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Abstract: The use of organic photocatalysts has revolutionized the
field of photoredox catalysis as it allowed access to new reactivities
that were traditionally restricted to transition metal photocatalysts. In
this review we focus our attention onto two classes of
organophotocatalysts, namely acridinium ions and cyanoarenes
derivatives that have demonstrated remarkable activities in large
variety of organic transformations. Specifically, the use of those
photocatalysts in oxidative quenching processes will be discussed
with a special focus on their mechanistic aspects.

1. Introduction

“Light is life. It's as simple as that”. It was with those words that
the 1999 Chemistry Nobel Laureate Ahmed Zewail summarized
the impact of light in many facets of our daily life.™ For instance,
the conversion of light into electrical energy (photovoltaics) or
the storage of solar light continue to be at the forefront of
technology across numerous domains.” The impact of light to
trigger redox transformations has also been recognized a
century ago by the visionary chemist Giacomo Ciamcian who
suggested developing technologies that permit the conversion of
light into chemicals and fuels.” Surprisingly, this research area
has not seen the same interest and development compared to
photovoltaics and energy storage. Recently, visible light
photoredox catalysis has experienced renewed interest and the
importance of light to form chemical bonds under mild conditions
became of high importance.l*! In this regard, a plethora of
reactions have been developed including the synthesis of
complex molecules.™ Owing to the high redox potentials as well
as the relatively long-lifetime of their excited states, iridium- and
ruthenium based photocatalysts are traditionally employed in
many of those photoreactions. In fact, by a simple modification
of the ligand structure, the photophysical and electrochemical
properties of the photocatalysts can be controlled.™!

Although commercially available organic dyes such as Eosin
Yl®1 and Flavins!®! have shown interesting photochemical
properties as photocatalysts, molecular scaffold variation is often
complicated, which prevent the use of structurally related
photocatalysts with different photochemical properties. In order
to fill this gap and to provide purely organic, cheaper,
sustainable, and environmentally benign photocatalysts, efforts
have recently focused on designing practically simple and
modulable syntheses to access new and efficient
organophotocatalysts.”! In this context, various structures have
emerged including highly oxidizing and reducing catalysts, which
have successfully been applied in the activation of inert chemical
bonds. Thus, opening new avenues for the development of
challenging chemical transformations under mild conditions.

Though seminal reviews = covered the field of
organophotocatalysis, the use of new variants of acridinium
salts® ¥ and cyanoarenes™™®, which have recently emerged as
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powerful photocatalysts, has not been reported into detail from
synthetic and mechanitic point of view.

This review focuses on the recent developments in this area by
discussing the reactivity of acridinium salts and cyanoarenes,
which have shown remarkable reactivity in photoredox catalysis.
As depicted in Scheme 1, both photocatalysts types (PC) absorb
light to reach excited states from which they can oxidize a given
substrate (S) to generate an opened-shell species along with the
reduced form of the photocatalyst. The former can then be
involved in various organic transformation, thus forming carbon-
carbon and carbon-heteroatom bonds.

Furthermore, recent synthetic studies have demonstrated the
ability to tune the photophysical and electrochemical properties
of those catalysts by tailoring their structures.
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Scheme 1. Scope of the review
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2. Acridinium based organophotocatalysts
2.1. Introduction

Although the use of acridinium ions as photocatalysts was
reported a while ago, they received little attention due to their
tendency to undergo nucleophilic addition at the 9-position. The
limitation of nucleophilic addition has been addressed in 2004 by
Fukuzumi et al. Indeed, the synthesis of an acridinium ion (9-
mesityl-10-methylacridinium ion) has been reported, bearing a
mesityl group at the 9-position (Scheme 2).['!''2] This new
photocatalyst has shown remarkable photoreactivity in
numerous transformations. The key to success was attributed to
the ability of this salt to access a charge transfer state through
an electron transfer between the mesityl (donor) and the
acridinium (acceptor).l**1 In fact, due to the orthogonality
between the donor and the acceptor moieties, photoinduced
electron transfer from the mesitylene to the singlet excited state

of the acridinium gives rise to the formation of (Acr*~Mes*”) state.

Apart from the slow intramolecular back electron transfer of this
state, its high oxidation potential (+2.18 V vs SCE) makes it one
of the most oxidizing organophotocatalysts.™” Indeed, this
catalyst has shown efficiency to oxidize alkenes and arenes,
thus enabling the functionalization of various organic molecules
under metal-free conditions. (415 16: 1718191 Thjs has nicely
been demonstrated by the pioneering work of Fukuzumi and
more recently further explored by the group of Nicewicz for a
large  variety of = organic transformations, especially
hydrofunctionalization of alkenes. However, it was noticed that
the reactivity of this photocatalyst can be inhibited by i)
nucleophilic and radical addition at 2,7 or 3,6-positions®”, and i)
N-demethylation, which are responsible for the deactivation of
the photocatalyst.?” These problems were elegantly addressed
by incorporating bulky substituents at the 2— and 7—positions or
at the 3— and 6—positions and a phenyl group at the nitrogen
atom.”®! In this regard, Mes—(3,6—tBu—Acr)-Ph* (PC2) turned
out to be the catalyst of choice due to the robustness and the
similar electrochemical properties to the Fukuzumi catalyst it
offers (Scheme 2).
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Scheme 2. Fukuzumi’s and Nicewicz's catalysts

2.2. Nicewicz’s photocatalysts for the activation of inert
bonds

2.2.1. Oxidation of arenes

The arene C-H amination with heterocyclic derivatives was
reported in 2015 by the group of Nicewicz.?? When PC2 was
employed under blue LEDs irradiation, para—selective C—N bond
formation was achieved. The reactions were performed in the
presence of catalytic amount of TEMPO as a co-catalyst (20
mol%) and O, as a terminal oxidant. High functional group
tolerance, including free alcohols, amides, esters, silyl ethers,
halides, alkenes and protected amines was demonstrated. The
reactions were performed with a slight excess of the heterocyclic
compounds (1.25 to 2 equiv.) in DCE as solvent at 33 °C
(Scheme 3). It should be mentioned that the use of ammonia as

a nucleophile enabled the access to free anilines.
PC2 (5 mol%)

R! TEMPO (20 mol%) R
+ HNRR? ———————
DCE, 20-72 h 203
455 nm LEDs NRR
_ 0, 33°C
1 equiv. 1.25-2 equiv. 2 1

Selected examples

1a, R= OMe, 88%, 8.8:1 p:o

R
\©\ 1b, R= OMOM, 52%, 7.8:1 p:o
N/N

N, 1c¢,R=0TBS, 74%, 9.3:1 p.o
— 1d, R= Ph, 56%, 7.9:1 p:o
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Scheme 3. Arenes C-H amination developed by the group of Nicewicz. MOM :
methoxymethyl acetal, TBS: tert-butyldimethylsilyl.



