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Abstract: Photochemistry is a tremendous research field offering
many synthetic possibilities to the chemists. Breakthroughs in this
area have been notably driven by the implementation of new classes
of photocatalysts.  Within  this context, Bodipy (Boron-
dipyrromethene) dyes possess attractive chemical and physical
features such as their modularity, strong absorption under visible
light irradiation, good thermal and photochemical stabilities and high
fluorescence quantum yields. As such, this class of compounds has
found widespread applications in functionalized materials, biology,
medicine or organic chemistry. From an organic-synthetic point of
view, excited states of Bodipy dyes have been harnessed in electron
and energy transfer reactions. This minireview collates the relevant
literature on the applications of these catalysts in synthetic
photochemistry and provides some perspectives of this research
area.
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1. Introduction

Organic Chemistry is a discipline which responds to constantly
changing synthetic challenges. Amongst the tools available to
organic chemists, photocatalysis is a powerful strategy to create
and break chemical bonds under smooth conditions.™ Over the
past decades, this field has blossomed into a thriving research
area encompassing different tactics to achieve photochemical
transformations under visible light irradiation. For instance,
photoredox catalysis,” energy transfer catalysis® and catalytic
electron donor-acceptor complexes!” are key strategies
promoting diverse modes of reactivity. Besides the reaction
conditions (i.e. temperature, solvent...) and the nature of the
reactor device (i.e. classical batch reactor, flow chemistry), a



critical factor for the success of a photoinduced transformation
lies in the careful selection of the photocatalyst. Important
criteria for deciding which photocatalyst to select for a given
transformation are the photophysical properties, ground state
and excited state redox potentials, cost, commercial availability
or ease of synthesis of the dye. Within this context, iridium and
ruthenium polypyridyl complexes have delivered ground-
breaking results in visible light photocatalysis owing to their
ability to promote efficiently single electron transfer (SET) and
energy transfer (ET) processes.®! Nevertheless, the high cost of
the organometallic complexes and the generation of heavy metal
waste have prompted the scientific community to find
photocatalysts deprived of transition metals. One approach in
which this demand can be achieved is through the use of copper
catalysts which represent a low-cost solution to precious metal
complexes.®® In addition, copper containing photocatalysts have
interesting features such as tunable excited-state redox
potentials and the possibility to promote asymmetric photoredox
processes by a careful selection of ligands.["! Besides copper,
iron,® chromium® or other metal complexes®™® have also been
applied in photoredox catalysis. With the aim of developing more
sustainable photocatalytic transformations and discovering new
reactivities, numerous research groups have also investigated
the use of organic photocatalysts in synthetic chemistry."!" To
cite only a few, porphyrinoids, acridinium salts, (thio)xanthene
dyes, pyriliums, benzophenones, phenalenones or thiazines are
leading organic photocatalysts enabling a large palette of
reactions. In addition to these structures, the Bodipy (Boron-
dipyrromethene) dye is an attractive platform for applications in
photoorganocatalysis (Figure 1).
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Figure 1. Typical structure and numbering of a Bodipy dye (4,4-Difluoro-4-
bora-3a,4a-diaza-s-indacene).

This class of compounds offers numerous advantages such as:
i) straightforward synthesis and ease of modification via post-
functionalization strategies; ii) high modularity enabling a fine
tuning of the photophysical and electrochemical properties; iii)
strong absorption under visible light irradiation, iv) high
fluorescence quantum yields for some structures and v) good
thermal and photochemical stabilities.? The range of pH and
temperature for which the Bodipy framework is stable is suitable
for many applications.™ Interestingly, studies have shown that
modulation of the substituents at boron can improve the
chemical stability of the Bodipy chromophore.™ Therefore,
Bodipy compounds have been extensively studied as
fluorescent molecular probes,*®  photodynamic  therapy
agents,™® chromophores in material sciencel*”? and laser
dyes.™ The exploitation of Bodipy dyes has also been extended
to organic synthesis with applications ranging from single
electron transfer processes to photosensitization. In this review,
we will outline the recent advances of Bodipy-based organic
photocatalysts in chemical synthesis. After a concise overview of
the synthetic routes towards the Bodipy core, the examples
selected throughout the review are aimed at demonstrating the
effectiveness of Bodipy dyes in photocatalysis. A special

attention will be given to photoinduced synthetic methodologies
comparing Bodipy dyes with other photocatalysts in order to lend
further credence to the assets of these photoorganocatalysts in
chemical synthesis.

2. Synthetic routes towards Bodipy platforms

The first synthesis of a Bodipy dye dates back from 1968 and
this work was reported by Treibs and Kreuzer.!® Profusion of
synthetic procedures that ensued from this discovery relied
mainly on the condensation of functionalized pyrroles with a
carbonyl compound (aldehyde, acyl chloride, acid anhydride) as
a pivotal step. (Scheme 1).2%
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Scheme 1. Synthetic routes towards Bodipy dyes.

