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The visible light harnessing ability of Rose Bengal, an organic dye, has been extensively employed in organic
chemistry over the last few years. In visible light mediated reactions, this photoredox catalyst operates
through multiple pathways and has the ability to provide distinctly different and valuable results. The
most significant of these results are bond creation, bond functionalization, particularly for C—-H and C-

heteroatom bonds, and cross couplings. It is crucial to study these cases whenever these bond
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Accepted 18th October 2020 formations and couplings lead to the formation of heterocyclic compounds or their functionalization.

The diverse biological activity and medicinal applications of heterocyclic compounds is an extensively

DOI: 10.1039/d0ra07400d explored area. This review primarily attempts to demonstrate the synthetic potential of Rose Bengal for
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1. Introduction

The applications of heterocyclic compounds are widely spread
across medicinal chemistry, industry and applied chemistry. Most
of the commercially available drugs use some derivative of or
a functionalized heterocyclic moiety. Nitrogen containing hetero-
cycles such as indoles, imidazoles, pyrrolidines, indolizine, quin-
olines etc. constitute a myriad of such biologically active
compounds. This makes their functionalization strategies as
significant as their synthesis. There has been extensive research
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synthesis and site selective functionalization of nitrogen containing heterocycles.

regarding the applications of nitrogen containing heterocyclic
compound libraries.”” The development of sustainable chemical
strategies for synthesizing organic compound libraries is currently
the field evoking the most interest in organic chemistry research.
Visible light, the most sustainable reaction inducer, has been
increasingly used to promote many synthetic transformations in
organic chemistry.*™ There have been numerous efforts to mimic
the ease with which plants use visible light to carry out photo-
synthesis. Scientists have faced multiple challenges to devise
practical and diverse applications of visible light in synthesis, the
biggest limitation in this progress being the incapability of most
organic molecules to absorb light in visible spectrum. Ever since
Ciamician documented the application of visible light as
a sustainable energy source for chemical transformations in
laboratory,' this research field has grown tremendously. With the
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combination of wavelength specific LEDs and light absorbing
photocatalysts, it has become possible to apply visible light as
a “green energy source” for many reactions.”™ “Photocatalysts”,
which basically act as intermediaries between visible light and
organic substrates, have made possible for scientists to harness
the energy of visible light to achieve chemical transformations.
The pioneers of photocatalysis were Honda-Fujishima who
applied visible light for splitting of water using a titania semi-
conductor.”® Ever since, a plethora of transition metal
complexes®** and organic dyes**** have been used as photo-
catalysts. The most commonly used catalysts for such reactions
are photoredox catalysts which induce SET pathways - single
electron transfer to or from substrates and EnT pathways (light
induced energy transfer pathways).***> Most of the photoredox
catalysts, however, are metallophotocatalysts. The application
of transition metal complexes as photocatalysts somehow
contradicts the purpose of sustainability. This is why, organo-
catalysts are gaining a lot of popularity as they are excellent
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Fig.1 Rose Bengal as photocatalyst.

photoredox catalysts, are environmentally friendly and are
inexpensive. Photocatalysed synthesis, particularly organic dye
catalyzed synthesis, is a relatively novel area which is still being
explored. Rose Bengal (RB) is one such versatile photocatalyst
which is being extensively employed in a variety of organic
transformations (Fig. 1). This versatile photocatalytic nature of
Rose Bengal is primarily the result of its redox potential values
(Table 1).** It has emerged as an excellent photocatalyst for both
synthesis and directed functionalization of heterocycles.*>*
RB is generally supplied and used as its disodium salt RB-Na,
(RB*7), yet most of the reports depict the disodium salt itself as RB
only. Rose Bengal excited by a light source is depicted generally as
RB*. This excited photocatalyst RB* can influence a reaction either
by energy transfer (EnT) pathway or single electron transfer (SET)
pathway, the latter being the most common mode of action. The
excited state photocatalyst RB* is capable of acting both as an
oxidant and a reductant and hence it can undergo either a reduc-
tive quenching or an oxidative quenching photoredox cycle via
a single electron transfer (SET) pathway. The type of cycle RB will
follow depends upon the redox potentials of RB* and the reagents/
substrates/intermediates being used/formed in the reaction. In the
oxidative quenching cycle, excited state RB* first gets converted to
RB"" by a reagent or molecular oxygen from air and later on gets
quenched to ground state RB by another reagent or reaction
intermediate. In the reductive quenching cycle, RB* first gets
converted to its radical anion RB'~ by a substrate or intermediate
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Table 1 Physical properties of Rose Bengal (reproduced with
permission from ref. 46 — “N. A. Romero and D. A. Nicewicz, Chem.
Rev., 2016, 116, 10075-10166". Copyright 2016 American Chemical
Society)

