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As an important subclass of polycyclic aromatic hydrocarbons (PAHSs), fluoranthenes continue to attract
significant attention in synthetic organic chemistry and materials science. In this article, an overview of
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recent advances in the synthesis of fluoranthene derivatives along with selected applications is provided.
First, methods for fluoranthene synthesis with a classification based on strategic bond disconnections are
discussed. Then, the total syntheses of natural products featuring the benzoljlfluoranthene skeleton are
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1. Introduction

There is continued interest in the design and synthesis of poly-
cyclic aromatic hydrocarbons (PAHs) in the synthetic commu-
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covered. Finally, examples of important applications of a variety of fluoranthenes are summarized.

nity due to their attractive fundamental properties and diverse
range of applications. The incorporation of five-membered
rings into such polycyclic frameworks leads to the emergence
of non-alternant hydrocarbon chemistry,* in particular, cyclo-
pentannulated PAHs.>® An important member of this PAH
subclass is fluoranthene (1), which was isolated in 1878 by
Fittig and Gebhardt from coal tar, and is a non-alternant,
tetracyclic hydrocarbon featuring a combination of naphtha-
lene and benzene rings (Fig. 1).”® Fluoranthenes have
attracted significant attention because of their interesting
photophysical and fluorescence properties,” and have found a

2 1
<, O
3 C° I =IO
Y U W
2 §
fluoranthene (1 benzo[jlfluoranthene (2)

1o e

benzo[b]ﬂuoranthene

benzolk]fluoranthene (3)

benzo[a]ﬂuoranthene
rubicene (6)

‘
QOCO g@‘ K

isorubicene (7) corannulene (8) indenocorannulene (9)

Fig. 1 Examples of important PAHs containing the fluoranthene core.
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plethora of applications in materials science and organic elec-
tronics.® Among the important fluoranthene-containing PAHs
are benzofluoranthenes 2-5, rubicene (6) and isorubicene (7,
Fig. 1). Moreover, fluoranthene-containing corannulene (8),
indenocorannulene (9) and related bowl-shaped aromatic
hydrocarbons have been the focus of immense research as
they constitute fragments of fullerenes.'>"!

In addition to the examples given above, the structural
motif of fluoranthene has been observed in a number of
natural products, all of which were isolated from various
fungal species.”> The chemistry and biological activities of
such fluoranthene-based natural products have recently been
reviewed by Podlech and Gutsche.™ All these natural products
contain a highly oxygenated benzo[j]fluoranthene skeleton,
most of which are dearomatized as a result of the oxidation of
one or more of their electron-rich aromatic rings. The presence
of the benzo[j]fluoranthene skeleton in these natural products
is understandable as their biosyntheses were proposed to
involve the oxidative dimerization of 1,8-dihydroxynaphthalene
or 1,3,8-trihydroxynaphthalene.”® Among the 33 benzo[j]fluor-
anthene-derived natural products reported so far,'* only 4 have
been synthesized, and these synthetic efforts are summarised
in section 3 (vide infra). Selected examples of this class of
natural products such as truncatone C (10),"* hortein (11),"
XR774 (12),"° bulgarein (13),"” bulgarhodin (14),"” hypoxylonol
F (15),'® daldinone B (16),">?° and viridistratin A (17)*' are
shown in Fig. 2.

A variety of PAHs including fluoranthene and benzofluor-
anthenes can be released into the atmosphere via incomplete
combustion of fossil fuels, garbage and tobacco, as well as
through natural sources such as volcanic eruptions and forest
fires.”?* In this respect, the health and environmental
hazards of some polycyclic aromatic hydrocarbons have been
the focus of extensive research due to their carcinogenic and
mutagenic properties.”>** Fluoranthene (1), benzo[k]fluor-
anthene (3) and benzo[b]fluoranthene (5) are some of the
PAHs reported in the list of priority pollutants published by
the United States Environmental Protection Agency (US-EPA)
(Fig. 1).>® Moreover, in the toxic pollutant list published by the
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Fig. 2 Structures of selected natural products with the benzol[jlfluor-
anthene core.
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same agency, polynuclear aromatic hydrocarbons are listed as
a general class of such pollutant compounds.?® The occurrence
of 16 PAHs reported in the priority pollutant list of the US-EPA
in foodstuffs was reviewed by Zelinkova and Wenzl in 2015.%°
In addition, the toxicity of fluoranthene (1) and its bio-
degradation products to the aquatic environment was reported
in 2003.”” In this regard, potential toxicological properties
must be considered while designing new fluoranthene ana-
logues, even though there is limited knowledge in the litera-
ture on the health and environmental hazards of substituted
fluoranthenes and benzofluoranthenes.

This review is intended to give a critical overview of the
recent advances in the synthesis and applications of fluor-
anthenes, rather than being comprehensive. Synthetic strat-
egies towards fluoranthenes with a special emphasis on stra-
tegic bond disconnections, total syntheses of benzo[j]fluor-
anthene-based natural products, and selected applications of
fluoranthenes will be discussed. It should be noted that the
heterocyclic analogues of fluoranthenes such as azafluor-
anthenes®® will not be included in this review.

2. Strategies for the synthesis of
fluoranthenes

2.1 Construction of the fluoranthene core via coupling of
naphthalene and benzene fragments

One of the most commonly employed strategies for the con-
struction of fluoranthenes 18 is based on disconnections from
bonds a and b, and thus, involves the coupling of a naphtha-
lene fragment 19 and benzene fragment 20 (Scheme 1). While
the formation of bonds a and b can be done sequentially in
two separate steps, this approach is not very efficient as it
requires the isolation of the product in the first step. Instead,
the formation of both bonds under the same reaction con-
ditions leads to the synthesis of fluoranthenes 18 directly, and
therefore, this domino approach has attracted much attention
in this area.