One common strategy to prepare functionalized Bodipy dyes lies
in the condensation of two pyrrole units with an aldehyde under
acidic conditions (i.e. Trifluoroacetic acid, TFA) to form the
dipyrromethane framework. Oxidation typically carried out by
DDQ (2,3-dichloro-5,6-dicyano-p-benzoquinone) or chloroanil
followed by treatment with a base (i.e. EtsN, N,N-
Diisopropylethylamine) and Et,O.BF; afford the meso-
substituted Bodipy dye (Scheme 1.1). A stepwise tactic or one-
pot procedures without any purification of the intermediates may
be performed for the synthesis of the Bodipy core. An efficient
alternative synthetic route involves acyl chlorides as starting
materials but their limited commercial availability and stability
are potential limitations to reach diversely functionalized Bodipy
dyes (Scheme 1.1). Acid anhydrides are also prone to react
with pyrroles leading to Bodipy frameworks after complexation



with Et;0.BFs (Scheme 1.2).*Y Under these conditions, the
Bodipy dyes are flanked with an alkyl carboxylic side chain
allowing further functionalization possibilities. These synthetic
strategies turned out to be efficient for reaching symmetric
Bodipy compounds while the access to non-symmetric
compounds requires alternative routes. To this aim, the
condensation of an o-free pyrrole with a carbonyl-containing
pyrrole followed by treatment with Et,O.BFs; has been used to
prepare non-symmetric units (Scheme 1.3).?

One of the reasons for the popularity of Bodipy dyes is related to
their ease of functionalization whereas other off-the-shelf
organophotocatalysts (i.e. Rose Bengal, Methylene blue) may
be less amenable to modification. Numerous post-

functionalization strategies have been successfully reported to
modify the properties of the Bodipy dyes.® while out of the

scope of this review, derivatizations of Bodipy dyes impact on
[24]

their final applications as exemplified in Scheme 2.
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Scheme 2. Heavy atom containing Bodipy dye B2.

In this example, the attachment of two iodine atoms to the
Bodipy core B1 strongly affects the photophysical properties of
the dye.”® While UV-visible absorption analyses showed a
similar behavior for B1 and B2 with intense molar extinction
coefficients (g), a striking difference of fluorescence quantum
yields (®g) was observed with a dramatic decrease of the value
with iodo substitution. On the other hand, a long-lived triplet
excited state was observed for B2 compared to the parent
Bodipy B1 with a lifetime of triplet state (tr) for B2 reaching 57.1
us. By comparison, the widely used Ru(bpy)sCl, (bpy = 2,2’-
bipyridine) shows absorption at 450 nm with a molar extinction
coefficient usually less than 20 000 M™* cm™ and a short triplet
lifetime (tr = 1.1 ps).”® The values compiled in Scheme 2
indicate that the main deactivation pathway of the excited state
in B1 includes fluorescence while it is intersystem crossing to
the triplet state for B2. These results are explained by the
presence of heavy atoms (iodine atoms) on the n-core of Bodipy
B2 which promote intersystem crossing (ISC) via spin-orbit
coupling interactions leading to a long living-triplet excited
state.?” Therefore, a subtle functionalization of the Bodipy core
changes the parent fluorescent dye B1 into an efficient triplet
sensitizer B2 prone to activate molecules by energy transfer or
electron transfer processes. Examples highlighting the use of
triplet photosensitizers in organic synthesis will be given in the
next sections.

3. Applications of Bodipy in
photoorganocatalysis

3.1 Formation of C-C bonds

In 2013, the group of Zhao harnessed iodo-Bodipy catalysts B2
and B3 in photoredox organic reactions such as the aerobic
cross-dehydrogenative coupling reaction of N-aryl
tetrahydroisoquinolines 1 with nitroalkanes 2 (Scheme 3).28 A
series of photocatalysts was tested in the photoredox reaction
and the best results were obtained with the iodo-Bodipy
derivatives B2 and B3. The presence of styryl groups on the
Bodipy framework strongly impacts the absorption profile and B3
displayed a red-shift absorption (Aaps = 630 nm in CH,Cl,). The
reaction scope was extended to other N-aryl substituted
tetrahydroisoquinolines 1 and nitroalkanes leading to the desired
products 3 in moderate-to-excellent yields. Acetone was also
tested as a nucleophile in the presence of 20 mol% of L-Proline.
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Scheme 3. Reaction of nitroalkanes with N-aryl tetrahydroisoquinolines
catalyzed by B2 or B3.

The proposed mechanism would involve the formation of the
radical cation A via single electron transfer from the starting
amine 1 and the excited photocatalyst *[B2/3]*. The reaction of
O, with the radical anion derived from [B2/3] would lead to the
superoxide anion radical which would further react with A to
form the iminium species C. The addition of the nitroalkanes to
the iminium intermediate C would produce the compound 3.

The iodo-Bodipy dyes B2 and B3 were also applied to the
oxidation/[3+2] cycloaddition/aromatization sequence starting



from tetrahydroisoquinolines 4 (Scheme 4).?¥ Using similar
catalytic conditions to those employed in Scheme 3, the reaction
of 4 with N-aryl maleimides 5 afforded the products 6 in yields
ranging from 69 to 91%. As outlined in the previous reaction,
Bodipy dyes proved to be superior to the off-the-shelf dyes
Eosin Y and Ru(bpy)sCl, for which low levels of yields were
obtained. While N-bromosuccinimide (NBS) was required to
promote the oxidative dearomatization starting from 4, the use of
tetrahydroisoquinoline bearing a benzoyl group 7 did not lead to
the aromatic compound but the polycylic structures 8. Addition of
NBS led to the decomposition of the products when using 7. A
mechanism similar to the previous one was proposed to explain
the formation of the products 6 and 8 (See scheme 3). A porous
material-immobilized iodo-Bodipy dye has also been
successfully employed in the oxidation/[3+2]
cycloaddition/aromatization tandem reaction® while the groups
of Zhao and Li prepared a diiodo-Bodipy postmodified metal-
organic framework which was applied to the aerobic reaction of
N-aryl tetrahydroisoquinolines 1 with nitroalkanes 2 and the
reaction of tetrahydroisoquinoline 4 with N-aryl and N-benzyl
maleimides.®® For both heterogeneous photocatalysts, recycling
studies were carried out without significant decrease of the
yields after three reactions.
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Scheme 4. Multibond forming process towards 6 and 8 catalyzed by B2 or B3.

