addition onto B-position (Michael-type
addition) of a,B-unsaturated esters and amides. Recently, the radical
cyclization reaction of o-iodophenylacrylamides 37 through an
“anti-Michael” type addition gave the corresponding indolin-2-ones
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R Conditions A
2.5mol % fac-Ir(ppy)s,
/\/z)/ BusN (10 equiv)
4 | HCO,H (10 equiv)
s
31

Z=N-Ts, N-Ac, O
Conditions B
24 (3 mol %)
DIPEA (10 equiv), MeCN, 1-10 h
Blue LEDs (2 W)

R} VAP Conditions A or R z
DA R
Conditions B ~/
RZL/ : R2 R
33 34

Z=N-Ts, O
R= CO,Bn, CO,MeCO,'Bu

J/ N Conditions A or
\§ Conditions B
\

36
H

Scheme 9. Synthesis of heterocycles from aryl, vinyl and alkyl iodides
using iridium(l11) catalysts.

38 in good yields using [Ir(ppy).(dth-bpy)]PFs (24) in MeCN
(Scheme 10) [16].

R 1 mol % 24

R
| >0
=
7 N o N—R2
| White LEDs (12 W)
(0] (0]
| R1

1

10 equiv EtzN, MeCN
35°C,24h
37 38, 47-96%

R

R1=H, Me, Ph, 2-furyl
R2= Me, Et, Ph, Bn, allyl, butenyl
R3=F, Cl, Br, Me

Scheme 10. Synthesis of substituted indolin-2-ones 38.

Fu and co-workers developed an intramolecular HAS of
trifluoroacetimidoyl chlorides 39 for the synthesis of 6-(trifluoro-
meth%/I)phenanthridine derivatives 40 based on the activation of
C(sp)-Cl bond under visible-light irradiation (Scheme 11) [17]. As
a continuation of this work, the synthesis of 2-trifluoromethyl-3-
acyl indoles 43 from N-[2-(alkynyl)phenyl]trifluoroacetimidoyl
chlorides 41 was investigated using a Ru-catalyst and blue LEDs
(Scheme 12) [18]. In this case, the photoreaction was initiated by
reductive quenching using triaryl amines as sacrificial ED in a radi-
cal chain propagation process. Vinyl chloride 42 was proposed as
an intermediate, which, by hydrolysis finally gave acylindoles 43.
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3 mol%
Ru(bpy)3C|26HZO

MeCN, (nBu)3N
blue LED (5 W)

40, 42-88 %
22 examples

R1= R2= H, Me, Et, nPr, OMe,
F, CI,CF, Ph

Scheme 11. Synthesis of substituted 6-(trifluoromethyl)-phenanthridines 40.

Rl
_ L _
| | I\ CFs A CF
3
| Cl AN
Z | N 2 mol% Ru(phen)sCl, \ Y
(p-MeOC6H4)3N, Hzo /
SN blue LED (5 W), DMSO ‘
R ) N \
41 oo ROT
R=CI, Me H.0
RI= Aryl, C4Hg, SiMe,, H ( 2
HCI
Rl
Rl
CF, cF,
0 HO
= N
NH \ N
\\R S\
R
43, 28-95 %

Scheme 12. Synthesis of 2-trifluoromethyl-3-acyl indoles 43.

Visible light-mediated decarboxylation using N-
acyloxyphthalimides 44 as the source for carbon-centered radicals
was applied for the synthesis of spirobutenolides 45 and 2,3-
annellated furans 46 using iridium catalysts 24 (Scheme 13) [19].
Analyzing the redox potential of 24 and N-acyloxyphthalimides 44
reveals that an oxidative quenching cycle is not favored thermody-
namically. Moreover, due to the absence of a suitable electron do-
nor that could act as a reductant for these catalysts, a reductive
quenching cycle is also ruled out. However, the fluorescence of 24
is quenched by 44 and, since the redox pathway is discarded, the
authors have proposed that 24 acts as a sensitizer, transferring en-
ergy from its excited state to the phthalimide moiety in 44, generat-
ing its triplet state 47 with higher redox potential (Scheme 14).
Intramolecular electron transfer (IET), protonation, decarboxylation
and radical recombination sequence give spirocation 48. Water
present in the reaction media attacks cation 48 and gives hydroxyl-
spiro 49, which depending of the nature of Y moiety, follows two
different routes. If Y=Br, direct elimination of HBr provides
butenolide 45. Alternatively, if Y=H, cation 49 via acid-catalyzed
vinylogous semipinacol rearrangement is transformed into 2,3-
annellated furans 46.

In general, nitrogen-centered radical are generated by nitrogen-
leaving group (N-LG) homolysis. Acyl oximes are versatile build-
ing blocks for the synthesis of structurally diverse and biologically
active N-heterocycles through N-O bond cleavage and C-N bond
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X=0, CH,
X Y=Br
W PG=Bu
vy~ 0 . ']\‘_PG 24, 1 mol% 45,19-61% yield
R
n
+§* R? MeCN/H,0: 9/1
PhtO,C blue LEDs (A= 455 nm)
TFA
44
n=12 X=0
Pht= phtalimide Y=H
PG=Ph, 'Bu 46, 31-87% yield
R1=R?= H, Me, CO,Me, Ph
Scheme 13. Synthesis of spirobutenolides 45 and 2,3-annellated furans 46.
¢)
/A o Energy 1\ 0 IET _ . PG
Y o transfer Y o FH*
N~ N~ + -0
PG PG PheH
24 24 -CO, 48
PhtO,C — [Phto cT* H,0
hn H
44 47
o
/PG Y=H /PG v=Br PG
N Ay [T N e N
/ ) DCM  ho 0 6]
0 49 © 45
46
Scheme 14. Mechanisms proposed for energy transfer to 44.
R4 one electron reduction into iminyl radical intermediates 51 and 54,
which subsequently underwent intramolecular HAS to give quino-
COR3 % fac- - -
| XX 1 mol % fac-1r(ppy)s, lines 52 and phenanthridines 55 (Scheme 15).
DMF, 26 °C, 24 h . . -
S N R2 Moreover, tri- and tetra-substituted pyridines 57 can also be ac-
R | White LEDs (5 W), cessed by this strategy from acyl oximes 56 in good yields (Scheme
50 LG 16) [21].
LG = p-CF3C¢H4COO- . . . .
P 3Ri N R Irradiation of dienyl azides 58 in the presence of Ru photocata-
. lyst (60) results in the formation of reactive azirine 61 (via nitrene),
N X COR® N X COR affording pyrroles 59 (Scheme 17) [22]. The mechanism proposed
| | _ involves energy transfer. Irradiation of Ru(dtbbpy)s®* with visible
1// N R2 R1// N R2 light produces its long-lived excited state; exergonic energy transfer
R 51 52 46-88% to dienyl azide 58 produces triplet 58*, which expels dinitrogen to
(21 examples) produce a nitrene intermediate. Ring-closure affords azirine 61,
= R which undergoes slow but high-yielding rearrangement to pyrrole
AN A 1 mol % fac-Ir(ppy)a, 59.

N-LG DMF, 26 °C, 24 h

R2 = .
R White LEDs (5 W),

53
LG = p-CF4CqH,COO-

2 5
\I—R
N
LA
R2
R
54

55, 82-99%
(30 examples)

Scheme 15. Synthesis of substituted quinolines 52 and phenanthridines 55.

formation via iminyl-radical formation [20]. Using fac-[Ir(ppy)s] as
a photoredox catalyst, acyl oximes 50 and 53 were converted by

In these reactions, azirine is an intermediate because it could be
isolated where subsequent ring expansion to the five-membered
heterocycle is slow. In addition, azide 58a was converted to a vari-
ety of substituted aziridines (62-64) by addition of nucleophiles and
radicals to the C=N bond or reacted by hetero-Diels—Alder cy-
cloaddition with cyclopentadiene (Scheme 18).

Furthermore, sensitization of aryl azides proceeded successfully
to afford indoles 65 and 66 (Fig. 2). In addition, tricyclic fused
heterocycles 67 were accessible from y-substituted azido acrylates
and azirine 68 from azidonaphthalene. In the last case, the triplet
excited-state energy of azido naphthalene is higher, thus it could be
efficiently sensitized by [Ir(dF(CF3)ppy).(dtbbpy)]".

Recently, Chen and Xiao et al. reported a highly efficient route
to construct N-free 2-substituted indoles 70 (similar to 65) from the
readily available styryl azides 69 via a visible light-induced photo-
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~ Ar
Z>CoRL 1 mol % fac-Ir(ppy)s, Z N
|
Z-t DMF, 26 °C RN R2
Ar White LEDs (5 W) COR?
56 24h
57, 45-91%
17 examples

Scheme 16. Synthesis of substituted pyridines 57.

2.5 mol %
RU Ru(diobpy)s(PFo), ﬂ
R/W R N Rl
N blue LEDs, CHClIj, air H
NINT:
58 AN 59, 70-99%
) 12 examples
R= Me, 'Prop, Bu, Ph, C=CH,, aryl
R!=CO,Me, H
Visible
light “‘1}_\
60 60 J N " )
R
58 A_L, R/W —A R/\/\r — X > —> 59
N3 ) N N
58* nitrene .- 61
Scheme 17. Mechanisms and synthesis of pyrroles from dienyl azides.
Cl Cl N
CO,Me ‘ N\ pp,
N a COZMe N
— H NH
o N 90% ol —
58a 61a 65, 75% 66, 93% o
\i
b
c 71N | b CO;Me OO
H N N
¢l N MeO,C cal H
CO,Me cl 67, 96% 68, 81%
with Ir-catalysts,
OMe H ( ysts)
Cl N
cl COMe g4 949 Fig. (2). Heterocycles synthesized from aryl azides.
62, 93% d Cp (5 equi . . .
X Et P (5 equiv) When B,y-unsaturated hydrazones 71 were irradiated with blue
NaOMe, ol THF, 1t, 1h LEDs (450-460 nm), with Ru(bpy)s(Cl), as a photocatalyst in
MeOH, rt 63 CHCI; and NaOH (1.5 equiv) as a base at rt during 12-16 h, it af-
, 1%

¢ BEt;, Etl, -40 °C
CH,Cly/hexane

2 [Ir(dF-(CF3)ppy)(dtbbpy)]1(PFe) (1 mol%),
CHCl, (0.1M), blue LEDs, 1t, 8 h

Scheme 18. Manipulation of the azirine intermediate 61a.

catalysis (Scheme 19) [23]. Again, a plausible reaction mechanism
for this photo-catalytic transformation via an energy transfer was
also proposed.

forded the ring closure product 72 by an N-radical hydroamination
(Scheme 20) [24]. This strategy is an alternative to obtain N-
centered radical precursors (see Schemes 15-17) and allow direct
transformation of N-H moiety without the incorporation of any
photolabile group.

