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Abstract: Extended fluorenones represent a particular class of polycyclic compounds. The extension of
the aromatic system through the fusion of additional benzene rings onto the central tricyclic
fluorenone gives rise to an impressive topological diversity and allows to modulate the properties of
the original molecule. The multiple ways this aromatic extension can be joined onto the tricyclic core
generates multiple spatial arrangements from linear, angular, mixed linear-angular, to helical. This
extensive range of shapes and their subsequent applications has piqued the curiosity of the scientific
community, who now creatively compete to develop selective and direct routes to these valuable
molecular architectures. Potential applications of these diverse domains have also driven the
development of strategies for the installation of various substituents at selected sites of the carbon
backbone. This review intends to provide the reader with an up-to-date overview of the methods for
constructing extended fluorenones and their properties.
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1 Introduction

Fluorenones are important structural molecular platforms composed of a condensed planar
arrangement of at least three carbocycles including a central cyclopentanone flanked by two aromatic
systems. The 9H-fluoren-9-one represents the smallest member of this family and has been known for
almost 150 years since its discovery in 1873.! The interest of the scientific community towards these

23458 sensing’ and as potent

molecules stems from their wide applications in material sciences,
biological active compounds.®2®1%1! Such versatility of fluorenones is achieved either through the
selective installation of diverse substituents or the conjugation of additional molecules onto the cyclic
backbone with the aim of fine-tuning their properties; thus, creating the demand for more efficient

synthetic methodologies.°

In extended fluorenones, additional benzene rings may be diversely condensed to the central
fluorenone unit giving rise to multiple molecular layouts and enhanced molecular diversity (Figure 1).
As shown, a “linear” extension represents the condensation of an aromatic unit to face b of the 9H-
fluoren-9-one leading to benzo[b]-fused fluorenone backbone. In contrast, condensation onto faces a
or ¢ leads to a non-linear or angular extension of the topology of fluorenone derivatives.

If one additional ring affords three possible tetracyclic molecular architectures, two additional rings
give rise to seven mixed or differential orientations, combining linear and angular extensions, leading
to a clear increase of molecular topologies and penta- or hexa-cyclic derivatives.
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FIGURE 1 — Topological diversity of extended fluorenones

The synthesis of the 9H-fluoren-9-one unit has been described for almost one century.? More recently,
the synthetic protocols leading to functionalized 9H-fluoren-9-one derivatives have been reviewed,
however, there is a notable absence of literature coverage dedicated to extended fluorenones. The
presence of one or more additional rings increases the possibilities of ring sequence, but above all
requires specific synthesis strategies and access to functionalized precursors. As an example, access to
bis linear pentacyclic targets can be envisioned from five different pathways reflecting the specificity
of extended fluorenones (Figure 2). Firstly, the joint construction of two A-C or B-C rings is typical of
pentacyclic structures and is not encountered in the lower homologue series. Secondly, the



construction of the central ring A is also a distinct feature requiring a naphthalene precursor. Finally,
if the oxidative process and ring contraction routes are similar to what has been previously described
in the fluorenone series, the synthetic pathway to the required precursor is undoubtedly characteristic
of the extended structure.

Construction of rings B, C

Construction of ring A
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FIGURE 2 — Strategies of construction

Moving from simple fluorenones to extended fluorenone required the development of targeted
strategies. This review intends to provide an overview of main strategies for accessing extended
fluorenones. This review is divided in several sections depending on the way the extended fluorenone
core is constructed and the number of bonds created during the critical construction step. The first
two sections are devoted to the oxidation of parent fluorenone derivatives and ring contraction from
a six-membered ring to the central cyclopentanone unit. Emphasis will next be placed on approaches
for the construction of ring A from naphthalene precursors. In this context, naphthyl-aryl ketones,
arynes intermediates and aryl-naphthalenes bearing functional groups such as carboxaldehydes,
nitriles, carboxylic acids will be considered. Finally, this review will focus on strategies involving the
joint construction of rings B and C, and further rings A and C.

2 To extended fluorenones through oxidative processes from parent fluorene derivatives

Oxidation of the sp® carbon of fluorene most likely represents the earliest approach for the preparation
of fluorenones. Recent literature survey shows a plethora of reagents and conditions for benzylic C-H
oxidation processes because the chemo selective oxidation of benzylic sp> C—H provides can be
efficiently used for the late-stage functionalization of more complex molecules.* Moreover, the
oxidation of fluorene to fluorenone is among the benchmark transformations usually considered to
evaluate oxidation systems. Although apparently easy to set, this strategy is poorly exemplified in the
extended fluorenone series as it requires the synthesis of extended fluorenes as a prerequisite. The



most efficient methods that have appeared in recent literature, involve both homogeneous and
heterogeneous conditions (Figure 3).
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FIGURE 3 — Oxidative processes

Heterogeneous Ni-MnOx nanoparticles have been proved efficient to promote oxidation in
quantitative yields of a broad substrate scope including benzo[b]fluorene.'