The oxidation/[3+2] cycloaddition/aromatization sequence
served as a test reaction to investigate new Bodipy-based
photocatalysts. Structural evolutions of Bodipy dyes were
reported with a special focus on the design of photocatalysts
with broad-band visible light absorption (Figure 2). Organic

triplet photocatalysts displaying the ability to strongly absorb
visible light with a long-lived triplet state are highly sought in
photocatalysis. To this aim, a Cso motif was connected to Bodipy
chromophores in order to form Cgo-Bodipy dyad triplet
photosensitizers B4 and B5 deprived of heavy atoms which
make them appealing dyes in photoredox catalysis owing to the
propensity of Ce to be an electron acceptor.® These dyads
exhibit long-lived triplet states (v = 27.4 and 71.2 us,
respectively for B4 and B5) and strong absorption of visible light.
Good-to-excellent levels of yields were obtained in the reaction
of tetrahydroisoquinolines 4 or 7 with N-aryl maleimides 5.

In 2014, iodo-aza-Bodipy photocatalysts B6 and B7 have been
used in the [3+2] cycloaddition-aromatization tandem reaction
between tetrahydroisoquinolines and N-substituted maleimides
(Figure 2).*4 The aim of this study was to improve the visible
light-harvesting efficiency of the photocatalysts which is of
interest for synthetic transformations promoted under broadband
light source. lodo-aza-Bodipy frameworks were selected as the
core structure of the photocatalysts owing to their much greater
red-shifted absorption compared to the Bodipy counterparts.®
Beside the iodo-aza-Bodipy dye B6, the authors prepared and
characterized the Bodipy-aza-Bodipy triad B7 in which
resonance energy transfer was established enabling broadband
absorption.*¥  Photophysical analyses showed that the
fluorescent emission band of Bodipy units attached to the iodo-
aza-Bodipy framework was quenched in B7 confirming an
important energy transfer between these two parts. The two
photocatalysts were efficiently applied to the oxidation and [3+2]
cycloaddition-aromatization process leading to the desired
targets in good yields. It is worthwhile mentioning that better
yields were obtained with B7 and this could be explained by its
higher light-harvesting ability.

In the same vein, triplet photosensitizers B8 and B9
incorporating a rhodamine unit as an intramolecular energy
donor and an iodo-styryl-Bodipy framework used as an energy
acceptor/spin convertor were prepared and tested in the
oxidation/[3+2] cycloaddition/aromatization with
tetrahydroisoquinolines 4 and N-aryl maleimide derivatives 5
under the conditions described in Scheme 4.5% Rhodamine was
chosen as a visible light harvesting donor due to its strong
absorption in the visible region but at different wavelengths from
the Bodipy unit which makes this assembly suitable for
application in photocatalysis under panchromatic light. As with
B7, photophysical analyses showed an intramolecular energy
transfer from the singlet excited state of rhodamine to the styryl
Bodipy unit in B8 and B9 and displayed a strong broad-band
absorption in the visible region ranging from 450 nm to 700 nm
for both photocatalysts. These dyes were successfully applied to
the formation of 6 with moderate to excellent yields.

Another interesting application of iodo-Bodipy dyes in synthetic
chemistry is the arylation of furans and thiophenes with aryl
diazonium salts (Scheme 5). In previous examples, Bodipy-dyes
acted as electron acceptors leading to the oxidation of the
substrates. In 2013, the research group of Zhao demonstrated
that the excited state of catalysts B2 and B3 could also be used
as electron donor in the C-H arylation of heteroarenes with aryl
diazonium salts.®® Better yields of 10 (X=0, R=H) were obtained
with B2 and B3 than off-the-shelf photocatalysts Eosin Y and
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the oxidation/[3+2] cycloaddition/aromatization sequence.

Ru(bpy)sCl.. The substrate scope was studied with a series of
aryl diazonium salts and heterocycles (furan, thiophene) and the
reaction proved to be general since good-to-excellent yields
were obtained in all examples. The proposed mechanism would
start with the formation of the aryl radical via single electron
transfer which would further react with the heteroarene leading
to the radical intermediate A. Oxidation of A into the cation C by
the radical cation of B2/3 followed by deprotonation would lead
to the products 10. Another pathway would involve the oxidation
of A in the presence of the aryl diazonium salt. More recently,
Vairaprakash developed a 5-hydroxymethylfurfural-derived
Bodipy immobilized on resin support as a catalyst for the
arylation of (hetero)arenes with aryl diazonium salts (Figure
3)_[37]

The dibromo-Bodipy framework was prepared from the raw
material 5-hydroxymethylfurfural (HMF) derived from fructose
and the dye was immobilized on a polymeric resin. In this report,
the catalyst B10 enabled the arylation of furan, thiophene and
benzene with diversely substituted aryl diazonium salts under
green light irradiation. The recyclability of the immobilized dye
B10 was explored and the authors demonstrated that no
decrease of the yield was observed after four cycles.



Figure 3. Resin-supported Bodipy B10 derived from 5-hydroxymethylfurfural.