A possible reaction mechanism was proposed in Scheme 21.
Deprotonation of hydrazone 71 occurs under basic conditions to
give the anionic intermediate 73, affording radical 74 by an oxida-
tive quenching. A 5-exo-trig cyclization of 74 affords radical 75.
Subsequent H-transfer from CHCI; (a redox couple) to 75 gives
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Rl
R2 l 0.5 mol% )
RZ /7 A
l\ AN Ru(bpy)sCl6H,0 SV )
= White LEDs (3 W N R!
N3 N
69 DMF, rt, -N,
R1= COPh, CH=CH,, CgH,X (X=H, Me, OMe, 70, 39-99%
tBu, F, Cl, CF3, CN, NO,) 23 examples

R2=F, Cl, Br, CO,Me, Me, OMe

Scheme 19. Synthesis of substituted indoles 70 from azides 69.

TS Ru(bpy)s(Cl), Ts
HN\N NaOH (1.5 equiv) N—N/
/
J\/\ blue LEDs, CHCI3 R/U\
R X
71 72, 38-88%

Scheme 20. Synthesis of substituted 1-tosyl-4,5-dihydro-1H-pyrazoles 72.

product 72, together with generation of CIsC " radical, that can re-
generate the photocatalyst through an ET process.

3 light
CCl3H
T _H+
' CClg
71 72

Scheme 21. Mechanism proposed for the formation of dihydropyrazoles 72.

Budén et al.

S
N__ge
84 (4 mol%) R
silica gel, air N

Whlte LEDs (18 W)

MeCN

84, RU(pr)g(PFG)Z

Scheme 24. Synthesis of substituted indoles 83.

80 could react as a nucleophile with a suitable substrate or could
undergo further one-electron oxidation due to their reduction poten-
tial to form iminium cation 81, thus serving as an electrophile. Al-
ternatively, radical cation 79 could also act as H donor to afford
cation 81 in a single step. Among them, radicals 79-80 could add to
unsaturated systems.

In this way, the addition of radical cations 79 to olefins is an at-
tractive method for C—N bond formation. When styryl anilines 82
were irradiated with visible light and [Ru(bpz)s](PFe), (84) as a
catalyst in MeCN in air, N-aryl indoles 83 were obtained with good
yields (Scheme 24) [27].

R H [Ru(bpy)s]2* R
N _Ar X N
X 1 equiv DBU N
| hig q | S ar
_ S 0,, DMF g
76 CFL (14 W) 77

R =H, OMe, Me, Cl, among others
Ar = C6H4OMe, CGH4C|, C6H4CN

Scheme 22. Synthesis of 2-arylbenzo[d]thiazoles derivatives.

Another example that involves, as a first step, the formation of
an anion followed by ET and radical cyclization reactions is the
synthesis of benzothiazoles 77 (Scheme 22). In this case, photore-
dox catalysis has been used to obtain sulfur center radicals. The
anion of thioamide 76 is oxidized in the presence of [Ru(bpy)s]*

a photoredox catalyst to afford benzothiazoles 77 with good yields
through a intramolecular HAS (Scheme 3) [25].

H°
e o+ “H* -e”
R,NCHR, — R,NCHR, — > RZNCRZ > R,N= CR2
78 79 80 81

Scheme 23. Reaction pathways of amine radical cations.

In particular, one-electron oxidation of tertiary amines 78 is
known to produce radical cations 79, which in polar solvents un-
dergoes facile deprotonation, subject to Kkinetic acidity and
stereoelectronic factors, to produce a-amino radicals 80 (Scheme 23)
[26]. Depending on the reaction conditions, the generated radicals

34-89%

Scheme 25 outlines the catalytic cycle proposed. The key steps
include: (i) conversion of amine 82 into nitrogen-centered radical
cation 82 through oxidation using the excited catalyst, (ii) elec-
trophilic addition of 82  to a tethered alkene to generate the ben-
zylic radical cation 85, (iii) deprotonation and further oxidation of
benzylic radical 86 to its corresponding benzylic cation 87, and
finally (iv) aromatization through deprotonation, thus forming in-
dole 83.

Another example where aminium cations were used to form
heterocycles is the synthesis of N-arylpyrrolidines 89 (Scheme 26)
[28]. Fluorescence quenching assays demonstrate that ET between
excited state of 24 and aryl olefins 88 to give the aminium radical
intermediate is kinetically favored. Hammett analysis for a series of
para-substituted styrenes acceptors revealed that C-N bond forma-
tion from a radical cation is the rate-limiting step.

The visible light promoted reaction of the linked indole-N-
tosylamide 90 catalyzed by [Ru(bpy)sCl,] in the presence of
tetramethylguanidine (TMG) as a base give the tetrahydro-5H-
indolo[2,3-b]quinolinol products 91 in good vyields (49-77%) and
excellent regioselectivities (dr >95.5) (Scheme 27) [29].
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[N r-N0
= '\
y
NH ; NH
| RU2+* Ru1+
82 Ar g2 " Ar
hv Ru%*
o ~
~. 2 AR |
’ 3 I
o -—— +
N / \A
\ g5 H
86 Ar
ET, -e
+/ "N 7 1
1
_d Wt N\ --
—_—
N H N
\ \
87 Ar 83 Ar

Scheme 25. Mechanisms proposed for synthesis of N-arylindoles.
X

| —+—R
=

2 mol % 24, rt

N
MeOH (0.05 M)

~ H N
blue LEDs

88 89, 54-94%
R=Me, Cl, F, Ph, OMe

Scheme 26. Synthesis of N-arylpyrrolidines derivatives 89.

Scheme 28 is outlines the mechanism proposed. Excited
[Ru(bpy)sl,™ can undergo reductive quenching by 90 to afford
radical cation 90 , that it is trapped with O, radical anion formed
by the reaction of [Ru(bpy)g] with Oy, to afford zwitterion 92. A
base-promoted cyclization finally gives heterocycle 91.

NHTs  Ru(bpy)sCly
TMG, MeCN, air

CFL (36 W)
R1

2/
R 90 RZ 91

R1=Me, Bn, allyl
R2= H, Me, OBn, OMe, F, Cl, Br
R3=H, Me, Cl, Br

Scheme 27. Synthesis of derivatives 91.

Oxidative amine photoredox catalysis has become more widely
adopted, and many examples of nucleophilic additions to
tetrahydroisoquinolines have been published using iminium ion 94
as an intermediate (similar to 81). The versatility of these systems is
impressive, and there have been many creative contributions in this
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ET
’

Scheme 28. Mechanisms for the oxyamidation of indoles.

context (see also Section 2.2). As a part of these studies, Xiao et al.
developed an efficient photocatalytic method for the synthesis of
isoquino[2,1-a][3,1]oxazine and isoquino[2,1-a]pyrimidine deriva-
tives 95 (Scheme 29) [30]. Visible light irradiation of solutions of
either alcohol (X= OH) or tosylamide (X= NTs) tetrahydroisoqui-
nolines 93 with the iridium complex Ir(ppy).(dtbby)PFg (24) was
found to promote generation of fused heterocycle targets 95 in
moderate to good yields (26-86 %).

24 or
Ru(bpy)sCl, HX R

MeOH, air |
_—_—-m—— +
N P N

s A
noo T CFL (23 W) "o |
NP2

oL 24-96 h ~o”
93 < 94

X=0, NTs
- H+
94 N. L
n [ T3

-
>

W

95 <
Scheme 29. Reaction of tetrahydroisoquinolines 93 with nucleophiles.

Later, as an extension of this work, Marvin et al. reported the
synthesis of 95 from 93 using Ru(bpy)sCl, as a catalyst in regular
yields (12-52%) [31]. Moreover, unsaturated piperidines 96 were
used as substrate and heterocycle formation was accompanied by
the addition of methanol across the unsaturation to provide methoxy
oxazine 97 as a mixture of diastereomers (Scheme 30).

O

R=H, 37%
Scheme 30. Synthesis of octahydropyrido oxazines 97.

5 mol %
RU(bpy)3C|2

CFL (23 W)
MeOH, air

R= Me, 44%

The enantiomerically pure substrate 98, in the presence of a
photoredox catalysts, t-BuOK and O, under visible light irradiation,
gave tetrahydroimidazole 100 in high yields with very good di-
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astereoselectivities (Scheme 31) [32]. In the mechanism proposed,
the diamine 98 is oxidized to iminium intermediate 99 followed by
intramolecular nucleophilic attack to afford tetrahydroimidazole
100.

Ar2_ \R Ru(bpy)sCl, ArZ R
N /\‘ 1.0 mol% N /\‘
J HN {qN
A 4
Arl

Arl STs t-BuOK, O,, MeOH Ts
98 CFL (36 W) 99
R= Me, i-Pr, Bz,
CH,C(Me),, etc e
Arl, Ar2= Ph, CgH,X
(X=Me, OMe, Cl, Br) R
Ar2- N/\'
N N
: Ts

Art

100, 89-94%
(3:1upto19:1d.r.)

Scheme 31. Synthesis of tetrahydroimidazoles 100.

The photocatalytic preparation of 2-aminobenzoxazoles 102 de-
rivatives from o-phenolic amidines 101 was carried out by irradia-
tion with blue LEDs in MeNO, with good yields (Scheme 32) [33].
This reaction formally involves oxidative functionalization of a
vinyl C-H bond with C-O bond formation.

RZ\N/R3 RZ\N/R3
) Ru(bpy)sCl, /4
N7 MeNO,, rt, 18h NN

OH
sl e
A V—
Rl RY
101 102, 81-94%

Scheme 32. Synthesis of benzoloxazol-2-amine 102.

As shown in Scheme 23, radical cations of tetrahydroisoquino-
lines could produce a-amino alkyl radicals. In this context, these
intermediates participate in intramolecular radical addition reaction
transforming aminoenones 103 into the corresponding 5,6-
dihydroindolo[2,1-a]tetrahydroisoquinolines 104 (Scheme 33) [34].

o

103 (R= Me, Ph)

Ru(bpy)sCl,

MeCN, rt
blue LEDs
(455 nm)

104, 28-35%

Scheme 33. Synthesis of tetrahydroisoquinolines 104.