The postulated reaction mechanism relies on the formation of an
arene radical cation, formed through the oxidation of the arene
by the excited PC2. Due to its high electrophilicity, the radical
cation can react with the heterocyclic compound to form after
deprotonation the cyclohexadienyl radical intermediate A
(Scheme 3). TEMPO was suggested to aromatize this
intermediate by hydrogen atom abstraction to offer the desired
product. According to a previously reported Fukuzumi study, the
photocatalyst is regenerated through reduction of O, by the
acridine radical. The generated superoxide O,°*~ serves as HAT

abstractor to regenerate the TEMPO (Scheme 4).
R

Scheme 4. Proposed mechanism for the C-H amination of arenes developed
by the group of Nicewicz.

To rationalize the high selectivity, Nicewicz et al. proposed a
computational predictive model to understand the site-selective
aryl and heteroaryl C-H functionalization. & In this model, five
factors should be considered: i) the oxidation of the aromatic
system by the acridinium photocatalyst; ii) the electrophilicity of
the generated radical cation; iii) the representation of the radical
cation as a delocalized or localized distonic radical cation; iv) the
change in spin density when going from arene to the
corresponding radical cation; and v) the electronic nature and
position of the substituents.**

This interesting strategy was employed by Li and Nicewicz for
the direct fluorination of aromatic C—H bonds using radioactive
Bpl24] The protocol requires PC2 as the photocatalyst,
tetrabutylammonium-'2F as fluoride source, and TEMPO and air
as oxidants under blue laser (450 nm) irradiation for 30 to 60
min (Scheme 5). The radiochemical yields (RCYs) ranges from 5
to 50% and various functional groups such as halides, ketones,
esters, and nitriles were tolerated.
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Selected examples

Ph

2a, 39.3% 10% RCY 2¢,15.1% 1% RCY

2e,11.1* 2% RCY 2f, 23.5% 4% RCY 2h,7.1% 0.5% RCY

Me

E
O CO,Me
-

Flurbiprofen methyl ester

CO,Me

18[:

Fenoprofen methyl ester

2i,39.6 * 1% RCY

Me,
CO,Et
Me%/

O
8F cl

Clofibrate
2k, 3.7* 0.3% RCY
Scheme 5. Reaction scope of '8 fluorination of aromatics. RCY stands for
radiochemical yields.

2j, 36.8* 6% RCY

A new generation of acridinium photocatalysts was developed in
2017 by Nicewicz, and PC3 demonstrated efficiency in the C-H
amination with primary amines.” In fact, in contrast to previous
examples where prefunctionalized chloroamines are combined
with arenes under strong Bronsted acidic conditions?®, it was
shown that the reaction of arenes with a wide variety of amino
ester hydrochloride salts in a mixture of 1,2-dichloroethane and
at pH 8 afforded the expected aminated arenes. Remarkably,
the ortho isomer was observed as the major adduct when
anisole was used as the arene. However, the para regioisomer
could be favoured by using tert-butyldimethylsilyl (TBS) phenyl
ether as the arene coupling partner. The protocol tolerates
various functionalities and some amination products were
observed as single diastereomers. This clearly indicates the
resistance of those amino acids against epimerisation during the
reaction (Scheme 6).
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3i, R'=Me, R2=Me, 74%; 1.4:1 o:p
3j, R'=TBS, R?=H, 70%; 1:1.8 o:p

3k, 45% 31, 41% 3m, 34%; 1.2:1 o:p

Scheme 6. Direct aryl C-H amination developed by the group of Nicewicz.

In contrast to the previous mechanisms discussed above, where
the generation of an arene radical cation was postulated, the
authors suggested the formation of amine radical cation through
the oxidation of the amine by the excited state of the
photocatalyst. The addition of the arene to the radical cation
forms the cycohexadienyl radical that can be rearomatized by
molecular oxygen. However, the generation of an arene radical
cation could not be completely ruled out especially for amines
and arenes possessing similar oxidation potentials.

Taking advantage of the ability of PC2 to generate arene radical
cations under mild conditions, the Nicewicz group employed
MesSIiCN as a cyanide nucleophile for the synthesis of aromatic
nitriles via direct C—H functionalization.”” The reaction proceeds
under aerobic atmosphere and basic media (pH = 9) and was
found to be compatible with a large variety of functionalities,
including, halogens, oxygen- and nitrogen- containing
heterocycles (Scheme 7). It was shown that monosubstituted
aromatics undergo C-H bond functionalization at the para-
position. The regioselectivity was explained by the location of
partial charges on the arene radical cations (vide infra).
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CN
X PC2 (5 mol% TN
R@ + MesSICN ( ) R
=z 10:1 MeCN/ pH 9 buffer Z
1.5 equiv. 450 nm LEDs
O, (1 atm) 3
Selected examples T

BnO MeO_~_F  MeO N
| Ten NC— N
sl A4 Z >N
7 N cl N Me

7

4a, 62% 4b, 77%; C4:Cg 4:1 4c, 48% 4d, 51%; C3:C; 1:1.3
Me
_OMe CN 2 Me
MeO N’« 0. OMe
o) H Me
MeO ‘ o)
CN CN
4e, 57% 4f, 26% 49, 47%

Scheme 7. Synthesis of aromatic nitriles via direct C-H functionalization
developed by the group of Nicewicz

The same photocatalyst PC2 has further been employed for C—
H functionalization reactions with diazoacetate derivatives to
furnish sp®>~sp® coupled adducts with good regioselectivity. The
transformation is compatible with a wide range of aromatic

substrates, including pharmaceutically relevant molecules
(Scheme 8).128
R R
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2 1:1 MeCN/TFE
. . 465 nm LEDs
1 equiv. 1 equiv. Ny 5
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Me Me X
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O MeQ™ 7
MeO,C Me
CO,Me
5e, 17% 5f, 32%, 2:1 plo 59, 21%
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(@]
[e) O -
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O OMe M M (©]
3 ° © Me Me
5h, 50%, 3.8:1 (1:3) 5i, 61% 5§, 45%

Scheme 8. Reaction of diazoacetate with arenes developed by the group of
Nicewicz.

Based on experimental and computational mechanistic studies,
it was suggested that a norcaradiene intermediate B, derived
from the reaction of the arene radical cation with diazoacetates,
was involved in the reaction pathway. This cyclopropane
undergoes a subsequent oxidative ring opening to yield the
desired adduct after reduction and proton transfer (Scheme 9).
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Scheme 9. Proposed mechanism for the reaction of dlazoacetate with arenes
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2.2.2. Oxidation of alkoxyarenes

Nucleophilic aromatic substitution is arguably one of the most
important organic transformations as it allows the formation of
carbon—carbon and carbon-heteroatom bonds on an aromatic
ring.l?®! Based on the ability of acridinium ions to oxidize
methoxyarenes (vide infra), the same group hypothesized that
with the absence of a terminal oxidant, the ipso o-complex could
undergo rearomatization to give an overall inverse electron-
demand SnAr affording the final adduct (Scheme 10).

OMe HN®U OMe Nu

Scheme 10. SyAr reaction via the formation of radical cation.