2.1.1 Pd-catalysed reactions. In this category, the initial for-
mation of bond a is generally achieved by a Pd-catalysed cross-
coupling reaction such as Suzuki-Miyaura® or Kumada-
Corriu*®*" couplings followed by an intramolecular C-H aryla-
tion reaction paving the way for the formation of bond b
(Scheme 1). In this respect, the pioneering work of Rice and
co-workers in 1993 showcased an effective way of fluoranthene
synthesis, an example of which is shown in Scheme 2.>* The
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Scheme 1 Synthesis of fluoranthenes 18 via disconnections from
bonds a and b.
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Scheme 2 Synthesis of fluoranthenes via intramolecular C—H arylation
of aryl triflates.

initial Ni-catalysed Kumada-Corriu coupling between 9-bromo-
phenanthrene (21) and aryl Grignard reagents 22 gave coup-
ling products 23 in good to high yields (64-77%). The conver-
sion of aryl MOM ethers to aryl triflates 24 (69-89% yields)
and their subsequent Pd-catalysed intramolecular C-H aryla-
tion reactions afforded benzo[b]fluoranthenes 25 in 55-73%
yields (Scheme 2). Notably, it was shown that the same strategy
could be applied to the syntheses of a variety of benzofluor-
anthenes.*” One drawback of this method is the use of MOM-
or Me-ethers, the conversion of which to aryl triflates adds two
extra steps to the whole synthetic sequence.

Another early work in this area was reported by de Meijere
and co-workers in 2003, where the authors utilised a domino
reaction which consists of sequential Pd-catalysed Suzuki-
Miyaura and intramolecular C-H arylation reactions for the
construction of fluoranthene analogues.* In the first reaction
type developed in this work, bromonaphthalene derivatives
such as 26 were coupled with (2-bromophenyl)boronic acid
(27) to afford fluoranthenes (Scheme 3a). In a second reaction
type, the coupling of naphthalene-1-boronic acid (28) with 1,2-
dibromobenzene (29) gave fluoranthene (1) in 87% yield
(Scheme 3b). It should be noted that the second step of these
transformations was referred to as the Heck-type coupling
reaction by the authors. The second method was also success-
fully applied to the synthesis of indenocorannulene (9) in 40%

3 Pd,(dba); (20 mol%)
0 Br P(Cy)s, DBU, DMF O
me 1)
O Br (HO),B 155°C, 48 h '
26 27
97%
b) Pd,(dba)s (20 mol%)
0 Br P(Cy)s (80 mol%), DBU O
A ()
O B(OH), Br DMF, 155 °C, 48 h O
1
28 29

87%

Scheme 3 Synthesis of fluoranthenes via sequential Suzuki—Miyaura
coupling and intramolecular C—H arylation reactions.
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yield. The major limitations of these two methods are relatively
harsh reaction conditions (e.g., high Pd loading and reaction
temperature) and a narrow substrate scope.

The fluoranthene synthesis methods described above
involved the coupling reactions between mono-functionalised
naphthalenes and di-functionalised benzene derivatives
(Scheme 3). A different approach was undertaken by Quimby
and Scott in 2009, where the coupling between the dichloro-
naphthalene derivative 30 and arylboronic acids was investi-
gated (Scheme 4).>* With the use of 5,6-dichloroacenaphthene
(30) as the naphthalene source, fluoranthene derivatives 31
were obtained in 42-89% yields. Similar to the above case, the
high Pd loading (40 mol% Pd) and temperature (175 °C) as
well as the use of only 30 as the naphthalene component are
the limitations of this work.

A three-step sequence to access fluoranthenes 18 was devel-
oped by Manabe and co-workers in 2016 starting from
1-naphthol derivatives 32 (Scheme 5).>* The sequence involved
an initial Pd-catalysed intermolecular C-H arylation reaction
of 1-naphthol 32 followed by the nonaflation of the resulting
arylation products 33. A final Pd-catalysed intramolecular C-H
arylation reaction of 34 resulted in the formation of fluor-
anthene products 18 in up to 98% yield. While this design led
to an increase in the total number of synthetic steps, it gives

8¢

ArB(OH)z

Pd,(dba)s (20 mol%)
(t-Bu)3P - HBF4 (50 mol%)
DBU, DMAc

175 °C (microwave)

R = 3,4-(OMe),, 2,3-(OMe),, 3,4-(0CgH47)2, H
or Ar = 1-naphthyl, 2-naphthyl

Scheme 4 Synthesis of fluoranthenes via the coupling of 5,6-dichlor-
oacenaphthene (30) and arylboronic acids.
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OH intermolecular

C-H arylation R? NfF, Et;N

'/ CH4CN, rt
R

32 13-77%

Pdadbaz (5 mol%)
SPhos (12 mol%)
K3POy, 1-AdCO,H

DMA, 110 °C

=H, OMe
R2= OMe, CF3, Me,
Et, i-Pr, NMe,

81-98% up to 98%

Scheme 5 Employment of intermolecular and intramolecular C-H ary-
lation reactions to access substituted fluoranthenes.
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the overall sequence of a modular character allowing the incor-
poration of substituents both into the phenyl and naphthalene
rings.

In 2017, Tirkmen, Metin and co-workers reported a Pd-cat-
alysed method for the synthesis of fluoranthenes 36 starting
from 1,8-diiodonaphthalene (35) and arylboronic acids or
pinacol esters (Scheme 6).*® The method works via an initial
Suzuki-Miyaura coupling between the two reactants followed
by an intramolecular C-H arylation reaction under the same
reaction conditions. Importantly, this transformation was
found to work successfully under both homogeneous and
heterogeneous catalytic conditions. Although it tolerates a
broad range of electron-withdrawing and electron-donating
substituents on the phenyl ring, the use of only compound 35
as the naphthalene component is a limitation of this method.

The method described above was employed by Kuninobu
and co-workers for the synthesis of fluoranthene 39 in 2019
where the researchers utilised their newly developed meta-
selective C-H borylation protocol for the synthesis of arylboro-
nic ester intermediate 38 (Scheme 7).%”

In addition to the above examples, the Pd-catalysed intra-
molecular C-H arylation reaction was applied to the synthesis
of a variety of fluoranthene-related PAHs including fluorescent
dibenzo- and naphtho-fluoranthenes,*® unsymmetrical twista-
cenes,”® indeno[1,2,3-fg]tetracenes,*® electron-deficient poly-
aromatic ~ dicarboximides,*’  pyrene-bridged

cyclic ace-

Method A:
Pd(dppf)Cl, (5 mol%)

A KOAc, DMSO
O I \ 7 90 or 110 °C
' + q

| Method B:

R’O/B\OR’ rGO-CuPd (1.8 mol% Pd)