There is a current interest in novel syntheses of pyrrolo[2,1-
alisoquinoline alkaloids due to their antitumor activity [35]. The N-
cinnamyl tetrahydroisoquinolines 105 afforded pyrrolo[2,1-
alisoquinoline 106 when 105 are irradiated with Ru(bpy)sCl, as
catalysts in air atmosphere (Scheme 34) [36]. Electron-withdrawing
groups (EWG) in the 2-position of the cinnamyl moiety are re-
quired for the cyclization reaction.

Budén et al.

@Q Ru(bpy)sCl
MeCN, rt, 18-24h

A Blue LEDs

\ EWG (447.5 nm)

R/ 0,, Cs,CO;5

105

106, 70-92%

EWG=CN, CO,Me
R= Cl, Me, OMe, NO,

Scheme 34. Synthesis pyrrolo-isoquinoline derivatives 106.

In this case (see Scheme 23) the iminiun cation 107 is gener-
ated by reductive quenching-deprotonation and easily converted
into 108 by a second deprotonation in the presence of Cs,CO; and
anion HO, (Scheme 35). The in situ generated 6m—electron system
108 gives electro-cyclization to affords 109, undergoing 1,3-
hydrogen shift to finally yield the product 106.

ng ©©N* C5:C03 a

105 p— - _ (_N+

hv — HO,
Ar
107 108 EWG
6 m-electro-
cyclization
1,3-
hydrogen shift N
106
/
Ar
EWG
109

Scheme 35. Mechanism proposed for the formation of 106.

The reaction of (E)-4-(2-(dibenzylamino)phenyl)but-3-en-2-one
110 resulted in the unexpected formation of indole-3-carbaldehyde
111 (Scheme 36) [37]. Mechanistic investigations have been per-
formed to elucidate the reactive intermediates and to propose a
plausible reaction pathway for the photoredox catalyzed addi-
tion/aromatization/C—C bond cleavage cascade reaction via the
formation of a-amino alkyl radical intermediates.

0

0

H
| 10 mol% 24 N
| A _moest Ny A
CHCly, air AN
SN Sar bluelEDs R

) Ar

Ar 111, 42-67%

110 12 examples

Scheme 36. Synthesis of indoles derivatives 111.

The synthesis of carbazoles from diarylamines through C-C
bond formation is an attractive synthetic route for this important
class of compounds [38]. Although several strategies are reported,
harsh conditions are used and substrate scope are often limited [39].
Taking this into account, triarylamines and N-alkyl diarylamines
112 were converted to N-aryl or N-alkyl carbazoles 113 using Cu-
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based complex like 114 in a continuous-flow photochemical reactor
(CFL, 23 W) (Scheme 37) [39]. In general, triarylamines bearing
electron-donating groups (EDG) tend to produce higher yields than
triarylamines possessing EWG. The incorporation of nitrogen-based
heterocycles, as well as halogen-containing arenes in carbazoles
skeletons, was well tolerated [40].

= R
| 114 (5 mol%) |{|
N ~ N - R |2 Z
< 1 oo -0
17— —Z7
= IZ 005mUmin
- 0,
X, ) CFL (23 W) 113, 50-95 %
112

* BF,

114

Scheme 37. Continuous-flow synthesis of carbazoles 113.

The photocatalytic reduction of nitroarenes 115 with
[Ru(bpy)s]**, Hantzsch esters 117 as reductants and camphorsulfo-
nic acid (CSA), afforded hydroxamic acids 116 in good yields (iso-
lated as protected N-OBoc, Scheme 38) [41]. The mechanism pro-
posed is a four-electron reduction to give hydroxyamino intermedi-
ate 118 that cyclized to 116.

In the same experimental conditions, ketone 119 afforded 2-
phenyl-1H-indol-1-0l 120 that could be isolated in 88% yield
(Scheme 39) [41].

The synthesis of indazolo[2,3-aJquinoline 122 derivatives was
reported in moderate to good yields from 2-(2-nitrophenyl)-1,2,3,4-
tetrahydroquinolines 121 via visible light photoredox catalysis. The
reaction involves a novel ruthenium-catalyzed intramolecular for-
mation of the N-N bond of the indazole ring (Scheme 40) [42]. The
mechanism proposed involves formation of radical cation 123 by
oxidative quenching. This intermediate undergoes intramolecular
proton transfer to the nitro oxygen to give 124. Finally, N-N bond
formation and ET afforded the target compound 122.

COo,Me
R NO

) 117, DMF, CSA

115 CFL (20W)

R=H, OMe, Me, CF3, CN, Br

4 e, 4H
reduction

118

Scheme 38. Photo-reduction of nitroarenes.

CO,Me
\, /@(\/
R NHOH
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Ru(bpy)sCl

N—ph
117, DMF, CSA N

NO, “OH
CFL (20 W)
119 120, 88%

Scheme 39. Synthesis of 2-phenyl-1H-indol-1-ol 120.

Rl_
EDG EDG
Ru(bpy)sCl,
CFL (23 W)
——R? MeCN 1 m2
121 122, 66-96 %

18 examples

Visible o4

light \ &
-HZOZT

Scheme 40. Mechanism proposed for the formation of product 122.

Photooxidation and photoreduction reactions of [Ru(bpy)s]**
and related ruthenium (I11) chromophores have been used for design
[2+2], [3+2] and [4+2] cycloaddition reactions involving radical
cation and radical anion intermediates. Examples of photoredox-
mediated [2+2] cycloadditions by both reductive and oxidative
quenching cycle are known. For instances, the photostimulated
reaction of bis(styrene) 125, [Ru(bpy)s](PF¢), and 15 mol% of

||
R N 0 N

' ¥ H
OBoc e 117
116, 72-85% X
E E Me_ _Me
0 n o
Boc,0, NEts, 11 HO—S
THF,2:24h || o CsA
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methyl viologen [MV(PFs),] gave a radical cation 126, that under-
went a subsequent [2+2] cycloaddition, affording cyclobutanes 127
in high yield with excellent diastereoselectivity (64-89%) (Scheme
41) [43]. Moreover, no cycloaddition upon irradiation of 125 with
UV light under conventional photolytic conditions was observed.
Furthermore, when Ar= 3-MeOCgH, or Ph, no products 127 were
formed [43].

Ar
\:> + >
g 5 mol% Ru(bpy)s(PFe), 0
MV (PFg),, MeNO, ;
CFL o
Ph
Ph 105 L -

Ar= 4-MeOC6H4, 4'HOC6H4,

cyclo
2-MeOCgH,, 3-Br4-MeOCgH5 addition
[2+2]
N Me
|N AI’,{ |:_|
NS iy
N IS
M+ NF mve PR

127, 64-89%
Scheme 41. Synthesis of cyclobutanes by [2+2] cycloadditions.

The nature of the photoinduced ET limits the scope of cycload-
dition reactions of either electron-rich or electron-deficient sub-
strate. On the other hand, an energy transfer mechanisms maintains
the same operational facility as that of previously reported photore-
dox reactions; yet the scope of this transformation is governed by
the relative excited-state energies of the substrate and catalyst,
rather than by their electrochemical properties. Yoon and Lu ex-
plored the [2+2] cycloaddition to several styrenes like 128 in the
presence of iridium complex 130 to yield cyclobutanes 129
(Scheme 42) [44]. The reaction of Z-isomer of styrene 128 gave the
same results than that of E-isomer, since E/Z photo-isomerization
reaction is faster than cycloaddition to give 129.

In these cases, no dramatic dependence is observed when the
reactions are carried out in the presence of different solvents
(CH,CI,, acetone, MeOH, CHCIy). This result is consistent with a
triplet sensitization mechanism, ruling out charged intermediates.
Moreover, diene 128a was evaluated in two different sets of condi-
tions (Scheme 43): when the radical cation of 128a was generated
in the presence of Ru(bpy)s(PFs). catalyst, [4+2] cycloaddition
product 131 was obtained in very good yield via ET mechanism.
On the other hand, exposure of 128a to iridium catalysts 130 gave a
complex mixture where [2+2] cycloaddition product 129a was
identified [44].

Yoon et al. studied the [2+2] cycloaddition reaction with visible
light of the symmetrically bis(enone) 132 (R= Ar) in the presence
of [Ru(bpy)s]** with i-Pr,NEt and LiBF, (Lewis Acid, LA) as addi-
tives. However, they found no products derived from [2+2] cy-
cloaddition, but products 133 from a [4+2] cycloaddition in high
yields (70-85% vyields) with excellent diastereoselectivity (Scheme
44) [45]. Working with unsymmetrical bis(enones) 132 (Ar = Ph,
R= aliphatic groups), in which two possible isomers could be
formed, only one isomer (133) with high level of regioselectivity
was obtained in regular to good yields (12-76% yield).

Budén et al.
R? R!
R
/ 1 mol% 130 R
_ >
L\‘ DMSO, 3-40 h H H
z CFL (23 W)
z
128 129, 64-90%
R1= OMe, ClI, NO,, H
R= Me, Ph, CO,Me, H, I, Cl, OPh
Z= 0, CHy, N-Ts, CH,CH,
FsC
But
l X
= N//,
7z N/
|
But N
F3C
130, Ir(dF(CF3)ppy).(dtbbpy)PFg
Scheme 42. Synthesis of cyclobutanes derivatives 129.
OMe
electron transfer ]
Ru(bpy)s(PFe), O
1 mol % H
“Me
MV.(PFg), )
MeCN 35h
H
128a CFL (23 W)
131, 89% vield
(8:1d.r.)
energy 1 mol % 130
transfer DMSO, 12 h
CFL (23 W)
Me
—
0 )
129a, 90% yield
mixture of diasteromers
MeO

Scheme 43. Energy transfer vs ET reactions.

COAr
| COR Ar
_— Ru(bpy)sCl,

i-Pr,NEt, LiBF,, MeCN

tungsten filament (200 W)
132

Ar=Ph, 4-C|C(5H4, 4'CF3C6H4, 4-ACOCGH4
2-FCgHy, 2-naphthyl, 2-furyl
R= CH,0Bn, Me, i-Pr, t-Bu

133

Scheme 44. Synthesis of hexahydro-1H-isochromenes 133.
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LA LA

\

0
I Ru(bpy)s*
Ph =
LA
132 —> |
o Ru(bpy)s?*
132-LA  Me
LA
133 <~

Scheme 45. Mechanism proposed for [4+2] cycloaddition.

The mechanism outlined in Scheme 45, proposes that cycload-
dition proceeds in a step-wise fashion. Excited [Ru(bpy)s]**” un-
dergo reductive quenching by i-Pr,NEt resulting in formation of
[Ru(bpy)s]*. The Lewis acid-activated enone complex 132-LA
accepts an electron from [Ru(bpy)s]* reductant to afford a radical
anion intermediate 134 that reacts with the pendant double bond to
afford a distonic radical anion intermediate 135. Then, formation of
the conjugated radical anion 136 by C-O bond formation from 135
takes place. Finally, Diels-Alder cycloadduct 133 is produced upon
loss of one electron and the Lewis acid.