By employing PC2 as a photocatalyst, a range of
methoxyarenes and benzyloxyarenes reacted with imidazole to
give the corresponding N-arylimidazoles. The reactions were
performed in a mixture of DCE:TFE (1:1) at 33 °C under blue
LEDs irradiation.’®®! It should be mentioned that the reaction
could also be extended to the synthesis of aniline 6k by using a
large excess of ammonium carbamate (8 equiv.) as well as
trifluoroethylarylether 61 with trifluroethanol in moderate yields.
Importantly, brominated and fluorinated anisoles were tolerated
and the protocol was successfully applied for late-stage
functionalization of complex molecules (Scheme 11).
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: OMe PC2 (5 mol%) N Nu
A Nu _— A
RU * 1:1 DCE/TFE R _
. ) 455 nm LEDs
1 equiv. 1.1 - 4 equiv. 33°C, N, 6
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BnO OoTf =
R IéN N
N
N\/) ]@/ K/ H
NN
| MeO
6a, R=Cl, 52% 6c, 76% bd, 53%
6b, R= CN, 99%
cl
N= R 1ES X PivO NPhth
&N o~ £, :©/\—/
N /V,N N N Co,Me
R? =
1= 2_ V)
6e, R'=Cl, R?= CI, 79% 6g, 99% 6h, 56%
6f R'=BrR>=Cl, 78%
1 o 1 cl
BnO NPhth

! 6k, Nu= NH, 45%

7% 6j, 26% 61, Nu= OCH,CF3 44%

overal yield 73%

Scheme 11. Nucleophilic aromatic substitution with imidazole developed by
the group of Nicewicz. Tf: triflate, NPhth: Phthalimide, Piv: pivaloyl.

An elegant sequential C—H functionalization and SyAr reactions
was achieved using naproxen methyl ester to afford the desired
product 7 (Scheme 12).

COMe  pea (5 molo) COzMe
/.)\Me 3.0 eq TMSCN Ve
(I ™ —ecwwmone .
oM Amax =455 nm, O, OMe
CN 7 67%

PC2 (10 mol%)
4.0 eq imidazole
DCE:TFE (1:1)
Amax =455 nm, N,

CO,Me
e
/\
NN
=/ ¢N
8, 94%

Scheme 12. Sequential C-H functionalizaiton/Nucleophilic aromatic

substitution developed by the group of Nicewicz.

Afterwards, Nicewicz et al. employed the cation radical-
accelerated nucleophilic aromatic substitution (CRA-SyAr) of
alkoxyarenes with the commercially available acetone
cyanohydrin in the presence of PC2 as—aphetocatalyst for the
synthesis of aryl nitriles. The reactions were performed
DCE:TFE (3:1) in the presence of NaHCOj3 as base (5 equiv.).EY
In contrast with the well-known Sandmeyer reaction, this
approach proceeds under mild conditions and tolerates various
functional groups. Arenes bearing 1,2-dimethoxy substituents
and 1,2-dimethoxybenzophenones performed well with yields
ranging from moderate to excellent (Scheme 13). The approach
was also compatible with complex substrates such as the
letrozole 8i and noradrenaline derivatives 9k and 9k’ albeit in
low to moderate yields. Based on natural population analysis



(NPA) the authors showed that the regioselectivity of the ipso-
functionalization could be predicted and are in good agreement
with the observed results.

PC2 (5 mol%)
HO CN NaHCO3; (5 equiv.)

OMe !
X .
R e B L v
=z Me" Me DCE:TFE 3:1

4 equiv. blue LEDs, 26°C, 18 h

9
Selected examples T
Br.
MeO_3 R Cl R
oy T o«
NC™ NC OMe
9a, R= CN, 90% (2.4:1 C4:C3) 9d, R= Cl, 77%
9b, R= CO,Me, 70% (1.9:1 C4:C3) 9e, R=Ph, 39% 99, 54%

9c, R= CF3, 49% (1:2.3 C4:C3)  9f, R= tBu, 54%

ﬁN NC

SN
oo, U
NC OMe

9h, 51% (1.6:1 C4:C3) 9i, 16%

9k 9k"

Scheme 13. Cyanation of arenes through nucleophilic aromatic substltutlon
developed by the group of Nicewicz.

Further expansion of photocatalyzed CRA-SyAr of anisoles
has been reported by the Nicewicz group and focuses on the
amination with primary amines.’®®! In this context, PC2 have
shown efficiency for the reactions of mono-, di-, and trimethoxy
arenes, accessible from lignin derived feedstock chemicals
reacted with primary amines and the resulting aniline products
have been isolated in good yields (Scheme 14). The reactions
were performed in DCE at 33°C under blue LEDs irradiation.
This transformation is complementary to traditional SyAr and
transition metal cross-coupling reactions.

H
N OMe . PC2 (5 mol%) ONNR2
R + HNR RT
Z 2 DCE (0.1'M) =
2equiv. blue LEDs, 33°C, 24 h 10
N,

10a, 52%

4
W :30Me

10d, 71% (4:1 C4:C3)  10e, 27% (3:1 C4:C3) 10f, 39%
Scheme 14. Amination of alkoxyarenes through nucleophilic aromatic
substitution developed by the group of Nicewicz.

10b, 48% 10c, 73% (4:1 C4:C3)

H
4 _N
~"0H
Me T0OMe

o

3 N\/\/Br

3 OMe

Inspired by this study, Lawson, Murphy and co-workers have
recently demonstrated that PC2 could catalyse Smiles
rearrangements and annulations of non-activated aromatics
(Scheme 15).2% The reactions were performed either in TFE or
in a mixture of TFE:TFT (1:1) under blue LEDs irradiation at
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29 °C. In this regard, various primary aryloxyamines have been
oxidized to the corresponding radical cations. The tethered
primary amine adds to the ipso-position, giving rise to
Meisenheimer complex, which lead to the Similes
rearrangement adduct after proton transfer and reduction by the
acridinyl radical (Scheme 16).

~"0H

X
RN O NH, R
L PC2 (5 mol%) s N

TFE or TFE:TFT (1:1)
blue LEDs, 29°C, 24 h

Selected examples

H H H
©/N\/\0H @[N\/\OH /©/N\/\OH
OMe F
11a, 85% 11b, 74% 11c, 81%
NTN
N N N
H H \—/
12a, 49% 12b, 38% 12c, 80%

Scheme 15. Smiles rearrangements and annulations developed by the group
of Lawson and Murphy.

466 nm light

©/ OH

Scheme 16. Smiles rearrangements and annulations developed by the group
of Lawson and Murphy.

In a recent collaborative work between the Li and Nicewicz
groups, the photoredox-catalysed cation radical-accelerated
SNAr (CRA-SNAr) was used in the selective (radio)fluorination of
electron-rich arenes with CsF, KF and [**F] TBAF in the
presence of PC2 under blue light irradiation. It was found that
more electron-rich aromatics can be selectively fluorinated over
the less-oxidizable analogues. Interestingly, acyl and
(thio)carbonate were shown to be good leaving groups. #*

Importantly, the radiofluorination strategy is high yielding and
proceeds under mild conditions to yield important cancer
positron emission tomography agent [**F]5-fluorouracil 14h.
Given the importance (radio)fluorinated molecules in market
agrochemical and radiopharmacy, this site-selective metal-free
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From a mechanistic standpoint, while the secondary amine

14d, 85.0+ 2% 14e,12.2:1% 14f,44.8:1% catalyst reacts with enal to form the corresponding o,p-
" odR. o unsaturated iminium ion,*® the photocatalyst oxidizes the alkyl
N HCI (12 M) . : )
L\N( _— . silane generating a carbon radical that can subsequently react
18 e with the iminium ion C to form a new radical intermediate D. The
14g, 85,4:4% 14h,96,5  0.5%

latter is reduced to form the enamine intermediate E and the
photocatalyst is released. Finally, a hydrolysis delivers the

desired product (Scheme 19).
Scheme 17. Fluorination through nucleophilic aromatic substitution developed
by the groups of Nicewicz and Li (low numbers correspond to radiochemical
yields). Boc: tert-butoxycarbonyle.