35 NaOAc, DMSO-H,0, 120 °C 36

B(OR’), = B(OH),
or Bpin

49-78% (method A)
up to 70% (method B)

R = 4-F, 4-CN, 4-CONH,, 4-COMe, 4-CO,Me,
4-NO,, 3-NO,, -H, 4-OMe, 3-CF3, 3,5-(CF3),, 2-F

Scheme 6 Synthesis of fluoranthenes 36 from 1,8-diiodonaphthalene
(35) under homogeneous and heterogeneous catalytic conditions.
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L1 (3 mol%), Bopiny
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1,8-diiodonaphthalene (35)
Pd(dppf)Cl,- CH,Cl; (5 mol%)
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Scheme 7 Synthesis of fluoranthene 39 starting from amide 37.
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naphthenes,*”> bowl-shaped fullerene fragments,** and tetra-
and pentaindenocorannulenes.***® Interestingly, the synthesis
of a uniformly *C-labeled fluoranthene was demonstrated by
Gold, Ball and co-workers in 2011 via a Pd-catalysed intra-
molecular C-H arylation protocol.*”

2.1.2 Friedel-Crafts-type reactions. Despite the importance
of Friedel-Crafts reactions in fundamental organic chemistry,
the use of aryl cations or their equivalents in such reactions is
rather limited due to their unstable nature. In an elegant work
by Siegel and co-workers reported in 2011, fluoroarene 40 was
found to undergo an efficient Friedel-Crafts-type reaction to
give fluoranthene (1) in 93% yield (Scheme 8).*® The reaction
proceeds with the use of a sub-stoichiometric amount
of triisopropylsilylium hexachlorocarborane (10 mol%) and
1.2 equivalents of dimethyldimesitylsilane at 110 °C.
[i-PrsSi‘][CB;1HCls ] was proposed to act as an initiator via
abstraction of fluoride from fluoroarene 40. After the intra-
molecular Friedel-Crafts-type cyclisation, the resulting fluor-
anthene-H' was proposed to act as a Brgnsted acid to proto-
nate dimethyldimesitylsilane to form mesitylene and generate
a Me,Si(Mes)" silylium cation, which in turn would lead to
another Friedel-Crafts reaction cycle. The greater strength of
the Si-F bond compared to that of the C(aryl)-F bond is the
driving force for this transformation. The developed catalytic
method was also applied to the synthesis of other fluor-
anthene analogues, namely benzo[a]fluoranthene (4), rubicene
(6), and indenocorannulene (9) in good yields (49-79%).

Another method for utilising in situ-generated aryl cations
in the synthesis of PAHs including fluoranthenes was devel-
oped by Ren and co-workers in 2012 (Scheme 9).*° In this
work, aryl triazenes were used as aryl diazonium salt equiva-
lents. The treatment of the aryl triazene reactants with

[i-Pr3Si*][CB44HgClg] (10 mol%)
Me,Si(Mes), (1.2 equiv)

PhCl, 110 °C, 8 h

93%

Scheme 8 Friedel-Crafts-type reaction of fluoroarene 40 to give fluor-
anthene (1).
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Be0s
) e

42a: R =-H, 62%
42b: R = -CHy-, 67%

CHyClp, t, 1h

Scheme 9 Utilization of aryl triazenes as the aryl cation precursor in
the synthesis of fluoranthenes 42.

This journal is © The Royal Society of Chemistry 2024
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BF;-OEt, as a Lewis acid was proposed to form the corres-
ponding aryl diazonium, which would subsequently generate
an aryl cation intermediate. The intramolecular trapping of
this high energy intermediate with another aryl group would
give the PAH product. In this respect, the reaction of aryl tria-
zene 41 with BF;-OEt, in CH,Cl, at room temperature afforded
fluoranthene analogues 42a and 42b in 62% and 67% yields,
respectively (Scheme 9). Control experiments with radical trap-
ping agents such as TEMPO, 1,1-diphenylethylene and BHT
support the formation of the aryl cation intermediate. While
this method holds potential for the synthesis of a variety of
fluoranthenes, only two examples of fluoranthenes were
reported in this study.

The use of aryl diazoniums in the synthesis of fluoranthene
analogues starting from aniline derivatives was demonstrated
by Cho and co-workers in 2016.°° The reaction of anilines such
as 43 with tBuONO leads to the in situ generation of the aryl
diazonium intermediate 44 which was proposed to undergo
cyclisation to give benzo[b]fluoranthene products 45 in moder-
ate to good yields (Scheme 10; 20-75%). Compounds 46 as
deamination side products were proposed to originate from a
radical pathway. The method was also applied to the syntheses
of benzo[a]fluoranthene (4), fluoranthene (1), and indeno
[1,2,3-cd]pyrenes.

2.1.3 Synthesis of benzo[j]fluoranthenes under oxidative
or reductive couplings. A final strategy based on the formation
of bonds a and b (Scheme 1) for the synthesis of fluoranthenes
involves the use of oxidative or reductive conditions for the
coupling of two naphthalene-related fragments. In this
context, an oxidative dimerization of electron-rich naphtha-
lenes was demonstrated by Bushby and co-workers in 2014 to
provide directly benzo[j]fluoranthenes (Scheme 11).>! When
naphthalenes 47 were treated with FeCl; as the oxidant fol-
lowed by a reductive, non-aqueous work-up with MeOH, benzo
[/lfluoranthene products 48 were isolated in moderate yields
(25-65%). The reaction was reported not to work when X is
iodine or 4-methoxyphenyl.

In 2015, methoxytetralones 49 were shown to be converted
efficiently to dialkoxybenzo[j]fluoranthenes 52 by Lu, Zhao,

t-BuONO (1.5 equiv) 8 O
MeCN, rt, 10 h O
44 R

R =H, Me, CI, CO,Me

—)‘

20-75% 5-55%

Scheme 10 Synthesis of benzolblfluoranthenes 45 starting from
aniline derivatives 43.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

OMe

X
OMe ‘
X OO 1) FeCls, CH,Cl,  MeO 0.0
2) MeOH
47 48
X = H, Br, OMe X OMe 55659

OMe

Scheme 11 Synthesis of benzoljlfluoranthenes 48 via oxidative dimeri-
zation of naphthalenes 47.