2.1.1. Dual Catalysis

Synergistic dual catalysis (coupling of more than one catalytic
cycle in a single transformation) is an interesting concept that com-
bines the distinct advantages of different catalytic processes, al-
though compatibility challenges may arise [46-48]. A combination
of transition-metal catalysis with photocatalysis was applied in the
synthesis of highly functionalized indoles 138 (Scheme 46). The
direct C-H activation of aromatic enamines 137 was achieved using
Pd(OACc), and [Ir(bpy)(ppy)2]PFe (139) in DMF [49].

CO,R3 R2
_ R2 3 mol % 139, R302C
10 mol % Pd(OAG),, =~ \H
NH
= | DMF, K,COs, 24 h 7 \
™ \ CFL (11 W) =\
1 R
R! 137

138, 57-95%
Rl =OPh, Cl, Me, F, -OCH,O-

R2= Me, Ph
| A
N,
I
Z N/|
- N\
l =

R3= Me, t-Bu, Ph
139, Ir(bpy)(ppy)2PFs

Scheme 46. Synthesis of substituted indoles 138.

Using the same methodology, You and Cho reported a com-
bined photoredox and Pd-catalysis for the synthesis of several N-
substituted carbazoles 142, through intramolecular C-H bond ami-
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LA

Ph
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nation of N-substituted 2-amidobiaryls 140 (Scheme 47). The reac-
tions take place under air, using Pd(OAc), and 141 as catalysts in
DMSO as a solvent [50].

I 2 1 mol % 141, Rz\, A
R— 10 mol% Pd(OAC), 7
NHR air —
VY NR
I\ RL DMSO, 80 °C, 8-16 h |
AN blue LEDs (7 W) =
Rl
140, R = SO,Me, SO,Tol, COMe
R1='Bu, OMe, CI 142, 80-94 %
22 examples

R2= Me, F, Cl, CO,Me

141
Ir(dFppy),(phen)PFg

Scheme 47. Synthesis of substituted carbazoles 142 by dual catalysis.

2.2. Intermolecular Process

The photocatalyzed reaction of trifluoromethyl-N-phenyl-
acetimidoyl chloride 143 and acetylenes 144 affords substituted
quinolines 145 (Scheme 48) [51]. The reaction can tolerate various
functional groups including methoxy, ester, and ketone present in
alkynes 144, giving 145 in good yields.

CF3 CF3
Rl Rl
N= [Ru(bpy)s?* N7
| 2
, ("Bu)3N, MeCN R
R blue LEDs
143 144

145, 45-83%
R!= Ph, m-MeCgHy, p-XCgHy,

(X= MeO, F, Cl, Br)
R?=H, Ph

Scheme 48. Synthesis of substituted 2-trifluoromethyl quinolines 145.
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When a para- substituent is introduced into the aromatic ring
attached to the nitrogen, the reaction encounters regioselectivity
problems. For instance, the reaction of substituted trifluoromethyl-
N-phenylacetimidoyl chloride 146 with phenylacetylene 147 af-
forded quinolines 148 and 149 (Scheme 49).

CFs CFs
N7 cl NZ
[Ru(bpy)s]?*
| | - = Ph
+ (n-Bu)3N, MeCN
H blue LEDs s
R 146 147 R
FiC Ph
3 | X
N
+
R

149, 49-79% (3:1 to 9:1)
Scheme 49. Synthesis of substituted quinolines 148 and 149.

A possible mechanism includes reductive quenching to obtain
radical intermediate 150 (Scheme 50). Radical 150 then undergoes
intermolecular addition with phenyl acetylene 147 to give vinyl
radical 151, which reacts with the pendant benzene to give product
148 by a HAS process. It was suggested that the formation of prod-
uct 149 results from an ipso cyclization of radical 151 followed by
C-N bond cleavage to give a new radical 153. This radical affords
quinoline 149 by HAS process.

Complementary to photoredox-initiated radical additions to in-
doles (Schemes 4 and 5), intermolecular photoredox annulation of
indoles was reported [52]. The reactions proceeds via diastereose-
lective tandem radical cyclization between N-(2-iodoethyl)indoles
154 and alkenes 155, which is terminated by a reduction giving
addition-reduction product 156 in the sense of Scheme 2 (Scheme
51).

When diazonium salts 157 are irradiated with visible light (3 W
white LEDs) in the presence of 4-arylhex-4-enoic acids 158 and

Budén et al.

1 mol% 24

Q:g -
1

R= CO,Me, CN,COMe, Me
X= CO,Me, SO,Ph, CN, CONMe,

6 equiv DIPEA
MeCN, rt, 72 h
blue LEDs

156, 31-75%
12 examples

Scheme 51. Synthesis of hexahydropyridoindoles 156.

0
N,"BF, CO,H Al
S Ru(bpy)s(PFe)z
—_—
| \e H,0/MeCN, -20°C _
R WEB  White LEDs (3W) \
~
157 158
_______________________________ 159,31-83% ______
157 -
158 ° [Ru(bpy)sJ?
A’ hv
[Ru(bpy)sl**
[Ru(bpy)s]**
o
COH CO,H
-H* Arl 0
Ar Ar —_—
. +
160 At 161 Al Ar 159

Scheme 52. Mechanism proposed for the formation of lactones 159.

lactonization sequence affords disubstituted butyrolactones 159 in
good yields (Scheme 52) [53]. When 157 receives an electron from
the excited [Ru(bpy)s]**", Ar® radicals formed are trapped by 158
to afford radical 160. The new radical is oxidized to cation 161
(recovering the catalyst) that is trapped with pendant acid to afford

Ru(bpy)s(PFg) in H,O/MeCN, a photocatalytic arylation- lactone 159.
HAS
V|S|ble
light
R 152 R 153 R 149
Scheme 50.
X EtO,C
2
22 X COEt
| CO.Et 1 mol % Ir(ppy); N==\ R
= M / 2 K;HPO, (2 equiv) \ Y
" 4 BrCH )
R \ blue LEDs (1W) (6] n
162 HO CO.Et DMF, 3h 163, 74-94%
n=1,2 22 examples

X= OMe, Me, N(Me),, etc
R=H, Ph, OTBDPSPh, etc

Scheme 53. Synthesis of substituted tetrahydrofurans 163.
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Following the same strategy, the difunctionalization of alkenes
162 through radical addition followed by intramolecular etherifica-
tion might perform the synthesis of substituted tetrahydrofurans 163
(Scheme 53) [54]. In general, the reaction conditions worked well
with EDG at para or ortho positions that are effective activators.

When a mixture of B,y-unsaturated hydrazone 164 and
Umemoto’s reagent 166 was irradiated using the combination of
NaHCO; and Ru(bpy)s(PFs). (1 mol%) as a catalyst, 165 was ob-
tained [55]. Using the same strategy, PB,y-unsaturated oximes 167
afforded dihydroisoxazoles 168 in good yields (Scheme 54). A
mechanism analogous to that depicted in Scheme 52 was proposed.

(5 )

Ts S BF, 146 T
| CF, /
_NH N
N Ru(bpy)3(PFe)2 N~
| | CFy
NaHCO3, MeCN Ar
R Ar bl R
164 ue LEDs (2W), rt 165, 34-95%
R =alkyl, aryl
OH 166
N~ N~ o
Ru(bpy)s(PFe)2
| l pn
Ar Ph NaHCO;, MeCN Ar
167 blue LEDs (2W), rt 168, 45-96%

Scheme 54. Synthesis of dihydropyrazoles 165 and dihydroisoxazoles 168.

A visible-light induced method was reported for 5-exo-trig cy-
clization of 1,6-dienes with alkyl chlorides using Ru(bpy)zCl, and
ArN,BF, as the radical initiator system [56]. In this radical chain
reaction, selective scission of the C(sp®)-H bond adjacent to the
chloride atom allows the reaction of N-allyl-N-phenyl acrylamides
169 derivatives and alkyl chlorides H-CR?R3CI, to produce 170 in
good yield (Scheme 55) [57].
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Moreover, using the iridium catalysts 24 [Ir(ppy).(dtbbpy)
(BF4)], de novo synthesis of polysubstituted naphthols 174 and
furans 176 was carried out effectively from a-bromo-carbonyl
compounds 171 and alkynes (Scheme 56) [58]. Radical 172 is gen-
erated by oxidative quenching, and depending on the nature of the
substituent R*, two pathways are possible. If R is an aromatic moi-
ety, the coupling of radical 172 with an alkyne gives intermediate
173, which reacts by HAS to finally yield naphthols 174. On other
hand, if R® is an alkyl moiety, the addition of radical 172 to alkyne
affords 175, which by oxidation and deprotonation produces furan
176. In both cases, an oxidation step is needed to recover the cata-
lyst.

Since the pioneering works on the photocatalytic radical
trifluoromethylation of aldehydes and enol silanes reported by
MacMillan [59, 60], a range of elegant photocatalytic *CF3 radical-
mediated addition/cyclization reactions has been developed for the
synthesis of various biologically important CF;-containing carbo-
and heterocycles, where alkene substrates are suitable radical ac-
ceptors. In this regard, the synthesis of trifluoromethylated isoqui-
nolinediones 180 and oxindoles 183 were obtained from precursors
177 (Scheme 57) [61]. The excited state [Ru(bpy)s]** reduced
CF3SO,CI and generate "CF3 radical, CI" and SO,. The radical
"CF3 was trapped by 177 to give intermediate 178. For X=CO, the
formation of product 180 follows HAS sequence as shown in
Scheme 3. Meanwhile, for X= SO, an ipso-cyclization of radical
178 affords amidyl radical 182 after SO, extrusion. Finally, HAS
reaction from 182 gives oxindoles 183.

In photoredox catalysis, alkenes, alkynes and aromatic rings as
radical acceptors, have been widely used since 2008 as a synthetic
approach to form new C-C bonds. However, isocyanates used as
somophiles started in 2013, their use as precursors to heterocycles
has been widely exploited in organic synthesis. Neutral isocyanide
insertions are shown in Scheme 58. Biphenyl 2-isocyanide 184,
which incorporates an isocyanide group and a somophile (phenyl
ring) into the same molecule, is selected to react with a radical R".
The radical R" adds to 184 to give the imidoyl radical 185, which

, CRWRCI
x RL 5 mol% Ru(bpy)sCl,
2 equiv ArN,BF,
+ H-CRZR3CI
l}l o] Na,CO5 N o]
° |
Ph R2=H. Cl 50 °C, 20h, Ar bh
169 R3=H, Me, Et, CI CFL (36 W)

Rl= Me, Ph

Scheme 55. Synthesis of pyrrolidin-2-ones 170 derivatives.