2.2.3. Dual catalysis Acridinium/iminium for the enantioselective
S-functionnalisation of enals

Very recently, the group of Melchiorre has shown that PC2 can
be combined with a chiral secondary amine to catalyze the
enantioselective conjugate addition of carbon-centered radicals
to aliphatic and aromatic enals (Scheme 18).*®! The reactions
were performed in MeCN under blue LED irradiation in the
presence of TFA (0.6 equiv.) at -10 °C. The reaction exhibits a
large substrate scope, including various carbon radical
precursors and enals (both aliphatic and aromatic). Importantly,
both primary and secondary radicals can be added with high
stereocontrol. This approach opens new avenues for the
enantioselective addition of other radicals under metal-free
conditions.
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Scheme 19. Proposed mechanism for the enantioselective conjugate addition
of carbon-cantered radicals to aliphatic and aromatic enals. developed by the
group of Melchiorre

2.2.4. Reductive dehalogenation and detosylation

Recently, Nicewicz et al. demonstrated through detailed
spectroscopic and DFT studies the super reducing ability of the
acridine radical, formed upon single electron reduction of PC2.
Indeed, with a maximum excited state volts vs SCE, the acridine
radical photoreactivity is comparable of that of elemental lithium
(Scheme 20).*" This reactivity is unique and highly interesting
as the lifetimes of doublet excited states of neutral organic
radicals are typically several orders of magnitude shorter than
the singlet lifetimes of common transition-metal photoredox
catalysts.
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Me' E Me

P
By N +Bu
Ph +o
hy
E*rq = +2.15V vs SCE

Me e Me

M
Me' O Me Me* ! Me hy Me’ O Me
Clel2 "
g @ L0
Bu ’?‘/ +Bu b N tBu £Bu
Ph

t-Bu

.

E*o=-3.36 V vs SCE

PC2

Scheme 20. Investigation of the super reducing ability of the acridine radical

The reactivity of the acridine radical as super photoreductant
has been highlighted in dehalogenation and desulfonylation
reactions. By using diisopropylamine (Pr.NEt) as single electron
reductant, the excited state of (PC2)* is quenched to form the
ground state PC2  that forms the acridine radical upon
excitation with a second photon. The later is able to reduce a
large variety of aryl halides to form the corresponding aryl
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radicals, which undergo hydrogen atom transfer from amine
radical cations to form the desired product. Importantly, the
protocol is high yielding and also tolerates many functionalities
(ketone, carboxylic acid, alcohol...) (Scheme 19). The same
approach works equally well in reductive detosylation of amines,
which is traditionally performed under strong acidic conditions or
in the presence of dissolving metal (Li/Mg) (Scheme 21).
o H
o SRS T o,
= R2 MeCN or MeCN/H,0 (6:1) R

390 nm LEDs,16-20 h 16 17

Selected examples

: :Br e : Br : Br
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.
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F Br o
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(0] T
NHTs
N/ NHTs [ ] iﬁNTs
O
17e, 99% 17f, 70% 179, 97% 17h, 99%
Scheme 21. Reductive dehalogenation of aryl halides and reductive

detosylation developed by the group of Nicewicz.

2.3. Emerging Acridinium Photocatalysts

In order to access a large variety of acridinium salts with
modified photophysical and electrochemical properties, new
synthetic routes have recently emerged. For instance,
Manchefio and Aleméan reported an oxidative Ugi-type reaction
for the synthesis of imideacridinium salts.*®! The latter have
shown promising photocatalytic activities in benchmark reactions
such as oxidation of alcohol, anti-Markovnikov
hydrofunctionalization of alkenes and a dehydrogenative
lactonization (Scheme 22).
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Scheme 22. New acridinium based photocatalyst developed by Manchefio
and Aleman

Interestingly, the Sparr’s group developed three complementary
synthetic strategies enabling a rapid access to a large variety of
acridinium salts with structural variations at the nitrogen as well
as the aromatic positions of the acridine.® As depicted in
Scheme 22, the first approach relies on the combination of 1,5-
bufinctionnal organometallic reagents with esters to allow
access to acridinium salts bearing different aryl groups at C9
position. Access to 1,8-dimethoxy substituted acridinium dyes
was accomplished through a double directed ortho-methalation
approach to generate the 1,5-organolithium reagent that
intercept with various esters (Scheme 23). Finally, the
combination of directed ortho-metalation (DoM) and halogen
metal exchange (X-M) processes enabled the synthesis of a
wide range of asymmetric acridinium salts in good to excellent
yields (Scheme 24).E
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Scheme 23. Sparr’s approaches for synthesis of acridiniums salts.
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Scheme 24. Photophysical and electrochemical properties of new acridinium
photocatalysts

By using these different synthetic approaches, a library of new
acridinium salts is now accessible and the photophysical and
electrochemical properties of these photocatalyst were studied
by the groups of Sparr and Wenger. Importantly, photocatalysts
(PC5 to 7) depicted in Scheme 24, were tested in a few
benchmark reactions including Csp*Csp® bond formation
process, decarboxylative fluorination, deuteration, hydroarylation
and showed interesting activities (Scheme 25). Remarkably,
these new photocatalysts are competitive with, and some time
even better than common organometallic and organic dyes,
which reflects their high synthetic potential.
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Scheme 25. Selected application of the new acridinium photocatalysts
developed by the group of Sparr. Bz: benzoyl.

3. Cyanoarene-based organophotocatalysts

Cyanoarenes are very attractive organophotocatalysts that have
shown very interesting reactivity in photoredox catalysis.™® This
is mainly due to the electrochemical properties of their excited
states which range from -0.7 to —-1.7 V for the reduction
potentials and are +2.0 V and greater for the reduction
potentials.®

Recently, 1,2,3,5-tetrakis(carbazole-9-yl)-4,6-dicyanobenzene
(4CzIPN, PC9) has emerged as one of the most useful catalysts
in the series which apart from its reduction potential, exhibits a
longer excited state lifetime due to the presence of the carbazole
groups. Such structure mimics those found in transition metal
photocatalysts, where photoexcitation leads to the transfer of an
electron from the HOMO of the metal atom to the LUMO of the
ligands. 1!

In order to design new effective cyanoarene-based
photocatalysts, the group of Zeitler investigated the effects of
aromatic, and halogen substitutions on the active core of three
newly synthesized, and 5 previously studied cyanoarenes. "
Remarkably, the substitution of one of the carbazole moieties of
(4CzIPN, PC9) by a chlorine increases the reduction potential of
PC8 of 0.3 V (Scheme 25). Moreover, the donor effect has also
been investigated and it was shown that the replacement of the
carbazole moiety by a diphenylamine leads to increasing the
reduction potential by 0.25 V (PC 10). Finally, changing the
chlorine of the latter by a fluorine enhances further the reduction
ability (PC11) (Scheme 26). Table 1 shows both the oxidation
and reduction potentials of selected cyanorarenes.
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Scheme 26. Impact of the substituents on cyanoarenes photocatalyst

Table 1. Redox potentials of selected cyanoarene PC photocatalysts.