Amax (nm) 549
¢ (nS) 0.50
o 0.09
Disc 0.77
Excited state energy (eV) Ep, 2.17
T
E, o 1.8
Ground state reduction potential (V vs. SCE) ES —0.99
—0.78
ESRd +0.84
Excited state reduction potential (V vs. SCE): S; EY, +1.18
S _
By 133
Excited state reduction potential (V vs. SCE): Ty EY +0.81
T _
Eyy 0.9
Visible IigV_\ .
A
RB  Reductive/ Oxidative
Quenching
B/B = AIA
RB/ RB
B
A = Reagent, Substrate, Radical intermediate/ Oxygen
B = Reagent, Oxygen/ Radical intermediate
Fig. 2 General scheme involving Rose Bengal (RB).
of the reaction. In most of the reactions, radical anion RB"~ later

gets quenched by molecular oxygen from air to produce ground
state RB and superoxide radical anion O, ", which often takes part
in further reaction mechanism (Fig. 2). However, in some cases,
reaction may occur through energy transfer (EnT) pathway, either
by energy transfer from excited state RB* to a substrate or inter-
system crossing (ISC) of singlet excited state 'RB* to triplet excited
state *RB* and subsequent energy transfer from °*RB* to
a substrate. There might be variations to the general mechanism
in different reactions, especially in cases where a different terminal
oxidant is employed.*>**

A detailed comprehensive insight into the mechanistic path-
ways and recent manipulations in the mode of action of Rose
Bengal was reported by Sharma et al® in 2019. This review,
however, aims to present the synthetic applications of RB, in
particular for N-heterocyclic rings, with a basic discussion of its
mechanism in such syntheses. In continuation of our work on
development of photocatalysed synthesis®**™* this review might be
particularly useful for those who are already involved in the area of
heterocycles and interested in the use of visible light and photo-
catalysts for heterocyclic synthesis. Since this is a short review, only
a selected number of published reports on this topic have been
covered.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Visible light promoted difluoromethylene-phosphonation
of imidazoheterocycles.
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2. C(sp?—H functionalization of
imidazoles

Functionalized imidazoles are versatile in their applications
and are utilized in various areas of chemistry and industry.
Besides being key pharmacophores in a wide range of
commercial drugs, they find their applications in co-ordination
chemistry, as catalysts, in material sciences and for natural
product synthesis.®**” Singsardar et al.®® recently reported
C(sp®)-H difluoromethylenephosphonation of imidazohetero-
cycles catalyzed by RB via a single electron transfer pathway