Chen and co-workers (Scheme 12).>> Interestingly, the reduc-
tive homo-coupling of methoxytetralones 49 when treated with
Zn, trimethylsilyl chloride (TMSCI) and HCI gave either bis
(dihydronaphthalene) products 50 or hexahydro dialkoxybenzo
[/lfluoranthenes 51 selectively depending on the reaction
temperature. Oxidation of both compound types with excess
1,4-benzoquinone afforded the final dialkoxybenzol[j]fluor-
anthenes 52 in good to high yields (Scheme 12). The presence
of the alkoxy groups makes these benzo[j]fluoranthenes highly
electron rich. Their photophysical properties were investigated
in solution (CH,Cl,) and in the solid state as spin-coated
films, and they were found to exhibit strong fluorescence with
large Stokes shifts in the solid state. Finally, one benzo[ j]fluor-
anthene derivative was demonstrated to exhibit a favourable
optical waveguide behaviour. Overall, the two methods men-
tioned in this category (section 2.1.3) have the ability to
provide benzo[j]fluoranthenes in one or two steps in an
efficient manner. However, the requirement to use the same
naphthalene or tetralone reactants for the homo-coupling reac-
tions is a major limitation.

R? Zn, TMSCI

o e OX0)
49 72% for 50a
67% for 50b
Zn, TMSCI 1,4-BQ, ACOH
HCI, 60 °C HCI, reflux
R2
R1
1,4-BQ O.
toluene '
reflux
. 0,
2 51a: 68% R! R2 52

51b: 70%

=H and R? = OMe for 49a-52a 52a: 64% from 50a; 89% from 51a
= OMe and R? = H for 49b-52b 52b: 60% from 50b; 87% from 51b

Scheme 12 Syntheses of fluoranthenes 52 starting from tetralones 49.
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2.2 Synthesis of fluoranthenes via the de novo construction
of benzene or naphthalene rings

In this section, fluoranthene synthesis methods which involve
the de novo construction of the benzene ring and to a much
lesser extent, the construction of the naphthalene ring will be
summarized.

2.2.1 Intermolecular Diels-Alder reactions. One of the
most traditional methods for the synthesis of fluoranthenes
involves intermolecular Diels-Alder reactions of naphthalene-
fused cyclopentadienone derivatives.””® In this design, the
Diels-Alder or inverse electron-demand Diels-Alder (IEDDA)
reaction between cyclopentadienones 53 and alkynes 54 fol-
lowed by a spontaneous cheletropic CO extrusion from inter-
mediate 55 provide access to fluoranthenes 56 (Scheme 13).
One advantage of this strategy is the easy preparation of cyclo-
pentadienones 53 via a double Knoevenagel condensation
between diketone 57 and ketones 58. In addition, alkenes can
also be used instead of alkynes as dienophiles in these DA or
IEDDA reactions, which would give eventually aromatic fluor-
anthenes after dehydrogenative oxidation.>®

Using this strategy, Wudl and co-workers reported the
design and synthesis of 7,8,10-triphenylfluoranthene (59) for
applications in OLEDs in 2006 (Scheme 14).* The double
Knoevenagel condensation of acenaphthenequinone (57) and
diphenylacetone (60) gave cyclopentadienone derivative 61 in
93% yield. A subsequent IEDDA reaction between 61 and
phenylacetylene afforded fluoranthene 59 (66%), which was
found to be an efficient blue-light emitter in the solid state.

56 55
DA or IEDDA
reaction
R Knoevenagel R R3
condensation O
o +||
R2 R
53 54

Scheme 13 Synthesis of fluoranthenes 56 via disconnections from

bonds c and d.
Ph
Ol =
0 |
O heat
Ph

93% 66%

KOH

Ph
(e
(L,
O
Ph heat

Scheme 14 Synthesis of fluoranthene 59 via an intermolecular Diels—
Alder reaction between 61 and phenylacetylene.
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Two important applications of the intermolecular Diels—
Alder reaction mentioned above were reported in early 1990s
on the synthesis of corannulene (8) independently by the
Scott®® and Siegel groups.>>*” In the latter synthesis, the cyclo-
pentadienone precursor 62 was prepared by the double
Knoevenagel-type reaction between diketone 63 and 3-penta-
none (64) under basic conditions (Scheme 15). The Diels—
Alder reaction between the cyclopentadienone formed from 62
and norbornadiene followed by CO extrusion and a retro-
Diels-Alder reaction led to the formation of 1,6,7,10-tetra-
methylfluoranthene (65) which was further converted to coran-
nulene (8) in a few steps. Remarkably, the Siegel group opti-
mised their synthetic route, which enabled the production of
corannulene (8) on a kilogram scale.”® A similar Diels-Alder
approach was employed by Lentz and co-workers in 2012 for
the synthesis of trifluoromethylated corannulenes.”® The
Diels-Alder reaction of the in situ-formed cyclopentadienone
with hexafluoro-2-butyne (66) gave fluoranthene 68a in 76%
yield (Scheme 15). This fluoranthene product was further con-
verted to the bis-trifluoromethylated corannulene analogue 69
in 21% yield. The same cyclopentadienone intermediate was
utilised by Duda and Lentz in 2015 in a Diels-Alder reaction
with the electron-deficient alkyne 67 as the dienophile
(Scheme 15).°° In this reaction, the -SFs-substituted fluor-
anthene product 68b was isolated in 75% yield. These results
underscore the utility of such intermolecular Diels-Alder reac-
tions for the synthesis of electron-deficient fluoranthenes
decorated with —CF; and -SFs groups. It is also worth noting

)
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3% over
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corannulene (8)
Ac,0
heat /
Me Me FsC CF3

Me ;
O ~ Ac,0, 60 °C, or
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Me OH Me 67
L Me o Acz0, 80°C
63 64

NBS, AIBN, 80 °C ‘
R then .O CF;
CF, Ni powder, DMF Q CF;
80°C
69
68a: R = CF3, 76% (2 steps) 21% from 68a

68b: R = SFs, 75% (2 steps)

Scheme 15 Preparation of fluoranthenes 65 and 68 via Diels—Alder
reactions en route to the synthesis of corannulenes.
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that both these Diels-Alder reactions give high yields despite
the fact that both the diene and dienophile components are
electron-deficient.