Similarly, aerobic oxidation using graphene-supported KOH in DMF at room temperature (Scheme 1)
appears to be a highly efficient route to a broad range of extended fluorenes and well adapted to linear
and angular tetra- and pentacyclic targets.’> A plausible mechanism considers the enhanced acidic
character of the benzylic C-H atom prior the accommodation of molecular O, and further construction
of the C-O double bond.



(0]
' KOH-graphene *
O O air, DMF, rt Q O
o 2 HO®
HO

© H, O

atab¥ssalla®a

SCHEME 1 — Mechanism using KOH-graphene as oxidant

Oxidation using molecular O, under homogeneous basic conditions (KOH or K,COs) in the presence of
18-crown-6 in DME at 100°C was also reported and allowed to obtain 17H-tetrabenzola,c,g,ilfluorene
in 60% yield.'® The ability of sodium bismuthate in refluxing acetic acid/acetone/water mixtures to
efficiently promote the oxidation at benzylic sites was recently reported by Becker?’. This methodology
was successfully applied to tetracyclic and pentacyclic fluorenes. Finally, bi-angular pentacyclic
fluorene was reacted in the presence of triton-B in pyridine to give the corresponding polycyclic
fluorenone in a quantitative yield.*®

3 To extended fluorenones through ring contraction

The preparation of benzo[b]fluorenone has been described in two steps from benzoanthracenediones
by Mal et al. (Scheme 2).%° This methodology is based on a base-promoted ring contraction. A benzyl—
benzylic acid rearrangement accounts for the first step leading to the a-hydroxycarboxylic acid. The
latter was then subjected to oxidative decarboxylation with CrOs; to afford several benzo[b]fluorenones
in 42 — 57% yield, depending on substitution of ring C.

(e] (o]
T\ R'HO_ COOH
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SCHEME 2 — Ring contraction using KOH-CrOs

4 To extended fluorenones through construction of the central cyclopentanone ring A



This section will focus on methods involving the construction of the central cyclopentanone ring as the
key step in the preparation of the extended fluorenone scaffold.

4-1. Construction of ring A from diarylketones

The construction of extended fluorenones was first considered from 2-benzoylnaphthalene
derivatives. In these cases, the construction of a Csp2 — Csp2 bond between both aromatic fragments
allows for the formation of the central ring A (Scheme 3). A route to extended fluorenones was also
described using one pot— two-step procedures starting from separate benzene and naphthalene

azia; s

SCHEME 3 — Construction of ring A

derivatives.

One of the most efficient ways to prepare tetracyclic fluorenones is based on a double C-H activation
followed by reductive elimination to form the cyclopentanone unit. Both homogeneous and
heterogeneous conditions have been developed involving Pd(OCOCFs),/Ag.0,% Pd(OAc)./Ag.0% and
Pd/Mg-La mixed oxide?? as catalytic combinations. In all cases, a six-membered palladacycle
intermediate is formed prior to ring closure. Site selective C-H insertion of the palladium is crucial in
determining the shape of the product. Indeed, C-H insertion at the naphthalene fragment might occur
at both C1 and C3 sites leading to the formation of benzo[c]- or benzo[b]fluorenones, respectively. In
fact, the benzo[b]fluorenone is selectively produced in good agreement with intrinsic reactivity of
naphthalene substrates’ and general observations in C-H functionalization processes in the
naphthalene series (Scheme 4).23%4
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SCHEME 4 - Site selection at naphthalene substrates

The one-pot two-step sequences independently developed by Dharmaraj?® and Chikhalia?® (Scheme 5)
represent further advances in which the 2-benzoylnaphthalene derivative is produced in situ from the
combination of benzoyl chloride and naphthalene boronic acid on one hand and naphthalene
carboxaldehyde and ortho-chloro iodobenzene on the other hand.
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SCHEME 5 — One-pot two-step sequences leading to extended fluorenones

Both Pd-catalyzed first steps result in the formation of 2-benzoylnaphthalene intermediates which only
differ by the presence of an ortho chloride atom. The subsequent Pd-complex is either obtained
through C-H insertion (a) or oxidative addition (b). The final fluorenone derivatives are thus most likely
obtained through a six-membered palladacycle.