H

N
R? CN ©/ \©
NC¢[CN R1\¢[R1 DPA
H
R' R’ R2 R2 N
R? R’
PC8-12 PC13-15 R R
R=H, Cz
R= MeO, 5MeOCz
Name R1 R2 E1/2(PC'+/ El/z(PC/
PC) PC"

3CzCIlIPN Cz Cl +1.79 V -1.16 'V
(PCB8)

4CzIPN Cz Cz +1.49V -1.24V
(PC9)

3DPACIIPN DPA Cl +1.31V -1.41V
(PC10)

3DPAFIPN DPA F +1.30 V -1.59V
(PC11)

4MeoCzIPN MeO- MeO- +1.11V -1.34V

(PC12) CzIPN Cz

5CzBN Cz Cz +1.41V -1.52V
(PC13)

3DPA2FBN DPA F +1.24 V -1.92V
(PC14)

5MeoCzBN MeO- MeO- +1.02V -1.66V

(PC15) Cz Cz




3.2. Selected recent examples of photoredox catalysis with
cyanoarene photocatalysts

3.2.1 Carboxylations:

The challenging metal free direct carboxylation of benzylic C-H
bonds was developed by the group of Konig.*! The reactions
were performed in DMF under 4 atm of CO;, at 0 °C for 24h.
Herein, PC9 (6 mol%) was used in conjunction with catalytic
amount of triisopropylsilanethiol (20 mol%) and the developed
conditions showed high tolerance toward a variety of starting
materials. The desired compounds were obtained with
synthetically useful to excellent yields. Interestingly, the authors
showed that the conditions could be applied for the
straightforward synthesis of drugs including Fenoprofen,
Flurbiprofen, Ibuprofen as well as Naproxen in moderate to
very good vyields. It should be mentioned that other
photocatalysts were also used for the reaction scope, PC9,
PC11 and PC14. From a mechanistic standpoint, the authors
demonstrated that the presence of radical inhibitor is deleterious
for the reaction outcome. Also, no H/D scrambling was observed
running the reaction in d--DMF. Furthermore, it turns out that the
C-H bond cleavage is involved in the rate-determining step since
a kinetic isotope effect in the intramolecular and intermolecular
experiments was observed. Also, the authors detected the
formation of a novel reactive photocatalyst during the reaction.
Indeed, one cyano group could be substituted by the benzylic
radical in the presence of the triisopropylsilanethiol to form
4CzPEBN (PC15, Scheme 26). In light of these observations,
the authors proposed the following mechanism, a reductive
quenching of the excited 4CzPEBN* by triisopropylsilanethiol is
taking place forming the reduEed photocatalyst (4CZPEBN")
and a thiol radical cation R-SH' . Subsequently, a deprotonation
forms an electrophilic thiyl radical R-S" which is responsible for
the abstraction of a hydrogen from the benzylic position to form
a new benzylic radical. The formed reduced photocatalyst
(4CZPEBN") reduces the benzylic radical to form a new
carbanion that react with CO, to form after protonation the
desired product (Scheme 27).
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Scheme 27. Phtotocarboxylation of benzylic C-H bonds developed by the
group of Konig. Ac: Acetyl.

Very recently, the group of Rotstein and Lundgren reported a
new methodology for the direct isotopic carboxylate exchange
by using cyanoarenes catalyst PC9.1%?) It turns out that an
alkylative decyanation of PC9 with phenyl acetic acid is taking
place insitu yielding a more active catalyst PC16. The authors
demonstrated that the exchange process is taking place under
atmospheric pressure of *CO,. The labeling of primary,
secondary as well as tertiary carboxylic acid derivatives occur
under mild reaction conditions. Interestingly, the substrate
encompasses a wide variety of complex structure of high
interest. More interestingly, the concept was extended to *'C-
labeling with **CO, under catalytic conditions of PC16 which
actually constitute a breakthrough in radiolabeling applications
(Scheme 28).
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Scheme 28. Carbon isotope exchange developed by the groups of Rotstein
and Lundgren.

A similar strategy for the carbon exchange of benzylic carboxylic
acid derivatives. has been developed by the group of Audisio
using [**C]JCO; and [**C]CO..* Herein PC9 or PC15 have been
used in the presence of KzPO, (1 equiv.) in DMF. The desired
compounds have been obtained in moderate to excellent yields
(Scheme 29). Interestingly, the authors demonstrated high
applicability towards pharmaceutically relevant PAA. Moreover,
the authors demonstrated that the reactions could be extended
also to the Carbon-14 Radiolabeling with [*C]CO..
Mechanistically, the oxidation of the carboxylate by PC9* forms
the oxygen radical that trigger a decarboxylation to generate a
benzylic radical. A subsequent reduction generates the
corresponding carbanion that react with [**C]CO; or [*C]CO,to
deliver the desired compound (Scheme 30).
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COOH
Cco,

—

H+

Cr

Scheme 30. Carbon isotope exchange developed by the groups of Audisio

3.2.2 Functionalisation of alkenes

The difunctionalization of alkenes with CO- and radical sources
have been undertaken by several research groups. The first
example of hydrocarboxylation of enamides and imines with CO,
has been reported by the group of Yu (Scheme 31, eq 1)."* PC9
was used as photocatalyst in the presence of mixture of Cs,COj3
and 'Pr,NEt and the reactions have been performed in DMF at
room temperature upon blue LEDs irradiation. In order to
demonstrate the versatility of the protocol the authors
demonstrated that the reaction could be easily scalable under
atmospheric pressure of CO,. The group of Wu disclosed C-Si
and C-C bond formation through activation of Si-H bond and C-
H bond.*®! The key to success is the use of quinuclidine-3-yl
acetate co-catalyst (20 mol%) acting as hydrogen-atom-transfer
catalyst. The reactions were performed in DMSO at room
temperature under atmospheric pressure of CO, (Scheme 31,
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eq 2). Similarly, the group of Yu reported
phosphonocarboxylation of enamides and styrenes and
acrylates derivatives providing a straightforward access to B-
phosphono carboxylic acids.® The reactions were performed in
DMF in the presence of Cs,CO; or K,CO3 as base (Scheme 31,
eq 3). Afterwards, Chen, Xi and co-workers demonstrated that y-
amino acids could be obtained through dicarbofunctionalisation
of styrenes with amines and CO, (Scheme 31, eq 4).*”! The
strategy is based on the generation of a-aminoalkyl radical after
oxidation of the amine followed by deprotonation. A variety of
styrenes and dialkylanilines derivatives have been converted to
their corresponding products. Finally, the group of Yu
demonstrated that PC9 is also an effective catalyst for the
arylcarboxylation of indoles. The driving force of this reaction is
the carboxylative dearomatisation of indoles.“®! The reactions
were performed in DMSO in the presence of Cs,CO3zand DIPEA
as sacrificial reductant (Scheme 31, eq 5).
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Scheme 31. Difunctionalization of alkenes with CO, and radical sources

