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Abstract: Azulenes, acenaphthylenes and fulvenes derivatives exhibit important physical properties
useful in material chemistry and also biological properties. Since a two decades, the metal-catalyzed
functionalization of such compounds, via the C-H bond activation of their 5-membered carbocyclic ring,
proved to be a very convenient method for the synthesis of a wide variety of azulene, acenaphthylene
and fulvene derivatives. For such reactions, there is no need to prefunctionalize the 5-membered
carbocyclic rings. In this review, the progress in the synthesis of azulene, acenaphthylene and fulvene
derivatives via the metal-catalyzed C-H bond activation of their 5-membered carbocyclic ring are

summarized.
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1. Introduction

Azulenes, acenaphthylenes and fulvenes, which contain a 5-membrered carbocyclic ring, exhibit
important physical and biological properties. Azulene and also guaiazulene that feature the azulene
skeleton (Fig. 1)? are constituents of pigments in the lactarius indigo mushrooms, and are also present in
some corals. Guaiazulene is used as a cosmetic color additive, as a drug against ulcer, provides anti-
inflammatory and pain relief benefits, and it also exhibits antioxidant and antiviral properties. It is also
employed as a fragrance in some formulations, because of its rose-like scent. Acenaphthylenes
derivatives are also useful structures. They have been employed as ligands, and can be easily
transformed into acenaphthene derivatives.® Fulvenes are on the borderline between true aromatic
compounds and conjugated dienes, and exhibit high polar character and charge transfer properties.*

Some fulvene derivatives also display useful biological properties such as lorfulvene, which is currently
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evaluated against castration-resistant prostate cancer.”* They also exhibit important photophysical
properties with possible photovoltaic applications.*®#¢ Moreover, fulvenes are also often employed as
ligands in organometallic chemistry.*® As a result, there is a continuing interest in the development of

effective and simple methods to access azulene, acenaphthylene and fulvene derivatives.

5 P9

Azulene Acenaphthylene Fulvene

Figure 1

One of the most promising methods allowing the functionalization of azulenes, acenaphthylenes
and fulvenes, is the metal-catalyzed C—H bonds activation/functionalization reaction. In recent years,
several examples of such metal-catalyzed functionalization have been reported, providing simpler
accesses to a wide variety of derivatives of such compounds. Moreover, in several cases, such as the
alkynylation of azulenes or acenaphthylenes or the propargylation of azulenes, there are currently no
alternative methods to metal-catalyzed C—H bonds activation/functionalization.

The metal-catalyzed functionalization of (hetero)aromatic C-H bonds has been covered in the
last years by several reviews.® However, to the best of our knowledge, there is no review focusing on
the catalyzed functionalization of the 5-membred ring of azulenes, acenaphthylenes and fulvenes. In
this review, we summarize the developments concerning the intermolecular metal-catalyzed
functionalization, via a C-H bond activation, of the 5-membred ring of azulenes, acenaphthylenes and
fulvenes. In the first part, the synthesis of azulene derivatives via C-H functionalization shall be
reviewed. In the second part, the metal-catalyzed C1- and/or C2-(hetero)arylations, -alkylations or -
alkynylations of acenaphthylenes will be discussed. In the third part, the rare examples of Ag- and Pd-
catalyzed functionalization of the 5-membred ring of fulvenes will be described. In the conclusion, the

remaining challenges in the field are evoked.
2. Functionalization of azulenes
From the non-benzenoid aromatic compounds, azulene and guaiazulene, which are commercially

available, several examples of metal-catalyzed functionalizations, via a C-H bond activation, have been
described (Fig. 2). Both C1- and C2-positions of azulenes and C2- and C3-positions of guaiazulene



4

have been functionalized. In most cases, C-C bonds were formed via Pd- or Au-catalyzed arylations,
Au- or Ni-catalyzed alkylations, Rh-catalyzed alkenylations, Ru- or Au-catalyzed propargylations
reactions, or Pd-catalyzed carbonylations, but some Ir-catalyzed borylation and silylation reactions have
also been reported.