In addition to the above examples, the intermolecular
Diels-Alder reaction discussed in this section has been utilised
in the synthesis of substituted fluoranthenes to be used in a
broad range of applications such as monomers in the design
of covalent organic frameworks (COFs),®" semiconducting
materials for thin film organic field-effect transistors
(OFETs),** fluorescent probes for the detection of nitroaro-
matic compounds including explosive ones,*>®* and as blue
fluorescent and electron transport materials in OLEDs.*>"%”

2.2.2 Intermolecular formal [4 + 2] cycloadditions. Along
with the intermolecular Diels-Alder reactions mentioned in
the previous section, the benzene unit of fluoranthenes can
also be constructed via formal [4 + 2] cycloadditions through
the disconnections of bonds e and f as shown in Scheme 16.

The synthesis of multi-substituted fluoranthenes was
shown to be feasible by Goel and co-workers in 2010 by the
reactions of ketone 70 with 2-pyrone derivatives (Scheme 17).%®
In this method, the enolate of ketone 70 undergoes a stepwise
[4 + 2] cycloaddition with 2-pyrone derivatives 71 through the
conjugate addition intermediate 72. The acidic treatment of 73
leads to concomitant dehydration and decarboxylation to give
the final fluoranthene products 74 in good yields (60-70%).
The same approach was applied to the synthesis of donor-
acceptor fluoranthenes 75 (82-85% yield) where the donor is
an amine such as pyrrolidine or piperidine and the acceptor
group is -CN. Compounds 75 turned out to be yellow light-
emitting fluoranthene derivatives with emission A,,x values of
549-552 nm. In particular, fluoranthene 75a, where the amine
is piperidine and Ar is 1-naphthyl, was found to have high
thermal stability, and its non-doped organic light emitting
device (OLED) was shown to exhibit a low turn-on voltage and
good luminance efficiency. It is noteworthy that this method
allows the introduction of multiple substituents with electron-
donating and electron-withdrawing properties to the fluor-
anthene core in a single transformation.

In 2014, Krische and co-workers reported an efficient
method for the synthesis of acenes and fluoranthenes utilising
a formal [4 + 2] cycloaddition between vicinal diols and
dienes.®® The Ru-catalysed benzannulation between ace-
naphthalene diol 76 with dienes 77 gave cycloadducts 78 in

Scheme 16 Synthesis of fluoranthenes via disconnections from bonds
eandf.
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Scheme 17 Synthesis of fluoranthenes 74 and 75 via formal [4 + 2]
cycloaddition between ketone 70 and pyrones.

81-82% yields (Scheme 18). An acid-catalysed dehydration of
diols 78 afforded fluoranthenes 79 in high yields (90-95%). A
limitation of this study arises from the use of only two ace-
naphthalene diol derivatives for fluoranthene synthesis.

2.2.3 Intramolecular Diels-Alder reactions. Intramolecular
[4 + 2] cycloadditions provide effective ways of constructing the
fluoranthene skeleton through the disconnections of bonds d
and g (Scheme 19). Earlier examples of this strategy success-
fully utilised the dehydro-Diels-Alder reactions of 1,8-bis(ary-
lethynyl)naphthalenes for the synthesis of fluoranthenes.”®”*
A more recent method based on the dehydro-Diels-Alder reac-
tion of dialkynes 81 is shown in path A in Scheme 19.
Alternatively (path B), a regular intramolecular Diels-Alder
reaction of 82 can be used for the synthesis of fluoranthenes
80 where naphthalene (83), diene (84) and dienophile (85)
components can be assembled in a modular fashion
(Scheme 19).

Ru3(CO)12 (2 mol%)
3,5-Me,BzOH, dppp

OH /:_R

R = H, 1-Me, 2-Me, 2,3-Me, 78
pTsOH-H,0

81-82%

(10 mol%) | AN

— IR
79

toluene, 75 °C O /

90-95%
Scheme 18 Synthesis of fluoranthenes 79 via a Ru-catalysed benzan-
nulation of diol 76 with dienes 77.

toluene, 130 °C
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Scheme 19 Synthesis of fluoranthenes 80 via disconnections from
bonds d and g.

A dehydro-Diels-Alder reaction towards the synthesis of
fluoranthenes was reported by Echavarren and co-workers in
1998.”% The initial deprotection of the alkyne groups of 86
under basic conditions gave 87, which underwent a dehydro-
Diels-Alder reaction under the same conditions to afford the
fluoranthene product 89 in 63% yield through the intermedi-
acy of cyclic allene 88 (Scheme 20). A similar reaction was per-
formed for the synthesis of unsubstituted fluoranthene (1) in
65% yield. The major drawback of this method is the special-
ized nature of the substrates leading to a limited reaction scope.

An effective domino reaction sequence towards the syn-
thesis of hydroxyfluoranthenes was developed in 2022 by
Tiirkmen and co-workers.”® In this domino sequence, the reac-
tion of 1-alkynyl-8-iodonaphthalene derivatives 90 with furan-
2-boronic acid under Pd catalysis initially gives the Suzuki-
Miyaura coupling product 91 (Scheme 21). Under the same
reaction conditions, this intermediate was found to undergo
an intramolecular Diels-Alder reaction to form cycloadduct 92,

KOH

i-PrOH, reflux

88 89
63%

Scheme 20 Synthesis of fluoranthene 89 via a dehydro-Diels—Alder
reaction.
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Scheme 21 Synthesis of hydroxyfluoranthenes 93 via a three-step
domino reaction sequence.
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which spontaneously gives the final hydroxyfluoranthene
product 93 via an aromatization-driven ring opening reaction.
This three-step domino sequence gives good to high yields (up
to 92%) when the alkyne is electron-deficient, whereas the
reaction requires a higher temperature or gives a lower yield
when arylacetylenes are used instead of alkynones as the die-
nophile moiety. Finally, the intramolecular Diels-Alder reac-
tion was found not to proceed when furan was replaced with a
benzofuran ring.”*

In 2023, Zhou and co-workers reported the synthesis of
fluoranthenes 80 via an intramolecular Diels-Alder reaction of
94 followed by subsequent spontaneous sulfur extrusion
(Scheme 22).”> The reaction was found to have a broad sub-
strate scope, and fluoranthenes 80 were isolated in 47-89%
yields. It is important to note that while the X-ray structures of
two fluoranthene products were included in the article, no
other spectroscopic characterization data were reported for the
products.