Alternative scenarios involving dibromobenzylalcohols or radical processes have been reported.
Interestingly, both are dedicated to the selective formation of benzo[c]fluorenones. As highlighted
above, the site selection in C-H functionalization processes generally favors the C3 site at the
naphthalene. In order to overcome this hurdle, the following pathway implies a bromine atom located
at C1 (Scheme 6).2” The overall sequence involves a benzyl-naphthyl precursor bearing two bromine



atoms. After examination of several plausible mechanisms, authors stated that the formation of the
target most probably involves a palladium-catalyzed oxidation of the secondary alcohol prior to an
intramolecular reductive coupling of C—Br bonds.

OH

Pd-promoted oxidation
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54%
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SCHEME 6 — Synthesis of a benzo|[c]fluorenone from a dibromobenzylalcohol through a Pd-catalyzed
reductive coupling

A similar approach using a radical decarboxylation arylation-based transformation has also allowed
the formation of benzo[c]fluorenone.® In this case the presence of a carboxylic acid group located at
C1 site of the naphthalene fragment triggered the oxidative decarboxylation, generating a radical
species at the C1 site using Ag*/K,S,0s which subsequently led to ring closure. Finally, a further second
one-electron oxidation and proton loss is responsible for the selective transformation towards
benzo|c]fluorenone in 31% yield (Scheme 7).
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SCHEME 7 — Synthesis of a benzo|[c]fluorenone through a radical process from an alternative substrate
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4-2. Construction of ring A from ortho functionalized biaryl precursors

The construction of the fluorenone scaffold has also been proposed from biaryl starting
materials(Scheme 8). With the aim to obtain tetra- and pentacyclic architectures, substituted
phenylnaphthalenes and binaphthyls have been mainly considered as valuable precursors. This section
is organized around the nature of the functional group.

ﬂi’E >

SCHEME 8 — Construction of ring A

We first focus on the carboxaldehyde moiety. In this context, Glorius explored a radical cyclisation
process towards the formation of benzo[c]fluorenones.?® The authors used tetraethylammonium
bromide(TEAB)/ K»5,0s as the radical generating combination to produce the acyl radical intermediate
(Scheme 9). Annulation followed by oxidation and deprotonation allowed the formation of the
fluorenone architecture from naphthalene and phenanthrene precursors in 58 and 62% vyields,
respectively.

SCHEME 9 — Use of TEAB for the construction of ring A

In addition, Pd-promoted reactions of ortho bromo carboxaldehydes and boronic acids have been
reported enabling the access to diversely substituted extended fluorenones. This one-pot process
affords benzo[a]- and benzo|[c]fluorenones depending on the substitution pattern of the naphthalene
reactant. In the presence of Pd(OAc),, NaOAc and PPhs, benzhydryl alcohols are first produced,
followed by annulation and finally oxidation towards the fluorenone scaffold.® In the fluorenone
series, in which only benzene derivatives are used as starting material, the presence of two halides is
not required to ensure annulation. However, in the naphthalene series the use of substrates both
bearing a Br atom is mandatory to selectively generate benzo[a]- or benzo[c]fluorenones (Scheme 10).

11
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SCHEME 10 — From o-bromo carboxaldehydes and boronic acids to extended fluorenones

Interestingly this strategy is relevant for the selective installation of substituents at the naphthalene
fragment of both benzo[a]- or benzo[c]fluorenones. A judicious alternative, developed by Lautens et
al. using 1-idodo-naphthalene and variously substituted ortho-bromobenzaldehydes as reagents,
allows access to the benzo[a]fluorenones substituted at the opposite benzene fragment.3! The
pathway implies a domino ortho-arylation and a subsequent addition to the carbonyl group. The
norbornene mediated C-H activation at the 1-iodonaphthalene substrate is a key step, determining the
selective formation of the C-C bisaryl bond at position 2 of the naphthalene unit (Scheme 11).

CHO
Br
Pd(OAc),, PPhj,
/‘ CSZCO3 norbornene / \

@%Qﬁbﬂé@

93% 93% 60%

SCHEME 11 — From o-bromo carboxaldehydes and iodonaphthalenes to extended fluorenones

Within these series of substituted biaryl substrates, imines and oximes have emerged as valuable
precursors of carbonyl moiety. Again, Pd-catalyzed and metal free procedures have been developed
to prepare extended fluorenones. The use of hypervalent iodine3? or Pd(OAc),, dppm, CsPiv33 represent
elegant and selective alternatives to carboxaldehydes towards extended fluorenones. It is worth
noting that both processes result in the late formation of imines, whose hydrolysis allows to recover
the fluorenone derivative(Scheme 12).