N \ﬁ]—Bpin Bpin

Ph
4

E;p® =-1.11V
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N™NN-Bpin B];in
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Scheme 2 Rose Bengal catalyzed C(sp?)-H difluoromethylene-
phosphonation of imidazopyridines.
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(Scheme 1). The reaction required bis(pinacolato)diboron
(B,pin,) as an additive, for the activation and stabilization of the
heterocyclic system. In the absence of additive B,pin,, the
authors observed decomposition of imidazopyridine and no
desired coupling product. The reaction was carried out under
argon atmosphere in 34 W blue LED for 24 h. Their optimiza-
tions revealed 1,4-dioxane as solvent, 2 mol% of Rose Bengal,
2.0 equiv. of NaHCO; and 1.5 equiv. of B,pin, at room
temperature as the optimum conditions. In their control
experiments, they found out that the reaction did not yield any
products in the presence of radical scavengers like TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl), BHT (2,6-di-tert-butyl-4-
methyl phenol) etc. The reaction was found to be completely
suppressed on addition of 1,3-diphenylethylene. Both these
observations suggest a radical pathway for the mechanism. In
their cyclic voltammetry measurements, authors probably ob-
tained reversible response for 1a (EfS3 = —1.11 V) and irrevers-
ible response for RB* (Eoxiq = +0.48 V) and compound 2 (Ejeq =
—1.26 V). Their cyclic voltammetry results clearly showed that
BrCF,PO(OEt), (2) has the potential to oxidize the excited state
of photocatalyst RB* to generate RB'" and radical intermediate
5. This radical intermediate 5 reacts with B,pin, activated 2-
phenylimidazo[1,2-a]pyridine 4 to produce radical intermediate
6. This intermediate 6 gets converted to intermediate 7 in the
photoredox cycle completion process simultaneously gener-
ating ground state RB. The final product 3a is eventually ob-
tained by a proton abstraction from intermediate 7 by the base
(Scheme 2). To demonstrate the substrate scope and generality
of the reaction, the authors also explored the reaction with other
heterocycles such as indoles, imidazo[2,1-b]thiazoles and benzo
[d]-imidazo[2,1-b]thiazoles, and obtained good to excellent
yields.

Bengal (3 mol%)

2
L =R 0 TFA(0.2 mmol)
R*%N 2N\ /) T+ \)J\R; MeOH (2 mL)
s 0,,10h, 1t
2 20 W blue LED
23 examples
upto 80% yields
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2
RE T =R Ry, 10e75%
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0=\ R'=5-Me,10b -78% R2=3-Br,10h-70%
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Scheme 3 Rose Bengal catalyzed intermolecular [3 + 2] alkenylation—
cyclization.
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Scheme 4 Postulated mechanism for the intermolecular [3 + 2]
alkenylation—cyclization.

3. Synthesis of pyrrolo[2,1,5-cd]
indolizines

The synthesis of fused heterocyclic rings has always been an
attractive area for synthetic chemists. The combination and
modification of activities of two heterocyclic rings opens up new
arenas for drug discovery. Fused indolizines have found appli-
cations in pharmaceutical industry, agrochemical industry and
cell functional studies.®~” In a recent report published by Liang
et al.,”* Rose Bengal was used as a photosensitiser for an
intermolecular [3 + 2] alkenylation—cyclization strategy for the
synthesis of pyrrolo[2,1,5-cd]indolizine derivatives (Scheme 3).
The authors report that other photocatalysts also provided
product of the reaction, but with lower yields. Their fluores-
cence quenching experiments revealed that the fluorescence
intensity of Rose Bengal decreased on interaction with 8. Based
on this fact, the postulated mechanism shows energy transfer
via activated Rose Bengal RB* to 8a, resulting in the formation
of radical intermediate 11 and RB*". The completion of pho-
toredox cycle by O, results in the formation of ground state
photocatalyst RB and superoxide radical anion O," . Interme-
diate 11 transforms to its resonance structure 12, which then
undergoes addition with 9a to produce radical intermediate 13.
A sequential dehydrogenation oxidation of 13 with the super-
oxide radical anion O, ", then produces intermediate 15 via
radical intermediate 14. This finally undergoes an electron
transfer to produce product 10a (Scheme 4). The authors were
able to synthesize 23 different variants of fused indolizine
derivatives.

4. C3-Functionalization of indoles

The indole skeleton and its functionalized derivatives are one of
the most extensively studied heterocyclic skeletons because of
their presence in a large number of drugs and its capability to
be utilized as a versatile building block. The modifications of
this ring, has therefore warranted a lot of attention.”>*® In 2018,
Dai et al.®* reported an efficient visible light promoted, Rose
Bengal catalysed synthesis of C3-alkylated indoles by Friedel-

This journal is © The Royal Society of Chemistry 2020
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Scheme 5 Visible light promoted synthesis of C3-alkylated indoles.