Recently, a similar intramolecular Diels-Alder reaction
between thiophene and alkyne groups tethered by a naphtha-
lene ring at the peri-positions was reported by Okitsu, Yakura
and co-workers (Scheme 23).”® An initial intramolecular Diels-
Alder reaction of 94 at 150 or 190 °C was proposed to give
intermediate 95, which further afforded fluoranthenes 80 in
good to excellent yields (49%-quant.) upon extrusion of sulfur.

1=
R" = alkyl, aryl 47-89% yield
R? = alkyl, aryl, OMe,
-OCH,CH,0-

Scheme 22 Synthesis of fluoranthenes 80 starting from 94.
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Scheme 23 Synthesis of fluoranthenes 80 via an intramolecular Diels—
Alder reaction followed by sulfur extrusion facilitated by the use of P(o-
tol)s as a sulfur scavenger.

Importantly, the observation on the formation of side product
96 prompted the researchers to use P(o-tol); as a sulfur scaven-
ger which indeed led to an increase in the reaction yield by
reacting with the generated sulfur to give S=P(o-tol);. A broad
range of functional groups on the alkyne as well as the -Me
substituent at different positions of the thiophene ring were
found to tolerate the reaction giving fluoranthenes 80 in high
yields.

2.2.4 [2 + 2 + 2] cycloadditions. Another cycloaddition reac-
tion which proved to be useful for fluoranthene synthesis is a
transition metal-catalysed [2 + 2 + 2] reaction. This type of
cycloaddition paves the way for the formation of bonds c, d
and g in a single step leading to fluoranthenes in an efficient
manner (Scheme 24).

In 2005, Siegel and co-workers reported a Rh-catalysed [2 +
2 + 2] cycloaddition for the synthesis of fluoranthenes.”” The
reaction of 1,8-dialkynylnaphthalenes 97 with norbornadiene
(98) under Rh catalysis provided access to fluoranthene pro-
ducts 99 along with 100 as an unusual side product with mod-
erate to high selectivity (Scheme 25). The formation of fluor-
anthenes 99 can be rationalized by an initial [2 + 2 + 2] cyclo-
addition followed by a spontaneous thermal elimination
of cyclopentadiene. The structure of a derivative of 100 was
confirmed by single-crystal X-ray analysis. This reaction
was further extended by Siegel and co-workers in 2006 to the
use of alkynes as [2 + 2 + 2] cycloaddition partners instead of
norbornadiene for the synthesis of fluoranthenes and
indenocorannulenes.”®

Scheme 24 Synthesis of fluoranthenes via disconnections from bonds
c,dand g.
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99:100 = 51:49 to 100:0
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Rh cat. : RhCI(PPhs)s,or [RhCl(cod)s],
or Rhy(OAc);.2H,0

Scheme 25 Synthesis of fluoranthenes 99 via Rh-catalysed [2 + 2 + 2]
cycloadditions of dialkynes 97 with norbornadiene (98).

Another Rh-catalysed [2 + 2 + 2] cycloaddition between 1,8-
dialkynylnaphthalenes 101 and alkynes 54 to give fluor-
anthenes 102 was reported by Nagashima, Tanaka and co-
workers in 2023 (Scheme 26).”° The reaction works successfully
with 5 mol% catalyst loading at room temperature affording
di-, tri- and tetra-substituted fluoranthenes in up to >99%
yield. Importantly, the reaction tolerates the presence of
internal and terminal alkynes on both the diyne and alkyne
reaction partners. Nitrile and isocyanates were also shown to
be competent reaction partners instead of alkynes affording
azafluoranthene products under the optimised reaction con-
ditions. Experimental mechanistic studies and DFT calcu-
lations revealed that attractive C-H:--n and =n---m non-covalent
interactions between the ligand and aromatic rings of the sub-
strates facilitate the reaction by stabilising the transition state.

In relation to the methods covered in this section, an I,-
mediated cyclisation of 1,8-dialkynylnaphthalenes was devel-
oped by Wang and co-workers in 2011 leading to fluor-
anthenes via the formation of bonds ¢, d and g, as shown in
Scheme 24.%°

2.2.5 Hydroarylation reactions. Synthesis of fluoranthenes
through the construction of the naphthalene ring is much less
common compared to the methods that proceed via the con-
struction of the phenyl ring. One such attempt was reported by
Echavarren and co-workers in 2011 where an intramolecular
hydroarylation reaction of propargylic fluorenes 103 afforded
fluoranthenes 104 having aryl or Br substituents on the
naphthalene ring in good to high yields (44-92%j;
Scheme 27).*' This transformation was found to be catalysed
effectively either by GaCl; or the electrophilic Au(r) catalyst
105.

[Rh(cod),]BF4 (5 mol%)
Hg-BINAP (5 mol%)

CICH,CH,CI, rt

I,
oo

Hg-BINAP

101 54
up to >99% yield

R', R2 = aryl, alkyl, H
R3, R* = aryl, alkyl, SiMes,
COsR, H

Scheme 26 Synthesis of fluoranthenes 102 via Rh-catalysed [2 + 2 + 2]
cycloadditions of dialkynes 101 with alkynes 54.
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Scheme 27 Synthesis of fluoranthenes 104 via the construction of the
naphthalene ring.

3. Total synthesis of natural products
with the benzolj]fluoranthene core

The synthesis of benzo[j]fluoranthene-4,9-diol (106),** which
also constitutes the first total synthesis of a fluoranthene-
based natural product, was reported by Dallavalle and co-
workers in 2013 (Scheme 28).% Later, the name viridistratin D
was proposed for this natural product by Podlech and
Gutsche.” In this total synthesis,®® a Pd-catalysed Suzuki-
Miyaura reaction between vinyl bromide 107a and aryl pinacol
boronic ester 108 gave the cross-coupling product 109a in 80%
yield. A subsequent intramolecular McMurry coupling between
the two aldehydes of 109a mediated by TiCl, and Zn afforded
the benzo[j]fluoranthene product 110a in 89% yield. A final
deprotection of the methyl ethers by pyridinium chloride at
high temperature gave the fungal natural product 106 in good
yield (65%). It should be noted that the same synthetic
sequence starting from 107b was applied by the Dallavalle
group to the synthesis of the benzo[j]fluoranthene analogue
17,% which later turned out to be a natural product itself and
was named viridistratin A after its isolation from Annulohypoxylon
viridistratum in 2020 (Scheme 28).>!