12
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SCHEME 12 — Hydrolysis of imines leading to the formation of ring A

Recently, 2-halogenated biphenyls have been employed as starting materials for the preparation of
extended fluorenones. In this palladium-catalyzed protocol, phenyl formate acts as a carbon monoxide
surrogate (Scheme 13).3% As a key step, carbon monoxide is generated from the reaction between
phenyl formate and an arylcarboxylate. The latter inserts into the catalytic cycle affording a cyclic
acylpalladate which undergoes reductive elimination towards the desired extended fluorenone.
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ScHEME 13 — Use of phenyl formate as a CO surrogate

A further approach consists of a one pot formation of the biarylprecursor and cyclisation towards
fluorenones (Scheme 14). As described by Cheng,®>% oximes can act as ortho metalation directing
group. A domino process involving two iterative Pd-catalyzed C-H insertions account for the formation
of phenylnaphthalene platform and the construction of the cyclopentanone unit. The first C-H
functionalization allowed the installation of a phenyl substituent at position 3 of the naphthalene unit.
The subsequent C-H functionalization is devoted to carbopalladation of the oxime C-N double bond.
Finally, hydrolysis in acidic conditions generates the cyclopentanone fragment.

13
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SCHEME 14 — Domino process described by Chen

The construction of ring A from biaryl precursors bearing carboxylic acid derivatives is one of the
historical and most prolific ways to access fluorenones. Two main ways are reported through
electrophilic aromatic substitution using either Bronsted acids or metal-promoted transformations.

In this context, rhodium-catalyzed intramolecular acylations of biarylcarboxylic acids have been
successful (Scheme 15), leading to the benzo|[c]fluorenone in 93% yield.3” The acyl rhodium species
acts as a key intermediate which is formed first and then undergos an intramolecular C-H acylation to
afford the rhodacycle. The target, an extended fluorenone is finally produced through reductive
elimination.

o) Q o]

OH [RhCI(cod)]2 dppe, [Rh]
O ——== {4 ) — &
5 O e

SCHEME 15 — Rhodium-catalyzed intramolecular acylations of biarylcarboxylic acids

Photoredox catalysis has also been used to initiate the formation of fluorenones.® In this approach, a
photocatalyst, fac-Ir(ppy)s in the presence of dimethyl dicarbonate (DMDC) under blue LED irradiation
induces the formation of an acyl radical from a carboxylic acid moiety. The acyl radical is assumed to
undergo intramolecular addition to the naphthalene fragment affording the benzo[c]fluorenone in
67% yield (Scheme 16).

0} O 0

OH fac-Ir(ppy)3
O = Q O~ )
2,6-lutidine
O blue LED O 67%

SCHEME 16 — Photo redox catalysis

Recently, You has reported an elegant strategy towards fluorenones involving a Pd-catalyzed selective
oxidative C—H/C—H cross-coupling of aromatic carboxylic acids with arenes.®® This strategy affords a
straightforward route to the diaromatic carboxylic acid using Pd(OAc),, Ac-lle-OH, Na;S,0s as the
catalytic combination. The latter is obtained via ortho C-H insertion, formation of the palladacycle,
reaction with benzene and after reductive elimination (Scheme 17). A subsequent intramolecular

14



Friedel-Crafts acylation under acidic conditions (TfOH) affords the expected extended fluorenone in

53% vyield.
o o 0
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s3% O Q

SCHEME 17 - Pd-catalyzed selective oxidative C—H/C—H cross-coupling of aromatic carboxylic acids with
arenes

Among synthetic strategies which have been reported for the construction of extended fluorenones,
Friedel-Crafts acylation of biarylcarboxylic acids and their derivatives is the most convenient. The
obtention of extended fluorenones from these precursors have been described using Lewis acids such
as BCls, as reported by Torres et al.*° during their study of an elegant one-pot synthesis of m-extended
fluorenone-fused subphthalocyanines. These impressive chromophores were obtained from from
simple reactants and were extensively studied in the same report. However, in majority of the cases,
cyclization is induced by Bronsted acids such as sulfuric acid, methane sulfonic acid, and
polyphosphoric acid (PPA), and follows a mechanism involving an acylium and a Wheland intermediate.
Since the late 19th century, sulfuric acid has been known to promote the cyclisation of a carboxylic
acid onto a naphthalene moiety, leading to the formation of an extended fluorenone.*! Subsequently,
H,SO,4 has been used by multiple times over the years** and was almost used exclusively to perform
this reaction until Osowiecki et al. first introduced PPA to do similar cyclisation reactions.** PPA quickly
became one of the most common acids to perform such reaction.* It was notably used by Brown®
who showed that this cyclization reaction was reversible using KOH followed by PPA to successively
break and reform ring A of an extended fluorenone by Gould’s group, who showed this reaction was
also working on esters* and by Skibo’s team to synthesize *C marked fluorenones for biological
studies.”’