The difunctionalization of vinyl ureas was undertaken by the
group of Clayden.t*1 Herein, PC9 (1-5 mol%) allows the
fluoroalkylation or phosphorylation of vinyl ureas under mild
reaction conditions and the desired products were obtained in
good to excellent yields using Cs,CO; as base and blue LED as
irradiation source at 30°C. The key to success is an
intramolecular SyAr (Truce-smiles) mechanism. In addition, the
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authors assume the formation of anionic intermediate
responsible for the aryl migration from a C-N bond to form a new
C-C bond (Scheme 32). In this context, the oxidation of the
sulfonate or the phosphine by the excited photocatalyst allows
the formation of a new radical (R) and reduced
organophotocatalyst (PC9"). This later collapses to the starting
vinyl ureas to form a new radical. Afterwards a reduction is
occurring to form a new anion and regenerate the photocatalyst.
Finally, a concerted intramolecular SyAr (Truce-Smiles
rearrangement) is taking place to afford the desired product. The
authors performed a series of experiments in order to confirm
the proposed mechanism. For instance, the presence of TEMPO
inhibits completely the reactivity and no product formation was
observed. It should be mentioned also that the Sterm-Volmer
studies confirmed that Langlois reagent (CF3SO.Na) quenches
the fluorescence of the excited photocatalyst. Furthermore,
performing the reaction starting with a vinyl urea bearing
dialkylated amine, cannot undergo rearrangement. The
presence of D,O also allows a significant incorporation of
deuterium, thus confirming the formation of an anionic
intermediate. Finally, the measurement of quantum vyield
supports a stepwise mechanism (¢ of 0.18).
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Scheme 32. Organophotocatalytic difunctionalization of vinyl ureas developed
by the group of Clayden

The group of Waser also studied the difunctionalization of
unsaturated compounds. Oxyalkynylation of ene-carbamates
and enol ethers was undertaken by using Ethynyl
BenziodoXolones (EBXs) to form 1,2-amino alcohols and 1,2-
diols.®” Herein, 2 mol % of the organophotocatalyst (PC17, 4-
CICzIPN) were sufficient to obtain good to excellent yields of the
desired compounds. Catalytic amount of acetoxy



benziodoxolones (BIOAc, 20 mol%) turns out to be beneficial for
the reaction to perform with good efficiency in DCM at room
temperature under blue LED irradiation (Scheme 33).
Noteworthy, high functional group tolerance was observed under
these conditions including terminal alkene, ester chloride in the
starting ene-carbamates and enol ethers. Also, to some extent
substituted aryl acetylene were also tolerated including ester as
well as halogenated starting materials. Afterwards, mechanistic
investigations  were  performed, herein Sterm-Volmer
experiments confirmed that the starting ene-carbamates
quenches the fluorescence of the excited photocatalyst yielding
a new radical cation and reduced catalyst (PC17"). It should be
mentioned that the photocatalyst can also reduce BIOAc in the
initiation process, which reflects the ability of cyanoarenes to
oxidize and reduce substrates. The radical cation is trapped by
the carboxylate to form a new radical. This later reacts with
EBXs to afford the desired product as well as iodanyl radical.
Finally, the catalyst is regenerated after reduction of iodanyl
25-28°C, 18 h

radical to form carboxylate (Scheme 34).
blue LED

Selectes examples

P 2
O—1—="R* pc17 (2 mol%)

BIOAG (20 mol%) _
“DCM(025M)

35a, 80% 35b, 83% 35¢, 83%
CO Et %
35d, 69% 35e, 45% 35f, 77%
0._0O
Br ~"3
| (0] P
= | o
(©) é
N O
Coz" "pn o~
Cl
359, 76% 35h, 37%

Scheme 33. Organophotocatalytic 1,2-oxyalkynylation of ene-carbamates and
enol ethers using Ethynyl BenziodoXolones (EBXs) developed by the group of
Waser
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Scheme 34. Proposed mechanism for the organophotocatalytic 1,2-
oxyalkynylation of ene-carbamates and enol ethers

In the context of formation of C-Si bond, the group of Wang and
Uchiyama demonstrated that silacarboxylic acids are precursors
of silyl radical by using PC9 as photocatalyst upon blue LEDs
irradiation.® The hydrosilylation of alkenes takes place at room
temperature in MeCN as a solvent. A variety of activated
alkenes and styrenes could be converted to their corresponding
silylated product in moderate to excellent yields. Mechanistic
investigations starting with the quantum yield support a stepwise
mechanism (¢ of 0.04) (Scheme 35).
R1

R1
R{Rz . R‘!Si,COOH PC9 (5 mol%) R4 )\T/Rz
R R%e MeCN roSL T
1t, 12 h, blue LEDs R® R
7777777777777777777777777777 36
Selected examples T
e e "Pr ., O
Ph\Si/\l)kN,Me Ph\SiN)'LO Ph\SiMo/\
P P P
Me” e Ph Me Ve Me OH M e
36a, 65% 36b, 81% 36¢, 40%
o N/@/ Me /\{/@
Si e Ry
Me” 1
© Me
36d, 65% 36e, 80% 36f, R'= Me, R?= COOEt 45%

36g, R'= Ph, R?= F 85%

Scheme 35. Hydrosilylation of alkenes by using Silacarboxylic acids
developed by the group of Wang and Uchiyama

The authors proposed the following mechanism, the
carboxylate is able to reduce the excited photocatalyst yielding a
new silyl carboxylate radical species able after decarboxylation
to form the silyl radical. This latter collapses with the alkene
yielding a new carbon centered radical. The reduced
photocatalyst is oxidized by this new carbon centered radical
yielding to a new anion and regenerating the photocatalyst. This
anion can deprotonate the starting material forming the



hydrosilylated product. Interestingly, labeled products were
obtained with D,O (Scheme 36).

R\Si,cod
. R
PC9 R
hv
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R™R
PC9 PC9™
Z R
Nea: R
/S‘I/\./
fPr3SiSH\
PrsSis”

iPrySis’ R
Nas
s
Loy
Scheme 36. Proposed mechanism for the hydrosilylation of alkenes.

Very recently, the group of Yamashita and Kobayashi developed
a C-C coupling between malonates and styrenes.[®?! The
reactions were performed at room temperature in MeCN as
solvent under blue LED irradiation (Scheme 37). Herein, the key
to success is the association of catalytic amount of KOtBu (5
mol%) able to deprotonate the malonates generating catalytic
amounts of enolate. This latter is oxidized by the excited

photocatalyst (PC9) upon SET to form the corresponding radical.

After, a recombination with the alkene is tacking place to form a
new stable benzylic radical. Afterwards, the organophotocatalyst
is regenerated upon reduction of the radical to form a new
carbanion (Scheme 38). It should be mentioned that performing
the reaction in deuterated acetonitrile did not lead to any
deuterium incorporation. Also, using the more reducing PC14
was beneficial for the reaction outcome and showed better
reactivity especially with alkenes bearing electron-donating
group.