OH
EWG 1mol % 24, R———
Oe Na,HPO,, DMF, rt
White LEDs (13w)
Ar
174, 43-98%
20 examples

|

.e'
- =
- R=aryl

o)
Ar 173

Scheme 56. De novo synthesis of naphthols and furans.

EWG

ewe M R= |
R1

170, 32-83%

(0] 1mol % 24, R——

Na,HPO,, EtOH, rt

Rl
e 176, 33-98%
h
[|r3+ ];\(,Vw\f 15 examples
[|r3+ ]
[ Ir4* ]J

(0]

R=alkyl

172
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CF,
CF4 5 mol% Ru(bpy)sCl, 1) 5 mol% Ru(bpy);Cl, 0
X . AN . X
| o 2 equiv CF;SO,CI | 2 equiv CF3SO,CI
N N
1// N MeCN, K,HPO, e NG MeCN, K,HPO, e = R2
R blue LEDs (5 W blue LEDs (5
R W) 177 W) o
183, 36-85% CF,S0,C 180, 43-70%
' HAS Ru?*
"CFy HAS
— CF4 +S0, +Cl—
\
R / 0 CF3
N\
o]
182 R? \ ’
X= S0, | = X=CO ;
N —> R
/ 7 ~
e X~ “Re
178

Scheme 57. Synthesis of trifluoromethylated isoquinolinediones and oxindoles.

subsequently undergoes HAS to afford phenanthridine 186. Since
intramolecular HAS is faster than intermolecular radical couplings,
multiple isocyanide insertions and double alkylation are avoided in
this process.

Scheme 58. General reaction for isocyanides.

Taking this into account, different alkyl bromides 188 were
employed as radical precursors for the construction of 6-alkyl phe-
nanthridine 189 (Scheme 59) using 1 mol% of fac-Ir(ppy); as pho-
tocatalysts [62]. Isocyanides 187, having different functional groups
on both benzene ring and isocyanide bearing naphthalene, anthra-
cene and pyridine rings instead of the benzene ring, were also suc-
cessful in this transformation with good to excellent yields.

fac-Ir(ppy)s

COOMe  Na,HPO,
Me blue LEDs,
187 188 DMF, N,, 10 h
2
- R
N
189, 39-93% |
16 examples - = & COOMe
Rl
Me

Scheme 59. Synthesis of substituted phenanthridines 189.

The synthesis of 1-trifluoromethylisoquinolines 191 using
Umemoto’s reagent 166 as the source of ‘CF; radicals and vinyl
isocyanide 190 is also described in Scheme 60 [63].

1% mol 24
R3 Na,HPO,, MeOH

+ 166

White LEDs (13 W)

R2 0
191, 93-28% NN R®
30 examples YA
Rl
CFs

Scheme 60. Synthesis of isoquinolines derivatives 191.

The synthetic strategy was extensively use for fluoroalkylation
of biaryl isocyanides 187 to yield 6-fluoroalkylphenanthridines 192
in good to excellent yields (Scheme 61). Several fluorine sources
were used, such as ethyl bromodifluoroacetate (EBDFA) [64], ethyl
bromofluoroacetate (EBFA) [64], CF,HSO,CI [65], and
MeCF,SO,CI [65].

1-Arylisoquinolines 193 were synthesized from vinyl isocya-
nide 190 and diaryliodonium tetrafluoroborates (Scheme 62) [66].
Diaryliodonium salts (Ar,IX) form Ar “and Arl by oxidative
quenching.

Using the strategy shown above, the synthesis of functionalized
pyrrolo[1,2-a]quinoxaline 195 has been developed from 1-(2-
isocyanophenyl)-1H-pyrrole 194 (Scheme 63) [67]. In this reaction,
phenyliodine(l11) dicarboxylates are used as radical R~ precursor
(Scheme 64) and are easily prepared from the corresponding func-
tionalized carboxylic acid by ligand exchange with phenyliodine
(I1) diacetate (Phl(OAc),). Various primary, secondary, tertiary
aliphatic carboxylic acid, alkenes and alkynes (which are poten-
tially susceptible to radical attacks), despite being partially pro-
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one-pot procedure

1) fac-Ir(ppy)s

187 R=F (EBDFA)
Scheme 61. Fluoroalkylation of biarylisocyanides.

1
fac-Ir(ppy)s N—
1 mol% = \

/
Na2CO3, MeOH Ar
\_7/

White LED
(3BW) o

RS
193, 53-90%
37 examples

190 + [ Anl]BF,

Scheme 62. Synthesis of isoquinolines derivatives 193.

tected a-amino diacids, were effective in affording the cyclization
products desired.

Changing the pyrrole moiety in 194 by imidazole, pyrazole, tri-
azole and tetrazole, others aza-hetercycles (196-200) could also
been obtained with good yields as depicted in Figure 3.

In addition, preparations of these compounds by integration of
in-line isocyanide formation and photochemical cyclization have
been achieved in a three step continuous-flow system (Fig. 4). In
the last cases, residence time involved only a few minutes and was
enough to reach a full conversion of the isocyanide intermediate
194 to 195, while 5 to 24 hours of irradiation are usually required in
batch setups.

| 1) PhI(OAc),
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cl
lIET Na,HPO, DMF, rt fac-Ir(ppy)s |
. 0 O blue LEDs (3 W) Na,COs, dioxane ~ O3 ©
", /*\ + 187
R 2)K,COs MeOH CFL (26 W) R7INF
F
Br then HCI (aq) 192 R=H
R= H(EBFA) Ri= CH,F, CHF,, C(Me)F, R= Me

A method for the synthesis of 2-substituted benzothiazoles 203
has been developed. The process requires only 0.1 mol%
[Ru(bpy)sCly], O, and visible light irradiation with substrate 2-
aminothiophenol 201 and a variety of aldehydes. In the mechanism
proposed the photocatalyst promoted the oxidation of a condensa-
tion product 202 (Scheme 65).

SH 0 0.1 mol %
Ru(bpy)sCl S
b L et T
NH H R  blue LEDs N
2 0,, MeCN, rt

203, 70-97%
R=Et, Bn, Ph, Ar

201
\\1 s
Nk
N
202 H

Scheme 65. Synthesis of 2-substituted benzothiazoles 203.

Amino methyl radicals, photochemically generated from N,N-
dimethylbenzenamine 204, can be added to N-arylmaleimide 205 to
yield tetrahydroquinoline products 206 in 55-98% yields (Scheme
66) [68]. The mechanism proposed involves a radical addition-HAS
sequence as described above.

NC 2)1 mol%[fac—lr(ppy)g]

X N/ R

DMF, 25 °C, 5% h

R1= OMe, Me, F, COMe, CFL (26 W)

CO,Me, Cl

Scheme 63. Synthesis of functionalized pyrrolo[1,2-a]quinoxaline 195.

195, 18-84%
31 examples

+ e .
PhI(O,CR), — — o AN ] —
-RCO, Ph O,CR + CO, + Phl

PET

Scheme 64. Mechanism for the generation of radicals R~ from phenyliodine(l11) dicarboxylates.
N =N
196 (60%) 197 (45%) 200 (81%)

198 (63%) 199 (60%)

Fig. (3). Heterocycles synthesized from isocyanides.
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PhI(OCOCY), lamp

isocyanide formation in
previously flow-system

JE
g\ /?

[Irctobpy)(ppy), BF

water bath

Fig. (4). Continuos-flow synthesis of pyrrolo[1,2-a]quinoxaline.

Moreover, a-amino alkyl radicals could add to electron- ~N. - ~ Ar
deficient alkenes where oxygen was found to act as a chemical N CN 5 mol% N
switch to trigger two different reaction pathways by which two N [1r(ppy)2bpy PFe] CN
different types of products were obtained from the same starting | + %\CN CN
material [38]. In the absence of oxygen, the intermolecular addition (= MeCN, air
of N,N-dimethyl-anilines to electron-deficient alkenes provided y- R Ar blue LEDs
amino nitriles in good to high yields. By contrast, in the presence of 207 208, 40-71%
oxygen, a radical addition/cyclization reaction occurred, resulting in 12 examples

the formation of tetrahydroquinoline derivatives 208 in good yields
under mild reaction conditions (Scheme 67).

Ru(bpy)3CI2
+
air, DMF

Scheme 67. Synthesis of tetrahydroquinoline derivatives 208.

cyclization sequence (Scheme 68) [69]. This behavior could be
attributed to a C-H deprotonation from 210, allowing localization of
charge on the nitrogen, and contributing to low reaction barriers for
generating 211, compared to the formation of 213 by distal C-H
deprotonation.

CFL (40 W) In addition, amino methyl radicals could be generated from N-

204 205 methyl-N-((trimethylsilyl)methyl) aniline. Using the same method-

Rl= H. Me, OMe, F, Cl, Br 206, 55-98% ology as that described above, _and using d_|ffen_3nt cyclic o,p-
R2= Me. Ph. Bz unsaturated carbonyl groups 215, interesting tricyclic products 216
o were obtained by an addition-HAS cyclization sequence (Scheme

Ar= 4-XCeHa (X__CI‘ Br. 1, Me, OMe)‘_Bn 69) [70]. In all cases, the addition-reduction product was obtained

Scheme 66. Synthesis of tetrahydroquinoline products 206. in different yields (10-49%)

Simultaneously the groups of Yu and Bian [68] and Rueping Starting from secondary amine N-((trimethyl-silyl)methyl) ani-

[38] studied tertiary amines having two possible sp® C-H sites
available for deprotonation. Thus, the tertiary amines of type 209
having fairly acidic benzylic sp® C-H bonds afforded substituted
tetrahydroquinolines 212 by a subsequent a-alkylation/HAS-

line 217 and deficient alkenes, y-amino carbonyl compounds 218
were obtained, and then converted into y-lactams 219 (X= OEt) or
pyrroles 220 (X= Me) in a one-pot process (Scheme 70) [71].