Sulfonic acids such as HOTf are being used more frequently to promote such reactions, as shown by
Zhu'’s group in a single example.*® HOTf and MsOH have then been used several times to promote the
formation of extended fluorenone in the field of optoelectronics by Frigoli’s team* and Park’s group
(Scheme 18).°

15
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SCHEME 18 — Friedel-Craft acylations of carboxylic acids

Electrophilic cyclisation has also been described from N-tosyl naphthamides leading to tetra- and
pentacyclic fluorenones (Scheme 19). Originally exemplified once in the fluorenone series®!, the N-
tosylamide group was more extensively studied as acylium precursors in the construction of extended
fluorenones.*3 Our contribution revealed that the N-tosylamide group was especially helpful as a
directing group for the selective C-H arylation of naphthalene substrates. A further advantage lies in
the possible generation of acylium moieties under acidic conditions (TfOH, AcOH) and construction of
the central ring A. Both benzo[b]- and benzo[a]fluorenones could be obtained depending on the
substitution pattern of the starting material (Figure 4). The benzo[b] moiety is obtained from
substrates bearing the N-tosylamide at position two of the naphthalene precursor. In contrast,
benzo[a]- analogues are formed from substrates bearing the N-tosylamide at position one.
Unequivocal cyclisation occurs in each case for symmetrically substituted ring B.
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J N
N AcOH (0.1M)
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TsHN OO TfOH 12 eq.
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SCHEME 19 - Friedel-Crafts acylation of amides
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FIGURE 4 — Scope of the Friedel-Crafts acylation of amides

In this article, the regioselectivity of the cyclization and discrimination between the angular and the
linear isomers was also studied for the first time through DFT calculations (Figure 5). When the starting
material displays two different cyclisation sites, mixtures of products might be observed in various
ratios depending on the substitution pattern of the arylated naphthalene and both on the steric
crowding and electronic factors. Several tetracyclic and pentacyclic extended fluorenones were
synthesized using this pathway and strategy.
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FIGURE 5 — Selectivity of the Friedel-Crafts acylation of amides

An elegant 2-step domino process was described in 2009 by Lautens’ team starting from ester
derivative precursor of the fluorenone carbonyl moiety: the combination of a Catellani reaction

17



followed by a pallado catalyzed a-addition on a carbonyl has allowed the construction of 2 new bonds
and the cycle A of several fluorenones. This methodology was also used to synthesize reduced

fluorenones and phenanthrene derivatives in very good yields (Scheme 20).>?
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SCHEME 20 — Two-step domino process from Lautens

According to Kubo the doubly benzo[c]-condensed fluorenone was also reported (Scheme 21).°3 The
pentacyclic target was obtained from a binaphthyl bis carboxylic acid as the starting material utilizing
rather harsh reaction conditions involving acetic anhydride at up to 300°C, and delivering the expected
product with a medium-low yield (37%).

OO acetic anhydride
CO,H  140-300°C 7\ [ N

PR —

SO

SCHEME 21 — Double condensation

37%

A straightforward pathway to tetra and pentacyclic fluorenones has been recently reported using
cobalt-catalyzed MHP-directed [3+2] annulation/ ring-opening/dehydration sequence (Scheme 22).>
This methodology is not only especially adapted to extended fluorenones but also allows to access a
broad scope of substituted targets. In this protocol, molecular O,, as the green oxidant, is mandatory
to generate Co" from Co" species. A plausible mechanism involves the chelation of Co with a pyridyl
hydrazide derivative and a subsequent ortho C-H activation. Coordination of the oxabicyclic starting
material followed by migratory insertion allowed the formation of the seven-membered cobaltacycle.
The latter undergoes a ring contraction towards the cyclopentane core. The loss of pyridyl hydrazine
results in the formation of the ketone moiety. The presence of Cs,CO3 promoted the ring opening and
final dehydration steps lead to the benzo[b]fluorenone. The protocol was also shown to be efficient
for the preparation of pentacyclic fluorenones (Figure 6).
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SCHEME 22 — Use of cobalt for the preparation of pentacyclic fluorenones
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FIGURE 6 — Scope of the cobalt-promoted preparation of pentacyclic fluorenones