Rt PC9 (1 mol%) RAR
Mow . /[ KOtBu (5 mol%) Arwcoow
TMeCN,20h, it
blue LED, Ar R; COOR'
1.1 equiv. 37
Selected examples 77
Ph
p-tol COOMe p-ClICgH; COOMe  ph COOMe
Ph  COOMe p-CICgH, . COOMe Ph  COOMe
37a, 97% 37b, 95% 37¢, 37%
2—pyridyl COOMe PhYﬁ Jpr Phw/jjk /\/
COOMe
37d, 80% 37e, 99% 37f, 18%

Scheme 37. Photoinduced C-C bond formation reaction of malonates with
Styrenes developed by the group of Yamashita and Kobayashi.
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Scheme 38. Proposed mechanism for the photoinduced C-C bond formation
reaction of malonates with styrenes.

Very recently, the group of Li reported a metal-free
difunctionalization of alkenes with alkyl formates and N-
alkoxyazinium salts to access value-added p-alkoxy,(-
hydroxy,B-formyloxy, and B-dimethoxymethoxy alkanoates using
PC9 as the photocatalyst (Scheme 39).5% The reaction features
high functional group tolerance and high efficiency.

CN
A
().
N~ OTf
O'Pr 1
PC9 (3 mol%) MeO _,0 )
1 (2.5 equiv.)
R1J\/R3 + HCOOMe =7 7 R’ OMe
DMF s
1 h, RT, blue LED R
27 examples
20-88%
38
R2 PC9 (3 mol%) HO R2O
1 (2.5 equiv.)
«__R? + HCOOMe ;
R1J\/ —>KH2PO4 R ; OMe @
1 h, RT, blue LED R
20 examples
40-80%
39
(0]
R PC9 (3 mol%) Hko 520 @
1 (2.5 equiv.)
<R3 + HCOOMe 4
RHV HCOOH (1 ml) RT T OMe
1 h, RT, blue LED R
11 examples
27-66%
40

Scheme 39. Difunctionalization of alkenes with alkyl formates and N-
alkoxyazinium.
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Mechanistically, the reaction starts with the single electron
reduction of the alkoxyazinium salt with the excited state of the
photocatalyst to generate the isopropoxy radical. The latter
abstrats a hydrogen from the methyl formate to generate the
ethoxycarbonyl radical that adds to the alkene to form the
corresponding carbon-centered radical. A subsequent oxidation
with the oxidized state of the photocatalyst (PC9°7) generate the
carbocation that is immediately intercepted with methanol to
yield the final difunctionalized adduct (Scheme 40).

CN
BE
+J OTf
N
pCo’ o'Pr
hv O HCOOMe 0
'LOMe
o+
PC9 R,
R
Rz)\/ 3
R" ©
RZMOMe
R3
R1OMe O R" O
MeOH
R2? OMe R+ OMe
R3 R3

Scheme 40. Proposed mechanism for the difunctionalization of alkenes with
alkyl formates and N-alkoxyazinium.
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Scheme 41. 1,2-dialkylation of a-substituted acrylates developed by the group
of Glorius.

3.2.3 C(sp®)-X bond activation for the formation of C-C bond

The Jui group recently demonstrated that intramolecular
hydroarylation of arenes could be performed with organic
photoredox catalyst PC11 (Scheme 42).54 The use of sacrificial
electron donor DIPEA (Hiinig’s base) able to reduce the excited
photocatalyst turns out to be detrimental for the feasibility of the
reaction. It should be mentioned that Stern-Volmer experiments
confirmed this electron transfer. Afterwards, the reduced
photocatalyst is able to transfer an electron to the starting aryl
halide. Subsequently, cyclization through 5-exo-trig mode will
take place generating cyclohexadienyl radical. The reduction of
the newly formed radical allows the formation of dienyl anion.
Finally, a protonation is taking place to form the desired
hydroarylated arene. The reactions were performed in a mixture
of MeCN and water upon blue LEDs irradiation and the desired
product were formed in good to excellent yield. Interestingly, and
in order to demonstrate the utility of the developed methodology,



the authors demonstrated that such conditions could be applied
for the straightforward synthesis of NPY Y5 receptor antagonist.

\/@2
- R
\Y X

PC11 (5 mol%)

RiC DIPEA (3equiv.)
|

Ay H,O/MeCN (1/1)

e 1 Br i blue LEDs, rt, 16 h

41a, R= SO,Me, X=I, 65% 41c, X=Br, 72% 41d, X= Br, 46% 41e, X=Cl, 54%
41b, R= Boc, X=Br, 79%

OH

41g, X=1,94% 41h, X=Br, 72% 41i, X= Br, 64%

Scheme 42. Organophotocatalytic synthesis of spirocyclic cyclohexadienes
developed by the group of Jui.

The group of Singh demonstrated that the cyanation of
bromoarenes could be performed under metal free conditions by
using PC9 as photocatalyst (5 mol%) (Scheme 42).5% The key
to success is the use of (TMS)3;SiOH as silyl radical source able
after oxidation with the excited organophotocatalyst to abstract a
bromine from the starting aryl halide. Afterwards, the formed aryl
radical reacts with the cyanating agent TSCN. The desired
product is formed after losing tosyl radical which is reduced to
tosyl anion to close the photocatalytic cycle (Scheme 43).
Overall, the desired compounds were obtained in moderate to
excellent yields. It should be mentioned that the presence of
TEMPO inhibits completely the reaction with the formation of an
aryl-TEMPO adduct.

PC9 (5 mol%)
Br (TMS)3SiOH CN
R{j/ + TsCN (1.5 equiv.) R{j/
P -
1.2 equiv K3POj4 (2 equiv.) ¥

" blue LEDs, rt, 12h

Selectes examples NC
CN 42a,R=COMe, 71% || N \©\/r\>
42b, R= CO,H, 71% 2
RD/ 42c, R= Me, 81% N©CN )Qo
42d, R= OH, 57%
42e, R= AcNH, 57% 42f, 53% 42g, 46%
CN CN
CN
N ~ N
X
G
=
42h, 56% 42i, 47% 42j, 55%

Scheme 42. Organophotocatalytic cyanation of bromoarenes developed by
the group of Singh.
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Scheme 43. Proposed mechanism for the cyanation of bromoarenes.

3.2.4 C(sp2)-heteroatom bond formation

In order to leverage the orthogonality of transition metal
catalysed selective C-N bond forming process through radical-
radical cross-coupling process. The group of Wu showed very
recently that the formation of C(sp?-N bond formation could be
performed under metal-free photoredox catalysis.®® PC11 was
used as organic photocatalyst for the coupling of
cyanoheteroarenes and amines. The reaction scope
encompasses a variety of primary and secondary aliphatic as
well as aromatic amines and the desired coupling products were
obtained in good to excellent yield (Scheme 44). The authors
deeply investigated the reaction mechanism. In this context, the
authors confirmed that excitation of organophotocatalyst gave
rise to thermally assisted delayed fluorescence (TADF) emission
at 530 nm which is quenched by the amine. Herein, thanks to
flash photolysis investigation, the authors were able to confirm
the presence of amine radical cation as well as the photocatalyst
radical anion (PC11"). It should be mentioned that the excited
photocatalyst could not be quenched by the cyanopyridine since
no changes was observed when this later was introduced in a
solution of the excited photocatalyst. Afterwards, the formed
radical anion (PC11") delivers an electron to the cyanopyridine
to regenerate the organophotocatalyst to its ground state and
the aryl radical anion. This later react with the amine radical
cation to deliver the C-N coupling product after elimination of
cyanide. Interestingly the presence of DABCO is not only to
neutralize the formed HCN but could also be involved in product
formation. Indeed, DABCO could play a role of re+lay by reducing
the excited photocatalyst and form DABCO" . The formed
radical cation oxidizes the amine and regenerates itself (Scheme
45).
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Scheme 44. Photoinduced C-N bond via radical-radical cross-coupling
developed by the group of Wu.
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Scheme 45. Proposed mechanism for the photoinduced C-N bond via radical-
radical cross-coupling developed by the group of Wu.