Crafts alkylation using N,N-dimethylanilines as the carbon
source (Scheme 5). Although the authors obtained considerable
yields in CH;CN as solvent, mixed CH;CN/H,O solvents were
employed to obtain fast demethylation of tertiary amines.
According to the mechanism postulated by the authors, visible
light activated Rose Bengal undergoes reductive quenching by
N,N-dimethylaniline 17a to give radical cation 19 and RB'". The
oxidation of RB'~ with O, produces ground state RB and
superoxide radical anion O, . The radical cation 19 looses
a proton to superoxide radical anion O, to produce iminium
ion 20, which gets oxidized or hydrolyzed and gets decomposed
in the process to give compounds 21 and 22. The decomposition
product 21, obtained as a by-product of the reaction, was iso-
lated from the reaction mixture. The other decomposition
product 22, undergoes condensation with indole 16a to produce
intermediate cation 23. This intermediate finally reacts with

visible light

%
/\\RH

RB
BB Photoredox

catalysis

RB

Scheme 6 Postulated mechanism for the Friedel-Crafts alkylation of
indoles.
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Scheme 8 Rose Bengal catalysed Friedel—-Crafts alkylation of indoles.

N,N-dimethylaniline 17a to produce the desired product 18a
(Scheme 6). To support the mechanism, the authors carried out
a Rose Bengal catalyzed three component reaction of indole 16a
(1 eq.), N,N-dimethylaniline 17a (2 eq.) and formaldehyde 22 (3
eq.) under their standard reaction conditions and obtained the
desired product 18a.

5. Rose Bengal as photocatalyst for
Friedel-Crafts alkylation of indoles
with nitroalkenes in water

In another interesting methodology for functionalization of
indoles, Yu et al.* reported a metal free photocatalyzed Friedel-

RSC Adv, 2020, 10, 39495-39508 | 39499
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Crafts alkylation of indole ring with nitroalkenes using water as
the reaction medium (Scheme 7). The strategy is highly efficient
and it is noteworthy that good to excellent yields of the desired
product were obtained without the use of any external oxidant.
The authors performed control experiments under oxygen and
nitrogen atmosphere to establish that external oxidant was
unnecessary in this protocol. Their cyclic voltammetry experi-
ments further proved that RB* and indole 16 could react
spontaneously with each other. Based on their data, the
proposed mechanism by the authors involves SET between RB*
and indole 16a to produce RB'~ and radical cation 26. This
radical cation 26 undergoes deprotonation to radical 27, which
undergoes Michael addition with nitroethenyl benzene 24a to
produce intermediate 28. The intermediate 28, after undergoing
another SET cycle with RB*~ and protonation, yields the desired
product 25a (Scheme 8).

6. Visible light mediated
dearomatisation of indoles and
pyrroles

The dearomatisation of indoles to isatin derivatives and
pyrroles to imides was reported by Schilling et al® in 2019
(Scheme 9). The structural modification of any heterocyclic ring
is a highly promising area and continues to be explored for
synthesis of potential pharmacologically active compounds.
Isatin is one of the privileged building blocks of heterocyclic
chemistry and numerous structural modifications are possible.
In a considerable improvement over the already reported
methods, the authors devised an atom efficient, mild, metal free

0]
X anticancer,
RI@ R =) =0 antiviral,
N 5 0, (balloon) Z~N anti-inflammatory
16 R Rose Bengal (3 mol%) 31 'Rz compounds
 —_— . .
- > DMF: H,0 (9:1, 1 mL) . 2
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[ o}
N\ N (6] N\ .
R’ R3
30 3
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T o S o 3
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~

Scheme 9 Visible light mediated dearomatisation of indoles and
pyrroles.
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Scheme 10 Rose Bengal catalyzed dearomatisation of indoles.