The construction of ring A from biaryl precursors can also be achieved from cyanide precursors. Both

metals promoted protocols and electrophilic aromatic substitutions under Brénsted acidic conditions

have been reported. In the Pd-catalyzed process, the nitrile group undergoes directed remote C-H

bond activation. Subsequent 1,2-insertion of nitrile is responsible for the formation of the imine-type

intermediate which is then hydrolyzed by H,O to provide the desired benzo[c]fluorenone (Scheme

23).5° Also a one-pot process from separate aryl precursors has been reported in the tricyclic 9H-

fluoren-9-one series, however, it has not been applied in higher homologues. As already mentioned in

this review, a similar process involving halogenated substrates represent an alternative for reaching

different selectivities. In this context, the desired benzo[b]fluorenone could be obtained from iodo-

cyano substrates in 51% yield.*®
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SCHEME 23 — Pd-catalyzed construction of Ring A from cyanides

Nitriles are known precursors of ketones when treated in strong acidic media. The syntheses of several
benzo[b]fluorenones has been described using electrophilic aromatic substitutions from nitrile
derivatives. In this context, PPA (polyphosphoric acid) at 120°C revealed often superior to other
Brénsted acids.’” Under such acidic conditions, tetracyclic but also penta- and hexa-cyclic fluorenones
could be isolated either from binaphthyl-type starting material or from precursors based on
phenanthryl residues. Comparison of CN and esters groups was also done under PPA-promoted
conditions (Scheme 24).%8 Interestingly, cyclisation towards the fluorenone scaffold was more efficient
using nitrile as an electrophile precursor than the ester group. *°

o}
NC

[0} 0]
76% 75%
o} o}
73% 70%
(0] 0]
69% = 64%

SCHEME 24 — PPA induced construction of Ring A from cyanide

Construction of ring A of fluorenones has been recently described from cyclic diaryliodonium salts

under Pd-catalyzed carbonylation conditions (Scheme 25).°
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SCHEME 25 - Construction of ring A from cyclic diaryliodonium salts

The overall process begins with Pd® induced ring opening of cyclic diaryliodonium salt. The resulting
complex undergoes successive CO insertion, followed by oxidative addition into the neighboring C-I
bond and finally reductive elimination resulting in the desired ketone.
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4-3. Construction of ring A from aryne precursors

The presence of the fluoren-9-one scaffold in natural products such as dengibsin, dengibsinin and
dendroflorin, has led to the development of new synthetic routes to this family of polycyclic
architectures. In this context, Larock et al. focused on Pd-catalyzed annulation reaction between in situ
generated arynes and 2-haloarenecarboxaldehydes (Scheme 26).5%%2 |n the first step, arynes are
generated in situ from 2-(trimethylsilyl)aryl triflates and CsF. Arynes then undergo annulation
providing a useful new pathway to diversely substituted fluoren-9-ones and extended fluorenones in
good vyields. The procedure is well adapted to the pre-formation of the benzyne intermediate and
naphtyl or phenanthryl reactants.

Pd(dba)z
@iTMS CsF P(o- tolyl)3 QO
[
MeCN/Toluene
ot 110°C
OHC:©
I N
‘\%R
48% 59%
R =Me 61%
Ph 78%
48% Me 61%

SCHEME 26 — From arynes to extended fluorenones

5. To extended fluorenones through the successive construction of the rings B and C

An alternative appealing strategy towards pentacyclic fluorenones has been described by McLaughin
et al.8® The strategy involves two iterative Diels-Alder/rearomatization reactions starting from a
cyclopentenone (Scheme 27). The latter undergoes a cycloaddition with tetrabromo-o-xylene and
further rearomatization leading to the tricyclic benzo[flindan-one. Bromination followed by
dehydrohalogenation affords the benzo[flinden-one which was subjected to a second Diels-
Alder/rearomatization route to yield the extended fluorenone in an overall 28% yield.

o) o]
0
é Nal (6.5 eq) 74 \ NBS (1.3 eq) va {
' oo
DMF, 80°C CCly, reflux Br
NEt; (1.3 eq)
0°Ctort
0 o
7 \_J) N Nal (6.5 eq) 7\
28% DMF, 80°C
_CHBr,
“CHBr,

SCHEME 27 - Iterative Diels-Alder/rearomatization sequences
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Although this strategy has the advantage of being simple to implement and allows rapid access to a
pentacyclic dibenzofluorenone, the molecular diversity of the final compound is greatly limited by the
substitution of the reagent, which has been proved difficult to alter.