Recently, the second total synthesis of viridistratin A (17)
has been accomplished by Yun and co-workers (Scheme 29).%*
The authors developed a Lewis acid-catalysed Prins cyclisation
for the construction of benzo[a]fluorene, benzo[c]fluorene and
benzo[jlfluoranthene ring systems. In the synthetic route to
viridistratin A (17), the cyclisation precursor enol ether 113
was synthesized via a Suzuki-Miyaura cross-coupling between
acenaphthylene triflate 111 and pinacol boronate 112 in 91%
yield. The key Prins cyclisation was conducted with the use of

pinB
MeO %
Me

107a:R=H
107b: R = OMe

Pd(PPhg)s om
_ KiCO; ©
dioxane-H,0  \me0 CHOCHO
80°C

109a: R = H, 80%
109b: R = OMe, 89%

Zn, TiCly

THF, reflux

py * HCI

140-150 °C

110a: R =H, 89%
110b: R = OMe, 80%

benzo[jlfluoranthene-4,9-diol (106) : R = H, 65%
viridistratin A (17): R = OH, 69%

Scheme 28 Total synthesis of benzoljlfluoranthene-4,9-diol (106) and
viridistratin A (17).
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Scheme 29 Total synthesis of viridistratin A (17) via Prins cyclisation as
the key step.

Bu,BOTf as the Lewis acid catalyst to give the benzo[j]fluor-
anthene derivative 114 in high yield (87%). A global de-
protection of the three methyl ethers by BBr; resulted in the
formation of the natural product viridistratin A (17) in 64%
yield. The overall synthesis proceeded in ten steps (longest
linear sequence) starting from 1,8-dimethoxynaphthalene in
22% overall yield.®*

XR774 (12) is a fungal natural product with a dearomatized
benzo[ j]fluoranthene core isolated in 2001 from Cladosporium
cf. cladosporioides, and was found to be an effective tyrosine
kinase inhibitor.'®®® With its three contiguous stereogenic
centers, it is one of the chiral benzo[j]fluoranthene-based
natural products. The total synthesis of this natural product
was accomplished in 2018 by Hosokawa and co-workers, and
the two key steps of the synthesis are shown in Scheme 30.%°
Compounds 115 and 116 were prepared from commercially
available starting materials in three and two steps, respectively.
The a-deprotonation of the nitrile of 115 with LIHMDS, and its
subsequent attack on one of the ketone groups of 116 gave 117
in 94% yield and with a diastereomeric ratio (dr) of 5: 1. This
diastereomeric mixture was converted to 118 in eight steps.
The reductive coupling of the aryl bromide and vinyl bromide
groups of 118 with the use of four equivalents of Ni(cod), fol-

CN

MOMO o

115 116 94%, dr = 5:1

OMOM 1) Ni(cod),, Me3P
THF, it

2) pyridine or Et;N

steps

19 (-)-XR774 (12)

Scheme 30 Total synthesis of (—)-XR774 (12).
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Scheme 31 Total synthesis of bulgarein (13).

lowed by a base-mediated alkene isomerization afforded 119
featuring a dearomatized benzo[j]fluoranthene skeleton.
Compound 119 could be converted to (+)-XR774 (12) in two
steps. Moreover, the synthesis of enantiomerically pure
(-)-XR774 (12) was shown to be possible via the resolution of
one of the racemic intermediates, which also paved the way for
the determination of the absolute configuration of the natural
product.

Bulgarein (13) is another highly oxygenated fungal natural
product with the benzo[j]fluoranthene core, which was iso-
lated in 1976 from Bulgaria inquinans.”” In 1993, bulgarein (13)
was shown to induce mammalian topoisomerase I-mediated
DNA cleavage, which was comparable to the activity of camp-
tothecin.®” Despite earlier attempts towards the synthesis of
bulgarein (13),%® the first total synthesis was reported in 2022
by Swieca and Spiteller.?® In this eight-step synthesis (longest
linear sequence), the two naphthalene units 120 and 121 were
attached via a Suzuki-Miyaura coupling to give binaphthalene
product 122 in 89% yield (Scheme 31). The cyclisation reaction
of 122 mediated by polyphosphoric acid (PPA) led to the for-
mation of benzo[j]fluoranthene product 123 in 78% yield.
Oxidation of this electron-rich PAH derivative by ceric
ammonium nitrate (CAN) afforded the ortho-quinone 124 in
moderate yield (46%). Global demethylation by the use of
AlCl; afforded bulgarein (13) in 78% yield, presumably
through the intermediacy of 125.

4. Selected applications of
fluoranthenes

In a series of elegant applications, Wang and co-workers uti-
lised intramolecular and intermolecular Diels-Alder reactions
leading to fluoranthenes for controlled release of carbon mon-
oxide, which is an endogenous signalling molecule.”** In a
study reported in 2016, the researchers designed compounds
126 as CO prodrugs, which are capable of undergoing an intra-
molecular Diels-Alder reaction under near physiological con-

This journal is © The Royal Society of Chemistry 2024
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ditions (Scheme 32).”° In this design, the cyclopentadienone
derivatives 126 were observed to be stable for weeks at room
temperature in the solid state. However, when subjected to
near physiological conditions (pH 7.4, 37 °C) in DMSO/PBS,
the Diels-Alder reaction between the cyclopentadienone
moiety and the internal alkyne gave intermediate 127, which
spontaneously releases CO via a cheletropic reaction. The rate
of the formation of the fluoranthene products 128 and thus
the rate of CO release was determined for all substrates, and
the minimum half-life (¢;,,) value was determined as 1.9 min
for the substrate in which X = NMe, R = H and n = 1. It was
also demonstrated that the introduction of a glucose unit as a
side chain led to an increase in water solubility. It should be
mentioned that the fluorescence nature of fluoranthene end
products 128 made the real time monitoring of CO release
possible. The potential of this approach in therapeutic appli-
cations was showcased in a colitis animal (mice) model and
cell culture anti-inflammatory essays.