single step protocol for dearomatisation of indoles and pyrroles.
Their optimization studies revealed Rose Bengal to be the best
catalyst for the reaction. The reaction could tolerate a wide
range of substitutions in the aromatic ring, even C2- and C3-
substituted indole carboxylic acids provided good to excellent
yields. From their dearomatised product, the authors also
successfully synthesized different pharmaceuticals exhibiting
anticancer, anticonvulsant, antitumor, antiviral and anti-
inflammatory activities. The radical pathway of the reaction
was confirmed by the authors by addition of CuCl,, benzoqui-
none, sodium azide and Stern-Volmer quenching experiments.
In the mechanism postulated by the authors, the excited state of
Rose Bengal RB* is quenched by oxygen to form singlet oxygen,
which then reacts with indole 16a to form peroxo species 33.
This peroxo species 33 gets oxidized by RB* to form perox-
oindole intermediate 34 and RB"~. While the intermediate 34
cleaves to form cation 35 and hydroxyl radical, RB*~ reduces
molecular oxygen to produce superoxide radical anion (0, ),
which then reacts with water to form hydroxide ion and
peroxide radical. The peroxide radical formed probably
abstracts a proton from cation 35 to form intermediate 36. The
reaction between intermediate 36 and hydroxyl radical
produces 37, which looses a proton to hydroxide ion formed
earlier to finally give the product 31a (Scheme 10). Apart from
the various differently substituted indole derivatives, the reac-
tion conditions were also optimal for dearomatisation via
decarboxylation of C-2 and C-3 carboxylated indoles. The
authors also synthesized significant pharmaceuticals from
specific substituted indoles.

7. Oxidative radical cyclization for
synthesis of phenanthridines
Phenanthridine are core heterocycles in many anticancer,
antibacterial, antiprotozoal, antifungal, antiviral and other

biologically active compounds. There are also a number of
natural products constituted of phenanthridine ring.®*** In

This journal is © The Royal Society of Chemistry 2020
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Scheme 11 Oxidative radical cyclization of N-biarylglycine esters to
phenanthridines.

COOCH;

HN
38a
COOCH
‘?/E’imiv\z'ulu\ “ “
cycle -1
RB . ; \_\

visible

light RB COOCH;

‘0, SET
0, COOCH; . COOCH;
HN HOOH HOO HN

visible Q 2 Q
llahl RB

"humx cdox +e COOCH; CO0CH;

cycle -1I HN

Oz
Ms

o2 SET

0,

Scheme 12 Photocatalysed conversion of N-biarylglycine esters to
phenanthridines.

a first ever attempt for visible light photocatalysed conversion of
biocompatible N-biarylglycine esters to phenanthridines,
Natarajan et al.*® recently published a report which involves
a Rose Bengal catalyzed intramolecular cyclization-dehydroge-
nation to provide excellent yields of the desired products
(Scheme 11). The authors demonstrated the requirement of
oxygen in the reaction, since the replacement of oxygen with
nitrogen, inferior yields of the product was obtained. Based on
the mechanism postulated by the authors (Scheme 12), the
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Scheme 13 Visible light promoted 3-oxyalkylation of quinoxalin-
2(1H)-ones.

reductive quenching of RB by glycine ester 38a leads to the
formation of RB'~, which further produces superoxide radical
anion O,"~ from molecular oxygen. This superoxide anion
radical O,"~ and the amine radical cation 40 react to afford
biarylglycine ester radical 41 and peroxide radical. The biar-
ylglycine ester 41 undergoes C-H aromatic coupling to yield
another radical 42, which on reaction with the peroxide radical,
produces the phenanthridine derivative 43. Another photoredox
cycle between excited state photocatalyst RB*, molecular oxygen
and phenanthridine derivative 43 results in the formation of
radical cation 44, which loses a H" and a H' to yield the final
product 39a. An additional experiment was conducted by the
authors to confirm the mechanism where effective conversion
of compound 43 to methyl phenanthridine-6-carboxylate 39a
was achieved under optimized reaction conditions.

t-BuOOH
t-BuOH 45a

RB*
vmble& @[ jﬁQ
light RB 1,2-H shift
EIYD LQ
L,
N™ 0
47a |

Scheme 14 Rose Bengal catalysed C-H/C-C cross-dehydrogen-
ative-coupling.

base
=
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8. Functionalization of quinoxalin-
2(H)-ones