-H*
>
R H
R3 5 mol% H
Ru(bpy)3CI2 . N\,r H
+ —
= pyrldlne MeOH 211 H R3 212, 13-45%
blue LED, rt 8 examples
H /.'J:'\]<H \ R1
H
H 1-
209 RZ Ph, CO,Me, H H ;E N .
R°=H, Ph 210 H7< H
R3=Ph, Me -H*

Scheme 68. Photocatalytic reaction of tertiary amines 209 with electron-deficient alkenes.
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M93Si+

SlMe3 _ \
L]

1Y (400 700 nm)

24 (1 mol%)

n CH2C|2 or MeOH
SIME3
214 n=1,2
Z= 0, CH,, N-Boc, N-Ts

216, 10-49%

Scheme 69. Synthesis of tetrahydroquinolines 216.

24 (1 mol%)

NMP, 25 °C, 18 h

Current Organic Synthesis, 2016, Vol. 13, No. 0 19

Ar
— O—
o)
( 84 Ar
0 Ph
O, (4 atm), MeNO, o

<:\ ILB (200 W) o
o1 45-93% 222

Scheme 71. Synthesis of endoperoxides 222.

This reactive intermediate 223 undergoes a [2+2+2] cyclooxygena-
tion with triplet oxygen to afford an endoperoxide radical cation
224. The final step involves reduction of 224 by 84" that continues
the catalytic cycle.

[3+2]-Dipolar cycloadditions are a powerful class of reactions
that allow the construction of structurally complex molecules in a

'BUOK N
R: O
X=OEt R2
R3
219, 44-95%
Rl

QA

S|M63

217

Scheme 70. Synthesis of y-lactams or pyrroles in a one-pot strategy.

When the photostimulated reaction of bis(styrenes) 221 was
carried out with tris(bipyrazyl) ruthenium (1I) complex
(Ru(bpz)s(PFe), (84) in the presence of O,, the principal product
yielded was the endoperoxide 222 (Scheme 71 and Fig. 5) [72]. It
was pointed that a successful reaction required the presence of an
EDG at the ortho or para position of one of the styrene, since with
Ar=3-MeOC¢H, or Ph, no products 222 were formed.

The mechanism proposed is described in Scheme 72 with bis-
styrene 221 as a model. The photoinduced one-electron oxidation of
the alkene gives radical cation 223 and 84" by reductive quenching.

OMe

Fig. (5). Endoperoxides synthetized from bis(styrenes).

White LEDs (14 W)

o —

218

O
B o

CO,Et
R3= CO,Et
220, 55-72%

straightforward and atom-economical fashion. It has been reported
that the application of photoredox catalysis of diester of 2-(3,4-
dihydroisoquinolin-2(1H)-yl)malonates 225 reacted with N-
substituted maleimide 226 to afford heterocycle 227 in the presence
of O, and 84 (Scheme 73) [73].

Photostimulated formation of iminium ion 228 is obtained by
reductive quenching in the presence of O, (see Scheme 31) which is
deprotonated to yield azomethine ylide 229. Subsequent [3+2] di-
polar cycloaddition of 229 with 226 gave product 227 (Scheme 74).

NHBoc
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MeO
isibl
4+2 visible a2+ Ph
light | |
84* °
MeO 221

Scheme 72. Mechanistic proposal for [2+2+2] cyclooxygenation.

» L
Y N \(COZRl + O N 0
|

" 225 COR! R?
R= 7-OMe, 6,7(OMe),, 7-Br, 7-F 226
RL=Me, Et;

R2= Me, Ph

Scheme 73. Synthesis of hexahydropyrrolo isoquinolines derivatives 227.

X
Ru2+ | n H
&) f Y

CO,R!
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Visible 228 1
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| S
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S JAN_-_COR! —= » 277
R \( cyclo
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2

Scheme 74. Proposed mechanism for the azomethineylide formation and
[3+2] dipolar cycloaddition.
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Following the same methodology, it was demonstrated that di-
hydroisoquinoline monoesters 230 react with a variety of dipolaro-
philes N-substituted maleimides 226 efficiently to give the corre-
sponding products 232 in good to excellent yields after treatment
with NBS to oxidize the dihydro-compound initially formed 231
(Scheme 75) [74]. The reaction appears quite general in relation to
N-substitutions and other dipolarophiles, such as activated alkynes,
acrylates, nitroolefins, and maleic anhydrides, which reacted
smoothly to give good products yield.

Starting from N-aryl dihydroisoquinoline 233 and a-keto esters
234, isoxazolidine derivatives 235 are concisely formed in one step
with excellent stereoselectivity (dr > 20:1), through a C-H activa-
tion-retro-aza-Michael-oxidation-cyclization tandem sequence us-
ing [Ru(bpy)s]** (Scheme 76) [75]. When a EWG group was in-
stalled on the N-substituted aromatic ring, the reaction proceeded
sluggishly under Ru-catalysts. In these cases, the use of a more

1 mol% 84, O,

rt, 24 h

227, 56-67%

reactive iridium catalyst, Ir(ppy).(dtbbpy)PFs (24), can remarkably
improve the reaction, furnishing the desired product 235 in moder-
ate yields with excellent stereoselectivity.

It is proposed that iminium cation 236 is trapped by nucleo-
philic addition of a-keto esters 234 to give intermediate 237
(Scheme 77). The keto-enol tautomer will suffer a retro-aza-
Michael to the unstable intermediate 238. Subsequently, oxidation
to nitrile oxides 239 followed by [3+2] cycloaddition produces the
desired bicyclic isoxazolidines 235.

N-alkylsubstituted arylhydroxylamines 240 could be oxidized to
nitrones 241 by photocatalysis via single-electron oxidation
(Scheme 78) [76]. This intermediate react in-situ by [3+2] cycload-

5 mol% 84%*, 0,
N MeCN, air, 12 h COEt | \Bs \ CO,Et
w + 226 " .
visible light
CO,Et
230 o] N o o \ o
! /
L R 231 _ R
R= Me, Ph, Bz, 4-OMeCgH,, 4-NO,CgH, 232, 68-94%
Scheme 75. Synthesis of pyrroloisoquinolines 232.
R 0 3mol % Ru(bpy)s®* R Zn R2
j@(? + ﬂ‘)k or 1 mol % 24 ~ )
N RS OR?* .
Rl N IPrOH, TFOH R
233 |/ » © blue LEDs (5 W)
R2 234 5 )
- Rl= 3 - R3 OR
R=R"=H, OMe R3= Me, Et, n-Pr, n-Bu, i-Bu, etc o)

R2=H, t-Bu, F, Cl, Br, Me, OMe,

Scheme 76. Synthesis of tetrahydroindeno isoxazoles.

R%= Me, Et, i-Bu, t-Bu

235, 28-69%
21 examples
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Scheme 77. Plausible mechanisms for aerobic C-H/C-N cleavage cascade reaction forming isoxazolines 235.

OH O
A]\)k 1mol % 24
OR —_—

ACOEt, H,0
CFL (11 W)

AT

R=Me, Et, iPr, "Bu, 'Bu
X=H, Mg, F, Cl

240

243, 42-97%
18 examples

Rl=H, Me, Cy, Ph

Scheme 78. Synthesis of isoxazolidines 242 and 243.

CLI

Scheme 79. Synthesis of 2,3-dihydrobenzofurans derivatives 246.

visible Ilght

(NH4)25208
MeCN

246, 45-91%

dition with different alkenes such as vinyl ethers, and maleimides to
give five-membered ring isoxazolidines 242 and 243, respectively.

Recently a photocatalytic procedure was reported for [3+2]
phenol-olefin cycloaddition, in which the use of ammonium persul-

242, 50-94%
12 examples

R= OEt, O"Bu, O'Bu, Ph
R2=H, COPh, Me

fate as an oxidant was crucial. Thus, when phenolic compounds 244
and an olefin 245 are treated with the complex [Ru(bpz)s]** (84),
(NH4)S,04 and irradiated with a visible light, dihydrobenzofuranes
246 are obtained with good yields (Scheme 79) [77].

The authors proposed the mechanistic model outlined in
Scheme 80, including a solid-state photoredox catalytic cycle. Ini-
tially, a salt metathesis results in the formation of insoluble
[Ru(bpz)3](S20s), which is the real catalyst. Photo excitation of this
salt followed by oxidative quenching by S,05> afford
[Ru(bpz)s](SO,)" and sulfate radical anion SO,". The OXIdatiOI’l‘_'(_)f
phenol 244 by [Ru(bpz)s](SO,)" affords radical cation 244
which can be further oxidized to give a resonance-stabilized phe-
noxonium cation 244" that is trapped by an electron-rich olefin 245
to afford the observed dihydrobenzofuran 246.

h
5,052 ’
[Ru(bpz)3](PFe); (solv) [Ru(bpz)3](S,05)(s) [Ru(bpz)3]*(S,08)(s)
2Py k S0 )\' .
82082- 504
[Ru(bpz)3](SO4)(s) [Ru(bpz)3](SO4)*(s)
245 0 N X
246 =~ R _+ <~ Ryt
-H ™ o “H Zon
o+ 244

244 * 244

Scheme 80. Mechanism proposed for the oxidative [3+2] cycloaddition of phenols with alkenes using [Ru(bpz)s]**.
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0 ~Me 0 ~Me © “Me
OMe
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R=Bn, allyl, o
CH,CH,OH
OMe  Ri=H ph, t-Bu (86%) o—/

(82%)

Fig. (6). Dihydrobenzofuranes 246 synthesized by [3+2] cycloaddition of
phenols with alkenes.

The broad range of organic substrates that are readily oxidized
by this photoredox catalysis suggests that this strategy may be ap-
plicable to a variety of useful oxidative transformations. Selected
examples of this oxidative [3+2] cycloaddition of phenols with
alkenes are shown in Figure 6.

3. ORGANIC (TRANSITION METAL-FREE) PHOTO-
CATALYSIS

3.1. Intramolecular Reactions

Regardless of the numerous methods for the preparation of ben-
zocumarins, new procedures are still needed, especially those in
line with the principles of green chemistry. Benzocumarins were
prepared by photocatalyzed dehydrogenative lactonization using an
organic photocatalyts 9-mesityl-10-methylacridinium perchlorate

247, 2.5 mol%

o) 1.5 equiv
(NH);S,04
@ blue LEDs 59-87 %
MeCN:H,0 30 °C 249

248

Scheme 81. Synthesis of benzocumarins 249.
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H*
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247 (Scheme 81) [78]. For this reaction an oxidant (NH,4),S,0g was
necessary to obtain good yields, especially when EDG are present
in the aromatic rings. Mechanistic studies allowed the authors to
propose a radical cyclization by a HAS reaction of the benzoyloxy
radical 250, obtained by reaction of 2-arylbenzoic acid and the ex-
cited photocatalyst 247* (Scheme 82).