6. To extended fluorenones through the joint construction of the rings A and C

Among methodologies for accessing the extended fluorenone structures, cycloadditions involving the
joint construction of both ring A and C, has proved to be a successful alternative. The presence of the
tetracyclic core of benzo[b]fluorenone in natural products such as kinafluorenone, has prompted the
development of highly selective cycloaddition-based pathways. In addition, these methologies allow
for a wide modulation of the substitution pattern of rings C and D.

The synthesis of tricyclic fluorenones through a [4+2] cycloaddition strategy was first described by
Danheiser in 1994,% however, since several other groups have expanded the scope of this
transformation towards diversely substituted extended fluorenones. To this end, 1,6-enynes and 1,6-
diynes have been considered as valuable starting materials. Recently Tu et al. described a thermal
intramolecular Diels-Alder reaction starting from 1,6-enynes (Scheme 28).%°> The adduct is assumed to
undergo 1,5 proton transfer leading to the fluorenol intermediate which subsequently converts into
the expected fluorenone though a base-promoted oxidation.

o KoCO3. 9
% Dioxane

N Ar ® Ar \R
OH 47-88%

Ar =Ph, 4-MeOPh,

' 4-MePh, 4-CIPh
Q R = Br, NO,, CN, CI,

Me, OMe
Ar

SCHEME 28 — Synthesis of tricyclic fluorenones through a [4+2] cycloaddition

Benzo[b]fluorenones have also been obtained from 1,6-diynes through a Cu/Selectfluor mediated
process (Scheme 29).%%7 The presence of Selectfluor appears to be necessary for the complete
formation of the fluorenone but also in the electrophilic fluorination process which takes place with
subsequent C-C bond cleavage of the t-butyl group.

Cu(0)
Selectfluor
. A N

MeCN, r.t. —

40-82%
R' = H, Me,iPr, tBu, Ph, 2-MePh,
3-MePh, 4-MePh, 2-CIPh,
3-CIPh, 4-CIPh, 4-tBuPh,
R2 = H, Me, F, OMe

SCHEME 29 — Obtention of Benzo[b]fluorenones from 1,6-diynes through a Cu/Selectfluor mediated
process

First TMS-substituted diynes will be considered. In this context Echavarren®® and Sad’° described the
preparation of benzo[b]fluorenones under thermal neutral cycloaddition conditions (Scheme 30).
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Although the starting materials differ each other from the position of the TMS group, both pathways
mainly afford mixtures of benzo[b]- and benzo[a]fluorenones or benzo[b]- and benzo[c]fluorenones.
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0 /i N
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X 5 +
™ o
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8% /
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/ N
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ScHEME 30 — Preparation of benzo[b]fluorenones from TMS-substituted diynes

In both cases, a mixture of benzofluorenones is obtained and its formation can be rationalized with a
common intermediate, a strained allenic species. The latter undergoes a ring opening followed by ring
closure towards either the benzo[a] or the benzo[c]fluorenones. Interestingly, Sad demonstrated that
the benzo[b]- / benzo[c]fluorenone ratio is governed by electronic and steric factors and thus depends
on the nature of the substituents. Indeed, the exclusive formation of the benzo[b]fluorenone is
observed for hydroxyl and nitro groups. In contrast, large substituents such as t-butyl induce the
exclusive formation of the benzo[c]fluorenone. In addition, under basic thermal conditions, Saa was
also able to drive the reaction towards the formation of benzo[c]fluorenones (Scheme 31).

Q o

T™S
\
A EtsN
O ™S — 37 I N R
A A =

/
R? O R! R?

R"=R?=Me 100%
R"=R? = OMe 36%

SCHEME 31 - Exclusive formation of benzo[c]fluorenone

More recently, Chen described an elegant Fe-catalyzed selective cycloaromatization of diynes (Scheme
32). The reaction involves the activation of the ketone moiety by an iron species and the subsequent
formation of an allenyl nine-membered ring. The presence of NBS is required for the bromonium-
mediated construction of ring C.”* The presence of a bromine atom has been shown useful for the
subsequent installation of various aromatic fragments through Pd-Catalyzed reactions. This
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methodology has been demonstrated to be particularly useful for the preparation of aryl derivatives
of benzo[b]fluorenones (R3 = aryl).