Alkynes are another class of reagents used in Bodipy-catalyzed
photoredox transformations as exemplified in Scheme 6.2
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Scheme 6. Merging Copper catalysis and photocatalytic oxidation.

Studies of the copper-catalyzed alkynylation with N-phenyl
tetrahydroisoquinoline 1 revealed that iodo-aza-Bodipy B6 and
B7 were better catalysts than Ru(bpy)sCl, exhibiting weak
absorption of visible light (See Figure 2 for the molecular
structures of B6 and B7). The scope featured aryl acetylenes
bearing neutral, electron-donating or electron-withdrawing
groups and N-functionalized tetrahydroisoquinolines 1 or 4. The
coupling products 11 were obtained in 49-80% vyields after a
short reaction time.

In 2017, the research groups of Ceroni and Cozzi presented a
photocatalytic atom-transfer radical addition (ATRA) between
bromo derivatives and alkenes promoted by iodo-Bodipy catalyst
B2 and sodium ascorbate (Scheme 7).% The reaction
mechanism proposed by the group consists in the
photoexcitation of the iodo-Bodipy B2, followed by the formation
of the excited triplet state of B2 through inter-system crossing
(ISC). This excited species exhibits strong oxidizing properties
and a radical anion is obtained by reaction with ascorbate as a
sacrificial reductant. The radical anion then acts as a reductant
towards the halogenoalkane, leading to the free radical A
directly involved in the alkene addition. The authors first
developed the reaction using the formation of compound 14a,
leading to the optimized conditions presented in Scheme 7.
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Scheme 7. Photocatalytic ATRA reaction.

These conditions were later applied to other alkenes and
halogenoalkanes, from which were obtained 22 products. A
range of functional groups such as ester, nitrile, pyridinium and
alcohol were well tolerated on the organic halides while the
alkene scope included terminal and cyclic olefins.

In previous examples, the Bodipy dyes were used as photoredox
catalysts promoting C-C bond formation through arylation with
diazonium salts (Scheme 5). In 2019, Wang, Hao, Jiao and co-
workers demonstrated that Bodipy could enable self-promoted
radical arylation with diazonium salts (Scheme 8).2% In light of
the excited state oxidation potential of 15 (Eox* = -0.58 V vs SCE
for R = 2,6-Cl,Cg¢H3), aryl diazonium salts (Ereq = -0.15 to -0.5 V)
are prone to be reduced by Bodipy under visible light.
Optimization of the reaction conditions showed that mono-
arylated products 16 were obtained starting from 1.2 equiv. of
aryl diazonium salts. Increasing the amount of aryl diazonium
salts and the light intensity enabled the selective arylation of 15
at the 3,5-positions leading to the bis-arylated products 17. In
terms of substrate scope, aryl diazonium salts bearing electron
withdrawing groups gave higher yields than substrates with
electron-donating groups. The utility of this strategy was
illustrated by the synthesis of the indole-fused Bodipy dye 18
based on a two-step procedure involving the photoinduced C-H
arylation followed by an intramolecular reductive cyclization.
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The Bodipy dye 18 exhibited near infrared absorption and bright
fluorescence which prompted the researchers to apply this dye
to fluorescence imaging in HelLa cells. In 2020, a similar tactic
based on the formation of Bodipy-based radical cation was
investigated by Hao and Jiao for promoting the oxidative
dimerization of Bodipy dyes 19 under blue LED irradiation
(Scheme 9).14%

General Reaction

Ar AgTFA
S X N\ (4 equiv.)
—_—
\ N\B/N = MeCN
F" °F Blue LED
19 rt

5 examples
Yield = 28-89%
20/21: 4/1 to 11

Epcpcy=-0.71V
for Ar = mesityl

Mechanism
Ar
X \ AgTFA .
\\ N 19+ 29 197 — 20121
N._ _Nx<
B
FFF
19

Scheme 9. Oxidative dimerization of Bodipy dyes.

The methodology remains limited to a couple of examples and
two a,a- and o,y-linked Bodipy dimers were obtained in 28-89%
yields. Similar to the transformation depicted in Scheme 8, the
mechanism would involve the excitation of the Bodipy dye which
would be then oxidized by photoinduced electron transfer in the
presence of silver trifluoroacetate (E.q¢ = 0.8 V) to the
corresponding radical cation. This species would react with
another ground-state molecule of 19 to give the dimeric products
20 and 21. The same group extended their strategy to the visible
light-induced enamination of Bodipy dyes 19 in the presence of
secondary and tertiary amines 22 (Scheme 10).1Y

General Reaction R
—~ 22
N-R1
2
Ar R
Ru(bpy);Cl,
=7\ (5 mol%)
\ N.g-N= white LED
E°F DMF, rt
19

Epcrc) =148V 11 examples
for Ar = mesityl yields = 20-85%

Simplified mechanism

Reaction with bromo-BODIPY

S Et3N
Br \ N Br
N\B/N\ white LED
F O F DMF, rt
24

yield = 58% Et’

Scheme 10. Enamination of Bodipy dye by photoredox catalysis.