C2 C2
C1 ci
C3 C3

Azulene Guaiazulene

Figure 2
2.1 Arylation

The first example of metal-catalyzed functionalization of the 5-membered ring of azulene, via a C-H
bond activation, was reported in 1997 by Dyker et al. (Scheme 1).° The reaction of azulene with 5
equiv. of iodobenzene using 5 mol% Pd(OAc). catalyst and K.COs as base, gave the Cl-arylated
azulene in only 5% vyield; whereas the use of 30 equiv. of iodobenzene gave 13% of this coupling
product (Scheme 1, a). From azulene and 5 equiv. of 4-chloronitrobenzene, under quite similar reaction
conditions, 1-(4-nitrophenyl)azulene was obtained in a higher 28% yield (Scheme 1, b).
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Pd(OAc), 5 mol% _
1 SN K,C0; (8 equiv.), BusNBr
(2 equiv.), DMF, 100 °C, 13%

72 h

.

30 equiv.
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03
Y

Pd(OAc), 15 mol% _
Tequiv. . co, (8 equiv.), DMF,
¥ 140 °C, 72 h 28%

c NO,

<

5 equiv.

Scheme 1. Pd-catalyzed arylations at C1-position of azulene with aryl halides

Then, a few groups extended the arylation of azulenes using modified reaction conditions.”® The Pd-
catalyzed direct arylation of guaiazulene with a variety of aryl bromides has been reported by our group
in 2013 (Schemes 2 and 3).” Both sp? and sp® C-H bonds of guaiazulene have been functionalized, as
the nature of the cation of the base was found to allow the control of the regioselectivity of the arylation,
giving rise to C2- or C3-arylated guaiazulenes and also to 4-benzylguaiazulenes. The coupling of
guaiazulene with 4-bromobenzonitrile using 2 mol% PdCI(CsHs)(dppb) as catalyst, DMA as solvent and
KOACc as base afforded a mixture of the C2- and C3-arylated guaiazulenes A and B in 15:85 ratio;
whereas, the use of a less polar solvent such as ethylbenzene gave a mixture of A and B in a 53:47 ratio
(Scheme 2). Better regioselectivities in favor of the formation of the C2-arylated guaiazulene were
observed with 3- or 4-bromotoluene or bromobenzene to give the derivatives A in 54-56% yields. In
both cases, the first step of the catalytic cycle is certainly the oxidative addition of the aryl bromide to a
Pd(0) species to afford a Pd(I1) intermediate. The arylation which takes place, in DMA, at the electron-
rich guaiazulene C3-position suggests an electrophilic aromatic substitution mechanism from an
electrophilic cationic Pd-species, although a concerted-metallation-deprotonation mechanism could not

be ruled out. The non-polar solvent ethylbenzene certainly favors the formation of neutral Pd-species



6

and therefore Heck type mechanism with the formation of a Pd-C bond at guaiazulene C3-position and

arylation at C2-position.

H
)
PdCI(C3H5)(dppb)
15 equiv 2 mol%

KOACc (8 equiv.),

ethylbenzene, 150 °C,
16 h

1 equiv.

R ratio A:B  Yield of A (%)
4-CN 5347 38

4-CN 15:85 51 of B*

4-Cl  77:23 53

4-F 77:23 51

4-Me 70:30 56

3-Me 76:24 54

H 75:25 56

3-Me 37:63 38 of B*

* DMA as the solvent

Scheme 2. Pd-catalyzed arylations C2- or C3- positions of guaiazulene with aryl bromides