Catalyzed intramolecular cyclization of nucleophiles onto alke-
nes has been intensively study over the last two decades; however,
most of these studies refer to a Markovnikov addition. Nicewicz's
group recognized the potential of photo-catalyzed ET in achieving
anti-Markovnikov addition to olefin through oxidation to a radical
cation. Using commercial available 247, they prepared a series of
tetrahydrofurans 252 with good yields starting from alkenes teth-
ered to alcohol functionality 251 (Scheme 83) [79].

R 1
L 247,5 mol% R

N 450nmLEDs 2 R3
R3 ] 3

Y Phc&?cﬁ; I\(/253) ° "

2 252
OH DCE 23°C 41-80 %
251 R = alkyl, aryl

Scheme 83. Synthesis of tetrahydrofurans 252.

This anti-Markovnikov transformation provides a reactivity
profile that complements traditional Markovnikov-based Brgnsted
acid catalyzed reactions. Moreover, the reaction shows to be good
for the preparation of lactone 254 and cyclic ethers 255 and 256

(Fig. 7).

Ar Ph
0 5 o
0
254 255 256

Ar=4-MeOC6H4
2%

68% 46%

Fig. (7). Scope of photocatalyzed anti-Markovnikov transformation.

The proposed mechanism involves reductive quenching of 247*
by the substrate (Scheme 84). Cyclization of the oxidized species
gives radical 257 (distonic radical cation) which is reduced by 2-
phenylmalononitrile 253 (a redox couple RC) via H-atom transfer

247%
248 by
ET
O .
I 247

S0 4 SO,

82082-

Scheme 82. Mechanism proposed for photocatalytic dehydrogenative lactonization.
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to give the product. Finally, reaction of reduced catalyst and radical
258 recovers the catalyst and the redox couple closing the catalytic
cycle. The use of redox couple 253 is a key feature of this strategy,
it allows efficient transformation of 257 to the product and recovery
of the catalyst.

R3

2
R \%\/ z YYH 247*

R!

258 ~
RC
R! -
RZJ\k\ H* J
RC-H

z
Y\<

R4 RC-H =253 or PhSH
Z = linker

Scheme 84. Mechanisms proposed for photocatalyzed anti-Markovnikov
nucleophilic addition to olefin.

The methodology was later extended to intramolecular hy-
droamination allowing the synthesis of pyrrolidine, piperidines and
a sulfamic derivative (Scheme 85) [80]. Potential problems with
amine oxidation were anticipated and avoided using a protective
group (sulfonyl, boc) over the amine. Again, selection of the redox
couple was critical and 253 was replaced by PhSH to obtain the
best results.

Brasholz et al. studied a cascade dehydrogenation/6m-
cyclization/oxidation reaction of isoquinoline 259 in the presence of
1-aminoanthraquinone (260) as a photocatalyst, 12-nitroindoloiso-
quinolines 261 were obtained (Scheme 86) [81]. The mechanism
proposed for the dehydrogenation step involves deprotonation of a
photo-generated iminium cation 262 (Scheme 34 with 260 instead

0

( [h] ) |I/:\\\
! . N7t B- N
259 @ DRI~ \@ - - . N\©
— R | | =R
7
NOZ NOZ Z
262

263

261 :‘ 260,
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247, 5 mol% R2
R® 0.2 equiv R
R PhSH Rl
Linker 450 nm LEDs N
\ DCE 23 °C R
NHR Me
AfAO<R MQJ\OJ
TsN R TsN R
69-89% 56-76%
H R R
Ph Ph/\l/\
. HN_ O
7\
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2% 60-79% 54%

R, R'=H, Me, i-Pr,Ph

Scheme 85. Anti-Markovnikov hydroamination of alkenes catalyzed by an
organic photoredox system.

260, 5 mol%

2 equiv K3PO,
| 450 nm (CFL 36 W)

\\ MeCN rt air
259 R

24-69%

Scheme 86. Synthesis of 12-nitroindoloisoquinolines 261.
of Ru) to obtain 263. Compound 263 would suffer photo 6m-

cyclization followed by photocatalytic oxidation to the final product
261 (Scheme 87).

0, B

Scheme 87. Mechanism proposed for cascade dehydrogenation/6mn-cyclization/oxidation reactions.
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3.2. Intermolecular Reactions

The synthesis of benzothiophenes was achieved through eosin
Y (264) photocatalysis starting from orto-methylthio diazonium
salts and alkynes (Scheme 88) [82]. Diazonium salts with EDG or
halogen are well tolerated as well as alkynes with EDG and EWG.
The method provides mild (green light and inexpensive organic
dye) and efficient access to different types of benzothiophenes,
avoiding metal catalysts and high temperatures.

N,BF, A
| N 264, 1 mol% N\
_ — R
/ S R————R’ / = S
FG | 530 nm (LEDs) FG 266
265
DMSO, 20 °C 42-85%

N

Eosin Y (264)

Scheme 88. Synthesis of benzothiophene 266 using Eosin Y.

The mechanism of the reaction has been proved to follow radi-
cals as key intermediates (Scheme 89) [82]. Reduction of dia-
zonium salt by an oxidative quenching gives an aryl radical inter-
mediate (267). Intermolecular additions to the alkyne afford an
alkenyl radical which cyclizes to the sulphur atom to give sul-
phuranyl radical 268 [83]. Oxidation of 268 recovers the catalyst
and provides cation 269 which could react with a nucleophile (sol-
vent in this case) by the Sy2 mechanism.

In the context of an alkoxycarboxylation of aryldiazonium salts
using CO and a photocatalyst 271, furan 270 has been synthesized
in moderate yields (Scheme 90) [84]. As mentioned before, aryl
radicals are generated, following a radical cyclization and trapping
with CO. Oxidation of the final radical restores the catalyst and
gives the final product after reaction with a nucleophile.

N,BF,
s /\ .

| 264 264

265
th
264

+
S
269 \

Budén et al.
CO,Et

N,BF,
©i 271, 0.5 mol% N\
—_—
CH5;0H
o/\ 3 o
Blue LEDs 270
80 atm CO, rt 58%

s N

O OH

0]

O \
HO O 0}

Fluoresceine 271

Scheme 90. Synthesis of ethyl 2-(benzofuran-3-yl)acetate 270.

Aryl radical was also prepared by photocatalyzed oxidation of
hydrazines with an organic dye [85]. The synthesis of 6-subtituted
phenanthridines was achieved using eosin B (272) as a catalyst and
2-isocyanobiphenyls with good yields (Scheme 91). In addition, the
use of hydrazines allowed the preparation of alkyl and acyl substi-
tutions that were less explored in the diazonium salt approach due
to limited availability of the corresponding precursors. The pro-
posed mechanism involves the formation of a radical from interme-
diate 273, which follows the mechanism described in Scheme 58.

Recently, Wang et al. synthesized coumarins 275 through a
visible-light-initiated oxidative cyclization of phenyl propiolates
274 (Scheme 92) [86]. The reaction was proposed to go through a
radical process involving a tert-butoxyl radical and possibly a sul-
fonyl radical 277 (Scheme 93).

Functionalization of tetrahydroisoquinolines has been exten-
sively studied in photoredox catalysis using O, as a terminal oxi-
dant; most of them result in the reaction of the corresponding imin-
ium anion with different nucleophiles. As was mentioned before
(see Scheme 23), photo-oxidation of an amine could give iminium
cation or a-aminoradicals, and the reaction of the last one with elec-
trophile is a valuable synthetic tool. Accordingly, the group of Ye,
Jiang et al. prepared four different products by reaction of tetrahy-
droisoquinolines 278 with the same electrophile and dicyano-
pyrazine 279 as a photocatalyst (Scheme 94) [87]. Chemioselectiv-

267
o\ R J
S
268 \
R DMSO
—— 266

Scheme 89. Mechanism proposed for the photocatalyzed synthesis of benzothiophenes.
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2LU3 | X NS
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' 45-84%
_— Rle + Np + H+
Eosin B 272
Scheme 91. Synthesis of 6-substituted phenanthridines by photooxidation.
Ph O
Ph 264, 1 mol% R \\S//O
R | | ﬁ 'BUOOH 1 equiv \\ AN ~Ar
\\ * PEN CHsCN/H,0 (1:1 |
| Ar” T OH 3CN/HZ0 (1:1) PN N0
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Scheme 92. Synthesis of 3-(arylsulfonyl)-4-phenyl-2H-chromen-2-ones 275.

Ar
| 276

0?0

277

274

Ph O o
R . \\S//
\\ : SAr
| - .
= o o HAS

Scheme 93. Mechanism proposed for the synthesis of coumarins 275.

ity was controlled through the addition of a Lewis acid (LiPFg), a
base (LisPO,), changing the solvent and modifying the temperature.

Product 280 was obtained in high yield working in a Me/H,0O
(1:3) mixture with LiPFg as additive. Although the effect of the
photocatalyst is irrefutable, a slow reaction was detected without
catalyst, which could not be explained. The occurrence of a radical
addition to the electrophile was probed and proposed to be the first
event for the formation of all products (Scheme 95). The fate of the
radical formed (281) determines the product obtained, affected by
changing the conditions. It is proposed that, in the presence of
Lewis acids radical 281 will be stabilized, favoring a HAS reaction
to 280 [87].

As one of the few efforts to improve the photophysical proper-
ties of organic dyes, Huang and Zhao designed two photocatalysts
with long-lived triplet state and strong absorption of visible light
[88]. Combination of strong absorption of the boron-
dipyrromethene (bodipy) and long-lived triplet state of Cg, allows
synthesizing Cgo-Bodipy dyes with enhanced properties to act as
photocatalysts (282-284, Fig. 8).

The performance of the catalysis was probed in the synthesis of
pyrrolo[2,1-a]isoquinoline 232 (see Scheme 75) by tandem oxida-
tion/[3+2] cycloaddition reactions of tetrahydroisoquinolines 230
and N-phenylmaleimides (Scheme 96). Compared to the reported
conditions with Ru(byp)s>* (84) (Scheme 75), [74] Cqo and Bodipy
282, the new Cgp-Bodipys 283 and 284 photocatalyst show better
catalytic activity giving higher yields in shorter times. Mechanistic

BuO *

'BUOOH

264*
HO"

studies confirmed the same mechanism as that determined for cata-
lyst 84: reductive quenching of photocatalyst with oxygen as a ter-
minal oxidant (see Scheme 74).

In another effort to obtain photocatalyst with better properties, a
supported bodipy photocatalyst (Figure 8, 285) was prepared, prov-
ing its use in the same reaction (Scheme 96). Once again, a better
performance was obtained with good product yield and shorter
reaction times than those with Ru(bpy)s>*.