Quinoxalines and their derivatives, particularly C-3 functional-
ized, are one of the most extensively studied moieties of
heterocyclic chemistry. They exhibit a remarkable range of
biological activities such as anticancer, antimicrobial, anti-
inflammatory, benzodiazepine receptor agonist, DNA cleaving
agents and protein kinase inhibitory activities.”***> Wei et al.*®
reported a visible light promoted synthesis of 3-oxyalkylated
quinoxalin-2(1H)-ones at room temperature (Scheme 13). The
C3-functionalization of quinoxalin-2-ones is one of the signifi-
cant merits of this method. Their control experiment with
TEMPO completely suppressed the reaction and TEMPO-THF
complex was also detected, suggesting a radical pathway for the
mechanism. The reaction proceeded through Rose Bengal
catalyzed C-H/C-H cross-dehydrogenative-coupling (CDC) of
quinoxalin-2(H)-ones with simple ethers. TBHP (tert-butyl
hydroperoxide) used in the reaction causes oxidative quenching
of RB to produce hydroxide ion and ¢-butyloxy radical. The next
step is a-C-H bond cleavage of furan 46a in the presence of ¢-
butyloxy radical, to generate radical intermediate 48, which on
reaction with 45a produces radical intermediate 49. A 1,2-
hydrogen shift from 49 generates radical intermediate 50. The
photoredox cycle is completed by a SET between this radical
intermediate 50 and RB'" providing cation intermediate 51.
Finally, a B-H abstraction from 51 yields the desired product 47a
(Scheme 14).
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Scheme 15 Rose Bengal catalyzed synthesis of quinoxalines.
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Scheme 16 Visible light promoted Rose Bengal catalyzed formation of
C-N bond in quinoxalines.

9. Rose Bengal catalysed synthesis of
quinoxalines

Jaiswal et al.”” reported a novel protocol for photocatalyzed
coupling of phenylene 1,2-diamines and 1,2-dicarbonyls for the
synthesis of quinoxaline derivatives (Scheme 15). The protocol
is an improvement over the already reported conventional
methods, is sustainable and exhibits excellent atom economy.
Rose Bengal is reported to have good catalytic performance in
many organic solvents, yet CH;CN seems to be the optimum
choice for most reactions. The authors propose that photoex-
cited singlet state photocatalyst RB* (S;) undergoes ISC to more
stable triplet state RB* (T;), which then acts as the photocatalyst
to produce radical cation 56 from 1,2-phenylenediamine 52
(Scheme 16). This radical cation 56, on reaction with isatin 31,
produces 57, which through a series of single electron transfer,
deprotonation and dehydration produces intermediate 59. This
intermediate undergoes cyclization to finally yield the target
compound 54.

10. C-H oxidation of tryptoline and
tetrahydroisoquinoline substrates to
corresponding d-lactams

Guryev et al.”® reported a highly efficient Rose Bengal catalyzed
protocol for the synthesis of amide derivatives of tetrahy-
droisoquinoline and tryptoline (Scheme 17). The lactams of
these heterocyclic rings are frameworks of many biologically
active compounds. The authors were able to synthesize antiviral
activity exhibiting derivatives a plant alkaloid strychnocarpine®
(a dihydrocarbolinone compound), which is otherwise used as
a muscle relaxant and 5-hydroxytryptamine receptor stimu-
lant.**** This is the first ever report on facile access of such

This journal is © The Royal Society of Chemistry 2020
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Scheme 17 Photocatalyzed synthesis of d-lactams.

selective derivatives of Strychnos alkaloid. The biological activity
investigation of all synthesized 8-lactams is underway according
to the authors. This environmentally friendly protocol repre-
sents an excellent example of metal free C-H photooxidation of
cyclic amines. NaOAc was required as a base in the reaction in
an attempt to accelerate the formation of a-amine radical. The
mechanism proposed by the authors successfully explains the
requirement of oxygen as the terminal oxidant (Scheme 18). The
usual photoredox cycle between RB, substrate 60 and molecular
oxygen results in the formation of superoxide radical anion and
radical cation 64. The superoxide radical anion can react with
64 to form either a-aminoradical 65 or iminium ion 66, both of
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: : \Ar
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Scheme 18 Rose Bengal catalyzed C—H oxidation of tryptoline and
tetrahydroisoquinoline substrates.
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Scheme 19 Visible light promoted synthesis of tetrahydroquinoline.
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Scheme 20 Visible light promoted synthesis of tetrahydroquinolines.

which pathways ultimately result in the final product 62, via
intermediate 67.