0 Fe2(C204)3, 6H20 (5%mal)
N NBS (2 eq)
T _ R3 _ = R
A AcOEt ! {
80°C - 4h R?

R2
R', R?=H, Me, OMe, F, Cl, Br
R® = various aryl groups

key intermediates
[Fe]
9

SCHEME 32 — Fe-catalyzed selective cycloaromatization of diynes

In a recent report, Balamurugan subjected similar 1,6-diyne starting materials bearing terminal aryl
groups to Brénsted acid — promoted intramolecular cycloisomerization (Scheme 33).72 The procedure
appears quite general and compatible with various substituents installed at all aromatic fragments of
the reactants. As stated by the authors, TfOH is responsible for the protonation of the carbonyl group,
facilitating the cyclisation into the indanone-type intermediate. The latter undergoes radical cyclisation
to a strained allenic species which upon loss of H" or H' affords the expected benzo[b]fluorenone.

TFOH (1 eq.)
DCM, r. t.

R'= m-OMe(86%), m-F(86%),
p-F (97%), m-OMe (87%

R', R2, R® = m-OMe, p-Me, H 82%
R® = H (93%), R', R% R® = m-OMe, p-F, H 84%
p-Me (95%), p-Et (96%), R', R2, R® = p-F, p-Me, H 78%

p-F (97%), m-OMe (87%) R, R2, R® = H, p-F, m-Et 97%

R', R?, R® = H, H, 0-NO,-m-Me 77%

ScHEME 33 — Acid induced selective cycloaromatization of diynes
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Routes to benzo[b]fluorenones have also been reported from various types of starting materials. For
example, 1,5-enynols and 1,5-diynols have been demonstrated to undergo cycloaromatization under
oxidative conditions.”>’* DDQ-promoted cycloaromatization showed excellent functional group
tolerance allowing the installation of various substituents including alkyl and ester groups.
Interestingly, both methodologies have been proven to be especially fitted for the preparation of
fluorenones bearing two different aryl groups located at ring C (Scheme 34).
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SCHEME 34 — Cycloaromatization of 1,5-enynols and 1,5-diynols

Finally, naphtho[b]fluorenones have been prepared using a [2+2+2] cycloaddition reaction from
benzocyclopentynone surrogate as a 2w partner (Scheme 35). The cycloaddition of the selected diyne
afforded the partially hydrogenated pentacyclic architecture. The latter undergoes aromatization

using DDQ to yield the naphtho[b]fluorenone in 37% yield (2 steps). 7>
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ScHEME 35 — Naphtho[b]fluorenone using [2+2+2] cycloaddition reaction from benzocyclopentynone
surrogate

7. Conclusion

The attractive properties of extended fluorenones have called for the development of new, efficient
and straightforward methodologies for the construction of such molecular platforms. The synthesis of
“regular” tricyclic fluorenones from benzene precursors is a well-established approach, however, the
formation of extended fluorenones often requires a naphthalene derivative (or a higher homologue of
benzene) as a starting material. The fact that the experimental conditions are not easily transferrable
from benzene to higher aromatics represents a major obstacle to the development of extended
fluorenones, the latter often being overlooked when designing the synthetic methodologies. In this
context, the synthesis of extended fluorenones often appears as only “complementary” to the
synthesis of “regular” ones, despites having, as an example, enhanced electronic properties due to
their larger aromatic system.

Nevertheless, various approaches towards this family of compounds have been reported over the
years, leading to a wide molecular diversity. Current strategies now allow for the synthesis of more
intricate, tetra- and pentacyclic fluorenones. These strategies address the construction of the main
skeleton by creating the central rings of each of target, sometimes jointly, in a very efficient and
selective way, which give rise to extended fluorenones bearing multiple functions and substituents.
But there is still a lot to discover about extended fluorenones and their synthesis and it is expected
that even more innovative, straightforward, and environment-friendly synthetic strategies will
emerge, as we will most certainly need the numerous appealing properties of extended fluorenones.
As examples, research dedicated to the selective installation of various substituents on aromatic
polycycles is likely to increase the molecular diversity of extended fluorenones, to bring electronic and
steric modulations to the central fluorenone fragment or on the peripheral rings. Two axes seem
unavoidable, involving the development of tools and synthesis strategies either to diversify the pool
of polycyclic precursors before the assembly of the fluorenone core, or the late functionalization of
pre-existing extended fluorenones. Among the former, the emergence of one-pot strategies for the
construction of one or more cycles of an extended fluorenone undoubtedly constitutes an interesting
avenue of reflection to expand the number, the size and diversity of extended fluorenones.
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