A further example of pyrrolo[2,1-a]isoquinoline by a tandem
oxidation/[3+2] cycloaddition was reported using Rose Bengal 286
as a photocatalyst (Scheme 96) [89]. Moderate to good yields were
obtained in longer reaction times as compared to bodipys (283 and
284) and Ru(bpy)s>*. However, its lower performance is acceptable
considering its lower cost. In addition, different setups were used
by the authors by changing light source, power, geometry, etc.;
making a global comparison particularly difficult.

Catalyst 286 also catalyzed the [3+2] cycloaddition of tetrahy-
droisoquinolines 287 with alkynes 288 to pyrrolo[2,1-
alisoquinoline 289 in moderate yield (Scheme 97) [89].

N-Aryl-tetrahydroisoquinolines 290 have also been used to pre-
pare 12-nitro-5,6-dihydroindolo[2,1-a]isoquinoline (261) by reac-
tion with nitromethane and 1,5-diaminoanthraquinone (291) as
photocatalyst (Scheme 98) [81]. This cascade reaction involves four
steps including photocatalytic cross-dehydrogenative coupling /
dehydrogenation / 6r-cyclization / oxidation reactions.
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Scheme 94. Chemio-diverse functionalization of tetrahydroisoquinolines.
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Scheme 95. Mechanism for the formation of 280.
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R 2. NBS for R=0-alkyl

232

230 | >385nm 73-94% (R'=Ar; Cat = 283 or 284)
Xe 35W 51-80% (R'=Ar, Bz;Cat = 285)

R=0-alkyl, Ph green LEDs

Scheme 96. Synthesis of dihydropyrrolo isoquinolines derivatives 232.

R '
) R 286
N | ‘ 5 mol%
green LEDs
CO,Me
288
i CI 3 289
287 30-65 %
R =CN, CO,-alkyl
R'=H, CO,Me

Na" T [ Na
Rose Bengal 286

Scheme 97. Synthesis of 5,6-dihydropyrroloisoquinolines derivatives 289.

0 NH,
NH, O O
N 291, 15 mol%
N
O,N /
3 equiv CH3NO,
3 equiv K3PO,
R 450 nm (CFL) 261
MeCN, 72, rt, air R
290 R =H, Me, OMe, Ph, CI. 28-53 %

Scheme 98. Synthesis of 12-nitro-5,6-dihydroindolo[2,1-a]isoquinoline 261.

Photocatalytic cross-dehydrogenative coupling had been previ-
ously reported with transition-metal complex (see for example
Scheme 34) but not through a dehydrogenation/6r-cyclization/oxi-
dation. Optimization of these steps (see above Scheme 86 and
Scheme 87) allows the author to find suitable conditions to perform
the cascade reaction with good yields. Eosin Y (264) has also been
used to synthesize 1,2,4-thiadiazoles by oxidative cyclization of
primary thioamides (Scheme 99) [90]. Photocatalysis allows re-

56-80% (R' = Me, Bz, Cy; Cat =rose bengal, 286)

placement of stoichio-metric chemical oxidant by oxygen, working
at rt and short times. The mechanism proposed involves two photo-
catalytic oxidations to get the final product, yet, it was not probed
with mechanistic studies.

R
S

)J\ 264, 2 mol% NN
> N

R NH, |,

18 W (CFL) R S

DMF, rt, air
72-93%

Scheme 99. Synthesis of 1,2,4-thiadiazole derivatives.

Benzimidazoles and benzothiazoles 295 have been synthesized
by photoinduced oxidative cyclization in mild and environmentally
benign conditions using tetrazine 293 as a photocatalyst (Scheme
100) [91]. Photostimulation of aldehydes 294 and 2-amino or 2-
thioanilines (292) was performed at rt and oxygen as a terminal
oxidant. The reaction involves an initial condensation reaction of
294 and 292 to give an imine followed by oxidation to promote

cyclization (similar to Scheme 65).
293, 0.4 mol%
NH, N
S—r
L, L
292 295 | Z=N, S

Z=NH,, SH 75-91%
N=N N—
SaWaw,
—N N—N
293

Scheme 100. Synthesis of substituted benzimidazoles and benzothiazoles
295.

1 equiv RCOH (294)

A>420 nm
Xe 300 W

EtOH, rt, air

Substituted tetrahydrofurans 298 were synthesized by a radical-
crossover cycloaddition (Scheme 101) [92]. The authors extended
their work in the intramolecular addition of nucleophiles onto radi-
cal cation of alkenes (Scheme 83) [79], and built the cycle from
alkenes 296 and alkenols 297. The reaction mechanism resembles
that shown in Scheme 84 with a 5-exo radical cyclization (Scheme
102) taking place before reduction by H-donor 253.

Xiao et al. developed a photocatalyzed coupling of 2H-azirines
(299) and alkynes to obtain pyrroles 300 which avoid transition-
metals and UV light irradiation (Scheme 103) [93]. Using catalyst
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Scheme 101. Synthesis of tetrahydrofurane derivatives 298.

R16 = alkyl 43-57 %
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Scheme 102. Mechanism proposed for the synthesis of tetrahydrofurans 298.
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Scheme 103. Synthesis of substituted pyrroles 300.
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% 247%
24

300
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7" hv
247

Scheme 104. Mechanisms proposed for the photocatalyzed reaction of 2H-azirines and alkynes.

247, high yields of the expected products were obtained in a formal
[3+2] cycloaddition. Mechanistic studies confirm a reductive
quenching of the excited catalyst by 299 (Scheme 104). Ring open-
ing of 301 produces radical cation 302 that reacts with the alkyne to
finally give 300.

The same group extended the synthetic utility of 2H-azirines to
obtain oxazoles 303 by reaction with aldehydes (Scheme 105) [94].
The reaction mechanism was proposed to be the same as that re-
ported (Scheme 104) with cation 302 as the key intermediate. In
this work, the authors also showed that reaction of 2H-azirines with
alkenes and imines was possible to obtain pyrroles and dihydroimi-
dazoles; however the scope was not explored.

An interesting example in Xiao's group was the preparation of
pyrroles by a photocascade catalysis involving energy transfer and
redox reactions (Scheme 106) [93]. Previous studies in the photo-
sensitization of azide derivatives to azirine (see Scheme 17) [24]
encouraged the authors to carry out a photocascade catalysis start-

ing from azide 304 and an alkyne. It was shown that 247 was effec-
tive in both reactions affording 92% yield of the desired product
(Scheme 106).

Phototocatalysis represents a good opportunity for the construc-
tion of complex labile molecules such as endoperoxides. In 1988
Miyashi et al. [95] synthesized some endoperoxides using 9,10-
dicyanoanthracene (DCA) as part of an structural study of radical
cation dienes using UV light irradiation. Inspired by this work,
Yoon et al. (Scheme 73 and Fig. 5), [72] and Nicewicz [96] synthe-
sized different endoperoxides with good yields using visible light
irradiation (Scheme 107).

Organic dyes based catalyst 305 (Scheme 107) perform better
than Ru, as shown by Nicewiz et al. They obtained similar yields of
the same compound with one of this catalyst using less catalyst
loading. All studies support the mechanism shown in Scheme 72,
replacing Ru catalyst by 305. As noted before, key intermediate
radical cation 223 is obtained by SET to the excited photocatalyst.
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Scheme 105. Synthesis of substituted oxazoles 303.
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Scheme 107. Synthesis of endoperoxides by photocatalysis.

In a slightly different approach, Griesbeck et al reported the
polyoxygenation of polyenes to obtain some endoperoxides with
moderates yields (Scheme 108) [97]. The authors used tetraphenyl-
porphyrin 306 to promote a singlet oxygen functionalization of the
substrates.

An interesting synthesis of Artemisinin, a currently used anti-
malarial drug, was reported by Seeberger et al. (Scheme 109) [98].
The author used a photocatalyzed oxidation with singlet oxygen
followed by acid catalyzed oxidation in a continuous-flow reactor.
Careful optimization resulted in a process characterized by short
residence times, good power consumption and simplicity. 306 and
9,10-dicyanoanthracene (DCA) could act as photocatalyst but DCA
was better since allows mixture of all component at the beginning
of the flow reactor.

4. CONCLUSION AND REMARKS

The development in visible light photoredox catalysis research
has demonstrated that this new synthetic approach is growing in

importance in synthetic organic chemistry. This approach allows
the formation of reactive radical intermediates by photoredox and
energy-transfer catalysis generated at rt with mild reaction condi-
tions. Most published works use simple light sources such as fluo-
rescent lamps or LED’s the potential to use solar light is evident as
opposed to UV photochemistry, light does not excite most func-
tional groups, a fact that is not generally allowed through traditional
high-energy UV photolysis or pyrolysis. In this review we have
been able to illustrate the fact that photocatalysis with visible light
is a powerful synthetic tool for the formation of several heterocy-
cles such as indoles, pyrroles, tetrahydroisoquinolines, endoperox-
ides, benzothiazoles, phenanthridines, quinolines, etc. In these syn-
theses, diverse reactive intermediates were generated via ET: reduc-
tion or oxidation. As we have shown, these intermediates included
C-centered alkyl radicals, heteroatom -centered radicals, electro-
philic a-carbonyl radicals, iminium ions, aryl radicals, cations,
among others. These reactive intermediates have been used in typi-
cally radical and radical ions reactions that include insertion to
double and triple bond, HAS, dipolar cycloadditions, etc.
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Scheme 108. Photooxygenation of polyenes with singlet oxygen.

artemisinic acid

Scheme 109. Continuous-Flow Process for the Synthesis of Artemisinin.
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Although photocatalysis with transition-metal complexes has IET intramolecular electron transfer
received widespread attention, today’s organic catalyst emerges as a ILB incandescent lamp bulb
real alternative to produce the same transformation in line with the o
principles of green chemistry. Particularly remarkable for any visi- LA Lewis acid
ble light photocatalyst is that fact that the use of visible light is LG leaving group
clean, renewable and inexpensive. .
. . o MS molecular sieve
However, further development is needed in the optimization of MV hvl viol
photocatalysts to achieve ideal catalyst characteristics with high methyl viologen
quantum yields and TON numbers. We expect that the photocata- NBS N-bromosuccinimide
lytic approach expands the research field of radical reactions and PCh photocatalyst
stimulates development of novel reactive radical precursors. Fur- ]
thermore, newly designed photocatalysts will be developed to PG protecting group
achieve novel transformations and to improve the actual ones. Pht phtalimide moiety
PRC photoredoxcatalysis
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