11. Visible light promoted synthesis of
tetrahydroquinoline derivatives

Quinoline and its derivatives have a ubiquitous presence in
medicinal agents and natural products. The quinoline ring is
one of the most researched heterocycles with regards to drug
discovery. There is a long list of therapeutic agents that are
constituted of this compound.'***® In 2017, Xin et al'® re-
ported the synthesis of tetrahydroquinoline derivatives via

RSC Adv, 2020, 10, 39495-39508 | 39503
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visible light promoted reaction of N,N-dimethylanilines and 2-
benzylidenemalononitriles using Rose Bengal as the photo-
sensitizer (Scheme 19). The authors performed different control
experiments to establish the reaction mechanism (Scheme 20).
They observed complete inhibition of the reaction on addition
of TEMPO and addition of DABCO provided only trace amounts
of product. The collective interpretation was that the reaction
involved a radical pathway and singlet oxygen participation.
TFA was added to the reaction in an attempt to regulate the
balance between free amine 68a and its unreactive ammonium
salt. The 'O, generated by interaction of excited Rose Bengal
RB* and >0,, reacts with free amine 68a to produce amine
radical cation 71. This radical 71 undergoes deprotonation to
produce radical 72, which on reaction with 2-benzylidenepro-
panedinitrile 69a, provides radical intermediate 73. This radical
intermediate undergoes a series of intramolecular cyclization
(through intermediate 74) and proton elimination to finally
produce desired product 70a.

12. Rose Bengal catalyzed oxidative
dehydrogenation of N-heterocycles

Sahoo et al.'* reported Rose Bengal catalyzed synthesis of
different medicinally significant N-heteroarenes such as quin-
oline, quinoxaline, quinazoline and acridine (Scheme 21). This
strategy was further utilized for oxidative dehydrogenation of
indolines. They obtained excellent yields of desired dehydro-
genated heterocycles using a catalytic amount of Rose Bengal.
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Scheme 21 Rose Bengal catalyzed oxidative dehydrogenation of N-
heterocycles.
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catalyzed oxidative dehydrogenation

The authors emphasize the fact that this organic dye catalyzed
process provided good yields of dehydrogenated products even
from halogen-substituted tetrahydroisoquinolines, which is
generally difficult to achieve by conventional transition metal
catalysts because of unwanted side reactions. It is significant to
note that their control experiments proved that N-H motif in
cycloalkane was a prime requirement for the reaction. The
mechanism postulated by the authors shows reaction initiation
by ISC from singlet state excited photocatalyst RB~>* (S;) to
triplet state photoexcited catalyst RB™>* (Ty). This triplet state
photocatalyst oxidizes the amine 75a to radical cation 78, and
the reduced photocatalyst [RB~>]"~ thus generated, reduces O,
to superoxide radical anion O," . This superoxide radical anion
helps in the oxidation of radical cation 78 to imine 80, through
a hydrogen atom transfer (HAT) step. Under the reaction
conditions, imine 80 isomerizes to provide imine 81, which
then undergoes a similar dehydrogenation step to finally
provide the desired product 76a (Scheme 22).

13. Ether functionalization of 2H-
indazoles

The bicyclic fused indazole ring is one of the most significant N-
heterocycle and has widespread applications in medicinal
chemistry. Indazole and its derivatives are well known to be
exhibit multiple biological activities, particularly against different
types of cancers, including inducer of tumor regression, selective
CRAF inhibitor activity against melanoma cell lines, inhibition of
hepatocellular carcinoma proliferation, multikinase inhibitor
activity, and many more."* " The spectrum of biological activi-
ties that can be obtained by targeted functionalization of the ring
is very interesting and has great potential for drug discovery. In
2019, Singsardar et al.™*®* developed a method for Rose Bengal
catalyzed regioselective C(sp”)-H/C(sp®)-H cross-dehydrogenative
coupling of indazoles with ethers (Scheme 23). The authors used
THF as the oxyalkylating agent in this Rose Bengal catalyzed
protocol and obtained excellent yields with TBHP as an additive
and DABCO (1,4-diazabicyclo[2.2.2]octane) as a base. The reaction
conditions were thoroughly optimized by the authors and they
performed a series of control experiments using radical

This journal is © The Royal Society of Chemistry 2020
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Scheme 23 Rose Bengal catalyzed cross-dehydrogenative-coupling
of indazoles.
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Scheme 24 Rose Bengal catalyzed coupling of indazoles.