Very recently, the groups of Wolf and Zeitler developed a
straightforward metal free procedure for the direct access to
tertiary phosphines as well as quaternary phosphonium salts.®”
The authors demonstrated that primary as well as secondary
phosphines could be arylated or alkylated by using aryl halides
or alkyl halides, respectively. The key to success is the use of
PC11 as organophotocatalyst upon blue LED irradiation. The
reactions were performed in the presence of EtsN or DIPEA in
MeCN (Scheme 46). Of further interest, the authors
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demonstrated that these conditions also allow the direct access
to symmetrical aryl phosphines and phosphoniums salts by
starting from white phosphorus (P4).
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Scheme 46. Photoinduced synthesis of unsymmetrical phosphines and
phosphonium salts developed by the groups of Wolf and Zeitler.

Performing the reaction in the presence of TEMPO was
detrimental for the reaction outcome since no product formation
occurred. P NMR studies reveal that when the reaction is
started with HPPh,, a full conversion to P,Ph, is taking place
within 2 hours. This intermediate was not formed in the absence
of the alkyl halides. In this context the authors assume that the
reduced alkyl halide abstracts an H atom from the starting
phosphine. The formed phosphorus radical dimerizes to form the
P2Ph, intermediate. The P2 intermediate reacts with the
cyclohexyl radical to form the desired product. Overall, the
presence of amine serves as electron donor to excite the
organophotocatalyst forming the radical anion photocatalyst.
This later is able to reduce the alkyl halides which reacts with
the P2 phosphorus intermediate (Scheme 47).
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Scheme 47. Proposed mechanism for photoinduced
unsymmetrical phosphines and phosphonium salts.
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The direct synthesis of phosphorylated phenanthridine,

quinolines and benzothiazoles was undertaken recently by Chen,

Yu and their co-workers.®® The authors investigated the impact
of oxydo/redox potential of cyanoraenes photocatalyst based on
the nature of the substituent on the donor part of the catalyst. It
turns out that carbazole substituted with electron donating group
have lower oxidizing ability than those substituted with electron
withdrawing group. Thus, PC17 turns out to be the best catalyst
for the generation of phosphorous-centered radical a key
parameter in the generation of the desired phosphorylated
heterocycle (Scheme 48).
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Scheme 48. Synthesis of phosphorylated heterocycle developed by the group
of Chen, Yu and their co-workers.

From a mechanistic point of view, the authors proposed the
following mechanism, the excited photocatalyst is able to oxidize
deprotonated  starting phosphine  confirmed by EPR
spectroscopy. The formed radical collapses to the
phenanthridine yielding a new radical. The photocatalytic cycle
is closed by TBHP yielding tertbutoxide radical. This latter is
able to oxidize the phosphorylated radical whish deliver the
desired product after radical cascade cyclization and
deprotonation (Scheme 49).
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Scheme 49. Proposed mechanism for the synthesis of phosphorylated
heterocycle

3.2.5 Activation of C-F bond

The group of Gouverneur demonstrated recently that the
hydrodefluorination of trifluromethylarenes to form
difluormethylarenes could take place under organophotoredox
catalysis.® Due to its high reduction ability (Ejeq = —1.52 V),
4DPAIPN (PC18, 2,4,5,6-tetrakis(diphenylamino)isophtalonitrile,
2.5 mol%) was the organophotocatalyst of choice to perform the
desired transformation under blue LED irradiation. The reactions
were  performed with a combination of 2,2,6,6-
tetramethylpiperidine (TMP) and 1,2,2,6,6-pentamethylpiperidine
(PMP) and 4-hydroxythiophenol (4-HTP) in 1,2-dichloroethane
(DCE). Several functional groups were tolerated and the desired
compounds were obtained in moderate to very good yield with
good to excellent selectivity (CF,H/CH2F ratio) (Scheme 50).
Interestingly, the authors demonstrated that the reaction could
be scaled-up using continuous-flow chemistry.
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Scheme 50. Organophotocatalytic hydrodefluorination of trifluormethylarenes
developed by the group of Gouverneur. Yields of CF,H/CH,F ratio determined
by **F NMR are given in parentheses.

The authors demonstrated that upon performing the reaction in
the presence of styrene, product 49 could be formed in 56%,
Moreover, the formation of benzylic radical species (RCFz) was
confirmed by radical trap experiment with TEMPO (intermediate
50, Scheme 48). Furthermore Stern-Volmer experiments
demonstrated that the combination of 4-HTP and TMP (1:1)
quenches the excited photocatalyst. Based on these
experiments the authors proposed the following mechanism, the
deprotonation of 4-HTP lead to a deprotonated thiol able to
quench the excited photocatalyst yielding PC™ and thiyl radical.
The reduced photocatalyst is oxidized by the starting
trifluoromethyl arene regenerating the photocatalyst and C-
centered difluorobenzylic radical is formed upon mesolytic
cleavage of fluoride from the trifluoromethyl arene radical anion
(scheme 51).
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Scheme 51. Proposed mechanism for the organophotocatalytic

hydrodefluorination of trifluormethylarenes.

Conclusion and future directions

This review summarizes recent applications of the use of
acridinium salts and cyanoarenes in organic reactions. As
discussed above, inert chemical bonds can be functionalized to
introduce new bonds. Thanks to recent synthetic developments,
access to a wide range of photocatalysts with tunable
photophysical and electrochemical properties has allowed
access to new reactivities such as the functionalization of inert
bonds. Furthermore, the unique reactivity of PC2 as a super
reducing agent will undoubtedly pave the way to the discovery of
new transformations to replace harsh reductants. The high
reactivity of cyanoarenes in a large variety of photochemical
transformations shows clearly the high synthetic potential of
these new photocatalyts. It is anticipated that detailed
mechanistic investigations involving photophysical and ultra-
rapid kinetic tools will allow understanding factors controlling the
reactivity of this class of photocatalysts. Lastly, developing
enantioselective versions of some of the discussed reactions
above will certainly be the focus of future researches in the field.
There is clearly a brilliant future ahead for organophotocatalysis!
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Owing to their unique reactivity in numerous challenging organic transformations, acridinium salts and cyanoarenes have become
organophotocatalysts of choice in organic chemistry. This minireview discusses synthesis of those catalysts and their multireactivity

with a special focus on their mechanistic aspects.
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