In this example, the photo-oxidizing ability of Bodipy 19 (Ered* =
1.48 V vs SCE for Ar = mesityl) has been harnessed for
promoting the oxidation of amines 22 into the enamine
intermediate. A crucial point for the success of the
transformation is the presence of Ru(bpy)sCl. which would play
the role of triplet photoredox co-catalyst to oxidize the radical
anion derived from 19 into the parent neutral Bodipy dye.
Interestingly, the functionalization of bromo-Bodipy 24 to form 25
was successfully achieved in the absence of Ru(bpy)sCl, owing
to the propensity of 24 to act as a triplet photosensitizer under
the reaction conditions. Therefore, Ru(bpy)sCl, was not required
under these reactions conditions. The scope for the enamination
of 19 was limited to meso-aryl substituted Bodipy dyes and
mixtures of products were obtained starting from diversely
substituted tertiary amines such as N-ethyl piperidine, N,N-
dimethylethanamine and N,N-diisopropyl ethylamine. A
secondary amine such as diethylamine was prone to react under
these conditions leading to the NH-containing product in a
moderate yield.

3.2 Formation of C-O bonds



The photosensitization of molecular oxygen into singlet oxygen
(*0,) by triplet-triplet energy transfer has been extensively
exploited by research groups for carbon-oxygen bond formation.
For instance, photooxidation of naphthol derivatives is often
used as a benchmark reaction to estimate the propensity of a
photocatalyst to produce singlet oxygen.“? Within this context,
the one-pot photooxidation of naphthol 26 followed by aniline
addition to the naphthoquinone intermediate has been described
in 2013 using the Bodipy dye B2 as a photocatalyst (Scheme
11).14%
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OH i) Oy, B2 (5 mol%)

CHCI3/MeOH,

Xe lamp, 0.5 h

ii) ArNH,, AcOH
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o
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Scheme 11. One-pot formation of aminonaphthoquinones.

After investigating the photooxidation of a focus selection of
naphthols into the corresponding quinones, the authors studied
the production of aminonaphthoquinones 27 from naphthol 26.
The one-pot formation of aminonaphthoquinones 27 started with
the photooxygenation of 26 in the presence of singlet oxygen
produced by the iodo-Bodipy dye B2 which is known as an
efficient photosensitizer for the production of singlet oxygen.?*
Without isolation of the naphthoquinone intermediate, addition of
an aromatic amine, acetic acid and Cu(OAc); to the reaction
mixture furnished the aminonaphthoquinones 27 in yields
ranging from 48% to 79%. The scope of naphthol was limited to
1-naphtol 26 while a small set of anilines was tested in the
reaction including bromoaniline, chloroaniline and anisidine.

The photooxidation of naphthol 26 was expanded by Coeffard,
Greck and coll. to include a one-pot enantioselective synthesis
of 1,4-naphthoquinone-derived polycycles through singlet
oxygen-mediated oxidation of naphthol and aminocatalysis
(Scheme 12).* In the presence of oxygen and a catalytic
amount of Bodipy dye B2, naphthol 26 was oxidized to
naphthoquinone under visible light illumination. Addition of
dienal 28 (or 29) and the catalytic system (30/Benzoic acid)
allowed the formation of 31 (or 32) with excellent
enantioselectivities through a one-pot
photooxygenation/trienamine-mediated Diels-Alder/aldol
reaction. Besides naphthol derivatives, phenols are an
interesting class of compounds to investigate oxidative

dearomatization processes.”® Within this context, the research
group of Coeffard has described in 2018 a one-pot synthesis of
functionalized fused furans 34 via a Bodipy-catalyzed domino
(Scheme

photooxygenation 13).1461,

Reaction i) B2 (2 mol%) oH ) B2 (2 mol%)
visible light, O, visible light, O,
Toluene, rt, 6 h CHClg, 11, 6 h
L B N
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yield = 39% A 55°C, 16 h 55°C, 16 h A yield = 27%
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ee = 98% Via Ph 19 Via Ph ee = 95%
Ph 2 N Ph
OTBS H,0 S OTBS
Ph 7 o =
BocN—X\

(0]
Substrates and catalysts
(0] O
‘ H ‘ H
Ph
| |
Me~ 28 BocN"Nye 29
Scheme 12. One-pot enantioselective

synthesis of

1,4-naphthoquinone-derived polycycles.



General Reaction

0,
OH B2 (2 mol%) o
§ . _R? Xe lamp
RIC CDCl, 10°C. 60 cail” T\ _ge
then thiourea, MeOH o)
R 33 40°C, 16 h HO" R' 34
] 13 examples
l 0, reduction 30-60%

Influence of the photocatalyst (R'=Me, R?=Ph, R3=H)

MB TPP B2
‘nr 1 15% | 65%
yields of C d

Substrate scope

(6] O fo)
[ D—pn [ H—4a-MeCqH, | D—3-MeCeH,
O (6] o]
HO™ "Me HO™ "Me HO. Me
34a, 53% 34b, 50% 34c, 41%
0 o) 0
| D—ph | D—2,4-Cl,CeH, | N—ph
(@] (0] Me (@]
HO Ph HO Me HO Me
34d, 35% 34e, 54% 34f, 60%

Scheme 13. One-pot synthesis of functionalized fused furans through domino
photooxygenation.

Starting from readily available phenols 33, the first step involves
a singlet oxygen mediated dearomatization of the phenol
framework leading to the hydroperoxide A. Once generated, the
diene system would undergo a [4+2] Diels-Alder reaction with
singlet oxygen to form C which can be further reduced to the
fused furans 34. Using a model reaction, optimization of the
reaction conditions showed that the Bodipy dye B2 was the best
photocatalyst. The wuse of methylene blue (MB) or
tetraphenylporphyrin (TPP) led to disappointing results. While
the scope is quite limited for the substituents (R*, R®) attached to
the phenol ring, this transformation enables the synthesis of
functionalized fused furans 34 using smooth conditions starting
from easily accessible phenol derivatives 33.