In 2014, a set of fluoranthene derivatives were examined by
Goel, Mitra and co-workers with the aim of discovering new
stains for lipid droplets.”® Among the molecules tested, com-
pound 129, named FLUN 550, was selected based on cellular
uptake studies (Scheme 33). The synthesis of this fluoranthene
derivative was achieved by a formal [4 + 2] cycloaddition
between the enolate of ketone 70 and 2-pyrone derivative 130
followed by a demethylation by BBr;. Fluoranthene 129 with
the piperidine ring as the donor and -CN group as the accep-
tor units was found to exhibit an emission A, of 550 nm, a
large Stokes shift (220 nm), and fluorescence quantum yields
of 35% in DMSO and 3.8% in water. Detailed studies revealed
FLUN 550 (129) to be a cell permeable and highly selective

O.Q DMSO/PBS
TH=74
37°C

R =H, Me, or TBDPS; n=1o0r 2
rﬁ‘ - t42 values as low as 1.9 min

N\
X = NMe, N-iPr, NH, O, or 0 OH
VA oy

- fluorescent

Scheme 32 An intramolecular Diels—Alder reaction that releases CO
under physiological conditions.

CN 1) NaH, THF, then cN
0 O~ N H*/H20, 84% N
+ o~
. 2) BBr3, CH,Cl
) "3780/2 2 129
70 130 °

- Amax(abs) = 330, 432 nm

- Amax(€m) = 550 nm

- selective staining of OH
lipid droplets

OMe

Scheme 33 Development of FLUN 550 (129) as a selective staining
agent for lipid droplets.
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staining agent for lipid droplets in in vitro live cell imaging in
a variety of cell types and single-celled parasites, as well as in
in vivo imaging of soil nematode C. elegans. Another analytical
application of fluoranthenes was reported by Wang and co-
workers in 2022 where three fluoranthene dyes were used as
fluorescent probes for the determination of water content in
methanol.”*

In an attempt to find alternatives to the commonly used
spirobifluorenes and poly(triarylamine)s as organic hole-trans-
porting materials (HTMs), Zhu, Li and co-workers examined a
series of fluoranthene derivatives as dopant-free HTMs in per-
ovskite solar cells.”® In this work, the researchers carried out a
systematic investigation of the structure-property relationship
on the designed fluoranthene derivatives. Studies revealed
fluoranthene 131 to have the optimal properties among the
tested compounds, which gave a power conversion efficiency of
19.3% in a perovskite solar cell as a dopant-free organic HTM
(Fig. 3).

Finally, a variety of fluoranthene-fused imides were syn-
thesized and investigated due to their interesting photo-

OMe

MeO

Fig. 3 Fluoranthene derivative 131 used as a hole-transporting material
in perovskite solar cells.
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Fig. 4 Structures of fluoranthene-fused imides 132-134.
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physical properties. For instance, 8,9-fluoranthene imides 132
were reported by Pei and co-workers in 2010 (Fig. 4).°° The
photophysical and electrochemical properties of these imides
were investigated in detail, and it was shown that their LUMO
energy levels can be tuned through the careful control of the
nature and position of the substituents. In 2017, the optical
and electronic properties of m-extended 3,4-fluoranthene
imides 133 with push-pull structures were examined by
Kawase and co-workers.”” Recently, thiophene-bridged 2,3-
fluoranthene imides such as 134 were designed by Li and co-
workers as organic semiconductors (Fig. 4).°% All fluoranthene-
fused imides developed in this study were shown to exhibit
aggregation-induced emission, with compound 134a having
the highest photoluminescence quantum yield (5.9%) in the
solid state as a powder. Interestingly, compound 134a was
found to behave as a p-type semiconductor, whereas the intro-
duction of fluorines into the thiophene ring in 134b switches
its behaviour into an n-type semiconductor.

5. Conclusion and outlook

In this review, recent developments in the synthesis and appli-
cations of fluoranthenes, particularly in the past two decades,
are discussed. First, in section 2, synthetic strategies towards
the synthesis of fluoranthenes and related polycyclic aromatic
hydrocarbons are classified in a systematic manner based on
strategic bond disconnections. In the subsequent section, the
recent syntheses of benzo[j]fluoranthene-based natural pro-
ducts are summarized. Finally, in section 3, selected examples
of applications of fluoranthenes in a variety of areas such as
the design of prodrugs, fluorescent probes, hole-transporting
materials and organic semiconductors are provided.

The majority of the strategies developed for the construc-
tion of fluoranthenes enable the presence of substituents on
the benzene ring of fluoranthenes rather than the naphthalene
portion. As a result, a broad range of fluoranthenes with mul-
tiple substituents on the benzene ring can be synthesized with
the available methods, whereas diversification on the naphtha-
lene unit is rather limited. This limitation can be overcome by
the introduction of novel synthetic methods that involve the de
novo construction of the naphthalene moiety of fluoranthenes
with a variety of substituents at the desired positions. The
development of methods for the direct introduction of various
substituents on the naphthalene unit of fluoranthenes may
offer an alternative solution to this problem. For instance, in a
study reported by Itami and co-workers in 2012, 3-arylfluor-
anthenes were synthesised directly via a Pd-catalysed inter-
molecular C-H arylation reaction, which takes place on the
naphthalene ring.”® Given the remarkable recent advances in
the area of C-H activation reactions, it is envisaged that fluor-
anthenes with diverse substituents on the naphthalene unit
can be easily accessible. In relation to the above point, another
major current limitation is the scarcity of methods for the
preparation of substituted 1,8-dihalonaphthalenes or their
equivalents. Therefore, there is a definite need for the develop-

This journal is © The Royal Society of Chemistry 2024
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ment of new methods that will allow the synthesis of substi-
tuted 1,8-dihalonaphthalene analogues to be used in the syn-
thetic methods described in sections 2.1.1, 2.2.3 and 2.2.4.
Finally, the fact that only four natural products with the benzo
[/]fluoranthene skeleton have been synthesized so far points to
a broad range of opportunities in this area. In particular, the
total syntheses of such benzo[j]fluoranthene-based natural
products have the potential to lead to a diverse array of syn-
thetic analogues which will set the ground for detailed struc-
ture-activity relationship studies.

Note added in proof

During the evaluation of the revision of this manuscript,
Salem, Doucet and co-workers reported the synthesis of fluor-
anthenes starting from 1,8-dibromonaphthalene via mono or
double C-H functionalisation reactions."®
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