scavengers like TEMPO and BHT to establish the radical pathway
of the reaction mechanism. According to the mechanism
proposed by the authors, a single electron transfer between
excited Rose Bengal RB* and TBHP produces RB"", hydroxide ion
and ¢-butyloxy radical. The ¢-butyloxy radical deprotonates the a-
C(sp®)-H of THF 46a to produce alkoxyalkyl radical 48 which then
reacts with indazole 82a to provide radical intermediate 84. This
radical intermediate 84, on reaction with RB'", furnishes
a cationic intermediate 85 which finally undergoes deprotonation
to produce the desired 3-oxyalkylated indazole 83a (Scheme 24).

14. Phosphonylation of indazoles
using diphenylphosphine oxide
Phosphines containing organic compounds have found various
applications in organic synthesis and material sciences. The

functionalization of indazole ring with phosphines has the
potential to generate derivatives with interesting applications.
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The introduction of phosphine to indazole has the potential to
cause interesting modifications in the properties and activities
of the ring owing to the formation of N-C-P bond.****** In 2018,
Singsardar et al.*** reported an excellent method for Rose Ben-
gal catalysed C(sp’)-H functionalization of indazoles using
diphenylphosphine oxide at room temperature (Scheme 25).
The authors were able to achieve excellent substrate scope with
this protocol. Based on the mechanism proposed by the
authors, excited state RB* undergoes a single electron transfer
process (SET) with indazole 82a to produce radical cation
intermediate 88 and RB'~. The photoredox cycle then gets
completed by reduction of molecular oxygen by RB*~ to produce
ground state RB and superoxide radical anion O," . A hydrogen
atom transfer process (HAT) then occurs between superoxide

RSC Adv, 2020, 10, 39495-39508 | 39505
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Scheme 27 Rose Bengal catalyzed selenylation of indazoles.

radical anion O, and diphenylphosphine oxide 86 in the
presence of DBU (1,8-diazabicyclo[5.4.0lundec-7-ene), to
produce diphenylphosphinoyl radical 89 and HO, . This
radical 89 now undergoes coupling with radical cation inter-
mediate 88 to produce cation intermediate 90, which undergoes
deprotonation by HO, ™ to finally produce H,O, and the desired
product 87a (Scheme 26). The authors also report that no
phosphonylation of DBU was observed during the reaction

suggesting that it only acts as a base in this protocol.

15. Rose Bengal catalysed
selenylation of indazoles

Organoselenium compounds are becoming more prominent in
the area of medicinal chemistry because of their pharmaco-
logical activities and their applications in material science."**'?
The selenylation of indazole ring to produce a potentially
bioactive compound is a highly promising area. One such
highly efficient protocol was developed by Saba et al.*** in 2018.
The authors achieved effective Rose Bengal catalysed selenyla-
tion of various heterocyclic rings, including indazole, using
diorganoyl diselenides (Scheme 27).

16. Conclusion

Nitrogen containing heterocycles are ubiquitous in pharma-
ceutical industry and their synthesis and site selective targeted
functionalization has always held a significant place in the area
of drug discovery. Synthetic chemists continue to explore and
develop novel, sustainable methods for synthesis of potentially
bioactive N-heterocycles. With the boom of visible light
promoted synthesis using organic dyes as photoredox catalysts,
the area of sustainable synthesis is being utilized like never
before and holds vast potential. Rose Bengal has emerged as an
excellent photoredox catalyst for a variety of organic syntheses
and has been the catalyst of choice for many protocols involving
synthesis and functionalization of nitrogen containing hetero-
cycles. Further developments in the site selective functionali-
zation of heterocycles would prove extremely beneficial for
synthetic and medicinal chemistry. Rose Bengal catalysed
synthetic strategies would prove as viable tools for construction
of potentially bioactive N-heterocycles and other heterocyclic
moieties. Rose Bengal could also be employed as a better
alternative to metal based catalysts in a variety of organic
transformations. In conclusion, the harnessing of visible light
using Rose Bengal is a highly promising area for pharmaceu-
tical industry and needs to be explored to a much greater extent
in the future.
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