In previous examples, phenols and derivatives were used as
substrates but these compounds have also been produced
through Bodipy dye-mediated photoredox transformations. In
2013, the group of Zhao described the use of Bodipy-based Ceo
dyads and triads for the aerobic oxidation of boronic acids
(Scheme 14)."" For instance, the Bodipy-Ceo B5 dyad has been
successfully applied in the reaction of tetrahydroisoquinolines 4
or 7 with N-aryl maleimides 5 owing to its interesting
photophysical properties (Scheme 4). Amongst other dyads and
triads, the same authors discovered that Bodipy dye B5
smoothly promoted the photooxidation of boronic acids 35 into
phenols 36.

General Reaction

G B5 (2 mol%) —
\ BOH), — > OH
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Scheme 14. Aerobic oxidation of boronic acids to phenols.

The reaction scope was limited to a focus selection of boronic
acid derivatives 35 and good yield levels were obtained in short
reaction times compared to other organic triplet
photosensitizers. Mechanistic studies were carried out
highlighting the key role of superoxide radical anion in the
photochemical process.

Merging photoredox catalysis and transition metal catalysis has
recently delivered groundbreaking results in synthetic
chemistry.® In 2018, this strategy was applied by the group of
Xue to the organophotoredox-nickel catalyzed hydroxylation of
aryl halides with water under visible light (Scheme 15).1! An
impressive library of aryl and heteroaryl halides was prone to
react with water in the presence of a nickel catalyst and the
Bodipy dye B11. The ligand 6,6’-diamino-2,2’-bipyridy! L plays a
crucial role in the success of the reaction thanks to the ability of
the amino group to interact with water as hydrogen bond
acceptor and base. Intensive screening of the reaction
conditions showed the striking influence of the Bodipy dye B11
on the yield. A large range of metal-containing and organic
photoredox catalysts such as methylene blue (MB),
tetraphenylporphyrin  (TPP) and rose bengal (RB) were
screened and the best result was obtained with B11 for which
the higher activity was unclear for the authors. Besides
(hetero)aryl bromides, the reaction scope was expanded to more
challenging aryl chlorides for which an increase of the
temperature was required to reach good levels of yields. From a
mechanistic point of view, the transformation would start by
insertion of the nickel(0) species into the C-X bond and further
coordination of water facilitated by the ligand. The excited
Bodipy dye B11 (Ereq* = 0.74 V vs SCE) would oxidize DIPEA
which would enable the oxidation of the Ni" complex into the Ni"
intermediate. Nevertheless, direct oxidation of the Ni" species by
the excited photocatalyst was not excluded by the authors.
Reductive elimination would lead to the formation of the phenol



products 36 and the radical anion of B11 would reduce Ni' to Ni°
to close the catalytic cycle.
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Scheme 15. Photoredox-Nickel dual catalytic hydroxylation of aryl halides with
water.

In order to design new catalytic systems for promoting
asymmetric photooxygenation, work in our laboratory has been
devoted to the design of a quinine-Bodipy photocatalyst for the
asymmetric hydroxylation of p-dicarbonyl compounds 38
(Scheme 16).5% The Bodipy dye B12 was constructed by
connecting a iodo-Bodipy framework known to be an efficient
singlet oxygen generator (Scheme 2) and quinine playing both
the role of chiral catalyst and singlet oxygen quencher. The
bifunctional photocatalyst B12 was applied to a focus selection
of indanone- and tetralone-derived B-keto esters 38. In spite of a
narrow substrate scope and limited enantiomeric excesses, it is
a rare example of asymmetric photoinduced transformation
involving a Bodipy dye.

3.3 Formation of S-O bonds

Sulfoxide is an important structural unit which has found
applications in pharmaceutical science and asymmetric
catalysis.®! A practical and selective strategy to produce
sulfoxides is the photooxidation of the corresponding sulfides
and this transformation is a convenient methodology to
determine the oxidizing ability of a photocatalyst.®? As such, a
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series of articles compared diversely functionalized Bodipy dyes
in the photooxidation of thioanisole 40 into the corresponding
sulfoxide 41 (Scheme 17).5%
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Scheme 16. Asymmetric hydroxylation of B-dicarbonyl compounds.

The photo-oxidizing ability of Bodipy dyes B1 and B13-B19
deprived of heavy atoms on the Bodipy core were tested against
the oxidation of 40 into 41 in methanol under visible light. Low
yields were obtained by using Bodipy photocatalysts bearing
nitro (B14), dimethylamino (B15) and amino (B16) groups on the
aromatic side chain. These results could be explained by the
competition between singlet oxygen production and a
deactivation process like photoinduced electron transfer (PET).
The protocol employing B1 and B13-B19 as photocatalysts
suffers from long reaction time reaching 24 h for complete
conversion of thioanisole 40. To tackle this challenge, the
authors investigated the iodo-Bodipy dye B2 which exhibits
interesting  photophysical properties for singlet oxygen
generation such as a high molar extinction coefficient and a
long-lived triplet excited state (see Scheme 2). A dramatic
decrease of the reaction time (3 h) was observed to reach full
conversion of thioanisole 40. Control experiments have also
been carried out in order to shed the light on the reactive oxygen
species involved in the oxidative process. The authors showed
that a Bodipy dye, light and oxygen were required for promoting



the reaction involving singlet oxygen produced by energy
transfer between the excited photocatalyst and ground-state

Reaction

PS (0.5 mol%)

oxygen.
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Influence of the photocatalyst
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B1, R=Ph
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B2 (3h)
B17.
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189% 99% @ :100%

1 21%
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Et,N

Scheme 17.