The use of a mixture of CSOAc/K2COs as base led to a complete modification of the regioselectivity of
the arylation with an exclusive sp® C-H bond functionalization at C4-Me of guaiazulene to give 4-
benzylguaiazulenes (Scheme 3).” This sp® C-H bond functionalization reaction tolerates various
substituents such as formyl, acetyl, propionyl, ester, fluoro, trifluoromethyl, fluoro or even chloro on the
aryl bromide and N-containing aryl bromides. Such 4-benzylguaiazulenes likely result from the
formation of an allyl-Pd intermediate. The higher base concentration in solution due to the better
solubility of CsOAc compared to KOAc might favor this reaction pathway.
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PdCl(C3H5)(dppb) R Yield (0/0)
i 0,
1.5 eiquw. 2 mol% ~ 4.CN 67
CsOAc (1 equiv.), 4-CHO 45
R K,COj3 (1 equiv.), 4-COEt 46
Br@ DMA, 150 °C, 16 h 4-CO.Et 67
4-CF4 68
1 equiv 4-Cl 66
' 4-F 52
4-Me 42
4-tBu 48
3-CN 54
3-COMe 51
3-CF; 71
3-Cl 69
3-Me 54
2-F 63
(0 T -
45% O 61% Y,

Scheme 3. Pd-catalyzed arylations at C4-Me of guaiazulene with aryl bromides

In 2016, Murai, Takai et al. reinvestigated the palladium-catalyzed direct arylation of azulenes (Scheme
4).2 They succeeded to obtain better yields than Dyker (see scheme 1) in mono-C1-arylated azulenes
using 5 mol% Pd(OAc) associated to 10 mol% XPhos ligand as catalytic system and a mixture of
PivOH and K>COs as base. The higher yields obtained using this procedure are probably due to the use
of this mixture as base, which promotes concerted metallation deprotonation mechanism.>® Moreover,
the addition of 3 equiv. of aryl bromide, 5 mol% catalyst and 10 mol% ligand to the reaction mixture
after 8 h provided the C1,C3-diarylated azulenes in 51-62% vyields. The reaction of azulene with 1-

iodoazulene, under similar reaction conditions gave 1,1'-biazulene in 32% yield.



Pd(OAc), 5 mol%,
XPhos 10 mol%

PivOH (1.5 equiv.),
1 equiv. K2COg3 (3 equiv.), DMA,

L
-

O?I
Ss
Y

+ 160 °C, 15 h
3 equiv.
R Yield in A (%) Yield in B (%)
Me 39 26
OMe 35 32
H 43 31
CF; 36 34
OMe* 8 51
H* 5 62
32% CFg* 12 58

From 1-iodoazulene (5 CN 0 0

equiv.), PivOH (2.5 *: PivOH (3 equiv), K,CO3 (6 equiv).

equiv), K,CO3 (5 equiv). After 8 h, additional ArBr (3 equiv),

Pd(OAc), (5 mol%), XPhos (10
mol%) were added and the reaction
was stirred for 8 h.

Scheme 4. Pd-catalyzed arylations at C1-position of azulene with aryl bromides

This group also prepared an unsymmetrically substituted 1,3-diarylazulene under slightly modified
reaction conditions.® The one pot treatment of azulene with 2-bromothiophene (3 equiv.) followed by
coupling with bromobenzene (3 equiv.) furnished 1-phenyl-3-(2-thienyl)azulene in 22% yield (Scheme
5).



post 0~
Pd(OAc), 10mol%, S
XPhos 20 mol%
PivOH (2.5 equiv.),

K>COj3 (5 equiv.), DMA
1 equiv. 160 °C. 8 h PhBr |

(3 equiv.)

+
160 °C, 15 h
Br—@
S 9

3 equiv.
Oad
O S
22%

Scheme 5. Pd-catalyzed arylations at C1- and C3-positions of azulene with (hetero)aryl bromides

In 2015, the gold-catalyzed oxidative cross-coupling of azulene with pentafluorobenzene via a double
C—H bond activation has been described by Larrosa et al. (Scheme 6).° AuCIPPhs (5 mol%) was
employed as catalyst and 1-pivaloyloxy-1,2-benziodoxol-3(1H)-one (PBX) as the oxidant, affording 1-
(perfluorophenyl)azulene, which was contaminated by traces of 1-iodo-3-(perfluorophenyl)azulene, in
31% vyield. For this coupling, an excess of pentafluorobenzene (5 equiv.) was employed. The
mechanism was not elucidated, but the substrate scope of such couplings appears to be consistent with
Au(l) and Au(l1l) C—H bond activation steps.