With the aim of getting high yields of sulfoxide compounds while
not using heavy atom containing photocatalysts, the research
group of Cui and He synthesized the Bodipy dye B20 which was
applied to the visible light mediated oxidation of sulfides
(Scheme 18).554
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Scheme 18. Dimeric Bodipy-catalyzed oxidation of sulfides.
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of thioanisole.

Unlike earlier works describing a lengthy synthetic route towards
B20, a straightforward one-step condensation starting from
simple oxalyl chloride and 2,4-dimethylpyrrole was described to
produce B20 in 10% yield. After comparing a series of
photocatalysts, Cui, He and coll. demonstrated that the catalyst
B20 was competent to oxidize sulfides 42 into sulfoxides 43 in
the presence of air and visible light irradiation. Nevertheless, the
scope was very limited and only conversions determined by
NMR were reported lowering the synthetic impact of this study.

3.4 Miscellaneous

Previous examples have shown that Bodipy dye B2 is a
powerful photocatalyst in synthetic chemistry. In 2013, Zhao and
co-workers expanded the utility of B2 in the oxidation of various
amines 44 into imines 45 (Scheme 19)."* The study showed that
Bodipy dye B2 is a better catalyst than off-the-shelf organic
photocatalysts (TPP, RB) or widely used transition metal-
containing photosensitizers. Moderate-to-excellent conversions
were observed for a series of benzyl amine derivatives 44
bearing electron-donating and withdrawing groups even if lower
yields were obtained in the latter case. No reaction occurred
starting from aniline due to the lack of benzylic hydrogens. The
transformation was also performed on gram scale for one
example. Mechanistic studies revealed that singlet oxygen
would oxidize the amine 44 into the corresponding imine
intermediate which would further react with another molecule of
amine 44 to yield the imine 45. In 2016, Xue and coll. reported
optimized conditions for the synthesis of amides from aromatic
aldehydes and amines under visible light (Scheme 20).°%
Various photocatalysts were investigated for the reaction of
4-bromobenzaldehyde with pyrrolidine under blue LED
irradiation and the results demonstrated the efficiency of
halogen-containing Bodipy dyes B2 and B21. Further
optimization revealed the beneficial effect of adding the radical
inhibitor BHT (3,5-di-tert-butyl-4-hydroxytoluene) in the reaction
mixture.
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Scheme 19. Oxidation of amines catalyzed by B2.
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Scheme 20. Bodipy-catalyzed oxidative amidation reaction.
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The higher yield could be explained by the ability of BHT-OOH
formed in-situ by reaction of BHT with activated oxygen to serve
as an oxidant for the amidation between aldehydes and amines.
A large panel of aryl and heteroaryl aldehydes and cyclic amines
were tested in the oxidative amidation reaction leading to the
products 47 in moderate to excellent yields. Aliphatic aldehydes,
as well as primary or aromatic amines were not prone to give the
desired products under the reaction conditions.

The landscape of Bodipy-catalyzed transformation is mainly
dominated by examples harnessing the triplet excited state of
the photosensitizer. In 2015, Meng, Wu and coll. demonstrated
that the singlet excited state of Bodipy dye could promote cross-
dehydrogenative coupling reactions (Scheme 21).5¢
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S
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Scheme 21. C-P bond formation.

The authors demonstrated that singlet excited state of
fluorescent dye Bl was able to interact with N-aryl
tetrahydroisoquinoline 1 under visible light leading to a cascade
of electron transfer processes. In addition to typical C-C bond
formation such as reaction of 1 with nitroalkanes or dialkyl
malonates, the formation of C-P bond was investigated under
photoredox catalysis. Good-to-high levels of yields of 49 were
obtained by reacting N-aryl tetrahydroisoquinoline 1 with
phosphonate derivatives 48 using 1 mol% of Bodipy dye B1.
Examples of visible-light induced functionalization of Bodipy
dyes were highlighted in the section dedicated to C-C bond
formation (Schemes 8-10). This strategy was also explored to
introduce ArS units on Bodipy frameworks by Li, Xie and co-
workers (Scheme 22)."1 The reaction was based on the fact that
excited state of Bodipy 19 could act as an electron acceptor to
form the radical anion derived from 19 and the radical cation of
RSH. Deprotonation by the amine would lead to the ArS radical
which would attack the a-positions of Bodipy 19. Thiophenols
bearing electron-withdrawing or electron-donating groups were
prone to react with 19 leading to the desired compounds in
moderate-to-good overall yields. Nevertheless, the reaction
rates depends on the substituents flanked on the thiophenol and
a better reactivity was observed with halogen-containing
thiophenols.
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Scheme 22. Introduction of ArS units into the Bodipy core structure.

4. Metal-tethered Bodipy photocatalysts

The covalent attachment of a photocatalyst to a transition metal
complex is an attractive strategy to discover new reactivities or
to improve the catalytic activity of the dual system.®® In 2019,
the research group of He reported the synthesis of a Bodipy-
functionalized Pd(ll) complex B22 and its application to the
visible light-mediated Sonogashira cross-coupling (Scheme
23).59
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Scheme 23. Sonogashira C-C cross-coupling.
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The authors showed that catalyst B22 was able to promote the
reaction between iodoarenes and phenylacetylene derivatives
under illumination. A very low yield of the reaction between
iodobenzene and phenylacetylene was obtained by using only
the dichloro(1,10-phenanthroline)palladium(ll) compound as a
catalyst while the addition of a catalytic amount of Bodipy in the
reaction mixture restored the catalytic activity of the system.
These data reveal the crucial role of the Bodipy moiety in the
reaction outcome. The substrate scope was limited to
iodoarenes and phenylacetylene derivatives bearing a
substituent at the para position. Low levels of yields were
observed with iodoarenes substituted with electron-withdrawing
groups (CO2Et, CHO, NO;) at para positions. Mechanistic
investigations prompted the authors to the conclusion that the
reaction proceeds through an energy transfer (ET) mechanism
which would facilitate the reductive elimination.

In 2020, Keaveney, Messerle and coll. synthesized a series of
tethered dual catalysts based on an Ir(l) or Ir(lll) complex and a
Bodipy photocatalyst (Scheme 24).1%

Photocatalyst

Photocatalytic oxidation

B23 or B1
(1.0 mol%)

_—
t-amyl alcohol

Green LED, air

o

54

24 h For B23, conv. = 79%
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Sequential reactivity
B23 H H
Ph__Ph (1 mol%) Green LED Ox N
M NH, - 7 -
toluene Ph air, 18 h Ph
56 130°C,2h Ph Ph
57 58, 60%

Scheme 24. Bifunctional catalysts featuring an iridium complex and a Bodipy
framework.

The bifunctional catalyst B23 was prepared and its catalytic
activity was tested against different reactions such as
photocatalytic oxidation of benzylamine 54 and Ir-catalyzed
dihydroalkoxylation. Extensive characterization data were
provided by the authors which showed a higher singlet oxygen
quantum yield for B23 (12.3% in t-amyl alcohol) than B1 (2.6%).
This result could be explained by the covalent attachment of the
Ir() complex to the Bodipy promoting the intersystem crossing.
The catalyst B23 was employed in the photocatalytic oxidation
of benzylamine 54 and B23 turned out to be a better catalyst
than B1. This could be explained by a higher singlet oxygen
guantum yield and the Ir centre could also be involved in the
benzylamine oxidation mechanism. The photocatalyst B23 was
elegantly applied to the sequential hydroamination-oxidation
reaction of 56 to synthesize the lactam 58 in 60% yield over two



steps. The dual catalyst B23 has also been efficiently used in
the photooxidation of thioanisole by the same group.®"
Copper complexes have also been covalently connected to
Bodipy chromophores as exemplified by the work of Guo and
Zhang on the development of strong visible-light absorbing
cuprous photosensitizers such as B24 (Scheme 25).°2
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Scheme 25. Strong visible-light-absorbing cuprous photosensitizer.

The copper complex B24 was designed by bridging a Cu(l)-bis-
phenanthroline complex with two Bodipy units in order to make a
strong visible-light-absorbing photocatalyst. Interestingly, a
forward through bond energy transfer (TBET) from Bodipy to the
Cu(l) complex and a backward triplet-triplet energy transfer were
observed by the authors. Photophysical analyses showed that
B24 has a long-lived excited state (27.2 ps) and a very high

molar extinction coefficient (162260 M* cm® at 518 nm
compared to 2595 M™* cm™ at 443 nm for the corresponding
Cu(l)-bis-phenanthroline  complex) enabling its use in

photooxidation processes. The photocatalyst B24 was applied to
the aerobic oxidation of arylboronic acids 35 to produce the
corresponding phenols 36 under green LED irradiation. Very low
catalytic loading of the photocatalyst B24 enabled the oxidation
of a focus selection of aromatic boronic acids 35 with yields over
80%. The reaction mechanism would involve the formation of
the superoxide anion radical which would oxidize the boronic
acids into phenols 36. The photosensitizing ability of B24 was
examined in the photooxidation of 59 into juglone 60 involving
singlet oxygen as the active species. Upon excitation with a
xenon lamp, juglone 60 was efficiently produced after 1 h
reaction time. The singlet oxygen quantum vyield of B24 (85%)
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was found superior to off-the-shelf photosensitizers such as rose
bengal (80%) and tetraphenylporphyrin (62%).

5. Summary and Outlook

The field of synthetic photochemistry has seen major
breakthroughs over the past decades. Central to the rapid
evolution of this area has been the design of new photocatalytic
systems enabling efficient visible light-mediated electron and
energy transfer with organic molecules. As showcased in this
review, Bodipy dyes occupy a special place in the synthetic
photochemistry landscape owing to the chemical and physical
features of this class of compounds. In particular, subtle
modifications of the Bodipy core structure, such as the
introduction of heavy atoms, strongly impact the properties of
the photosensitizers paving the way to the preparation of
chromophores with efficient triplet state formations. These
Bodipy catalysts have found numerous synthetic applications
from electron transfer processes to singlet oxygen-mediated
transformations. In photoredox transformations, Bodipy dyes
have been mainly applied as photooxidants while their uses as
electron donors have been limited to a scarce number of
transformations such as arylation of heterocycles with diazonium
salts. In spite of enormous achievements, it is important to note
that energy transfer processes with Bodipy dyes mainly involved
the formation of singlet oxygen. Further modulation of the
Bodipy core and the level of the triplet excited state is expected
to enable the use of these catalysts for other energy transfer
processes. In light of the synthetic opportunities offered by the
strategies combining photoredox and metal catalysis, the
development of Bodipy-metal based structure are promising
approaches to uncover new reactivities. Considering the influx of
novel catalysts, chiral Bodipy-based catalysts could find exciting
opportunities in asymmetric photochemical processes and other
research areas.
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