H

O AUCIPPh; 5 mol%

AgOPiv 35 mol%, DMSO 50

1 SAY- " “mol%, PBX (1.5 equiv.),
1,4-dioxane, 110 °C, 16 h
K F
OPiv
/
F \
PBX : 0
F F
5 equiv. (0]

Scheme 6. Au-catalyzed arylation at C1-position of azulene with pentafluorobenzene

2.2 Alkylation



In 2003, Dyker, Hashmi et al. reported the AuCls catalyzed addition of azulene and guaiazulene to
methyl vinyl ketone at room temperature in moderate yields (Scheme 7).2° According to the authors,
such reactions probably proceed via Michael-type addition; however, they could not rule out a C-H bond

activation step of the azulenes by the gold catalyst.

H
)
O AuCl3 0.2mol%

. MeCN, 25 °C, 24 h
1 equiv.

O

O

50%

AN

2 equiv.

AuCl3 0.3 mol%
MeCN, 25 °C, 24 h

Qs

b
-

1 equiv.

)
\)k
2 equiv.

Scheme 7. Au-catalyzed alkylations at C1-position of azulene with methyl vinyl ketone

Four years later, Contel, Urriolabeitia et al. obtained a higher yield of 88% for the addition of azulene to
methyl vinyl ketone using an organogold(lIl) iminophosphorane complexe as catalyst (Scheme 8).1
They were not able to isolate a reaction intermediate to demonstrate that the reaction takes place by
electrophilic C-H activation. However, as their cycloaurated complexes are much less acidic than
AuCl3, they assumed that a cyclometalated gold(l11) cationic derivatives might be the catalytically active
species in this addition reaction. The reaction would proceed via an electrophilic gold C-H bond

activation of azulene as a first step.
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H

[Au] 1.5 mol%,
AgOTf 3.3 mol%

. MeCN, 25 °C, 24 h
1 equiv.
') Ph,
\)k Phey? 88%
[Aul: \
2 equiv. f‘tj
Cl' ¢

Scheme 8. Au-catalyzed alkylation of azulene with methyl vinyl ketone

Widenhoefer et al. reported in 2016 that a cationic gold complex containing a N-heterocyclic carbene
ligand catalyzes the intermolecular hydroarylation of a disubstituted methylenecyclopropane derivative
with azulene (Scheme 9).1? They didn’t succeed to obtain the mono-alkylated azulene, but in the
presence of 2.5 equiv. of the methylenecyclopropane derivative, the bis-alkylated azulene was obtained
in good yield as a mixture of diastereoisomers (1:1). According to the authors, the selectivity of the
reaction is consistent with a mechanism involving outer-sphere addition of the arene to a cis m-

methylenecyclopropane complex, followed by protodeauration.

O (IPr)AUOTf 5 mol%

THF, 70 °C, 18 h

T

1 equiv.

VCone Pr Pr 82% (dr: 1:1)
_ —\

IPr: A4

CO,Me
2.5 equiv.
a PriPr

Scheme 9. Au-catalyzed alkylation of azulene with a methylenecyclopropane

The preparation of allyl-substituted azulenes by reaction of azulenes with conjugated dienes, catalyzed
by a rhodium catalyst, has been described by Alcarazo et al. in 2017 (Scheme 10).® They obtained the
desired hydroarylation products A in moderate to good yields and regioselectivities. However, in all

cases, traces of other isomers (B) were observed by GC/MS or *H NMR analysis of the crude mixtures.
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For such reactions, the use of 10 mol% of KB(ArF)4 (potassium tetrakis(pentafluorophenyl)borate) as
additive was crucial. This additive increases the solubility of the catalyst in the reaction medium by

anion exchange.

) )
[Rh(CO)5]5 2.5 mol%, Wr
Ligand 5 mol% _ A

K[B(ArF)]4 10 mol%,
CICH,CH,CI, 70 °C, 12-18 h

H

1.1 equiv.

PPh, | Ar Yield (%) Ratio A:B

©: Ph 72 91:9
N . 2-thienyl 43 85:15

2 SbF
P (J] PP’ 9 anthracenyl 68 95:5

Scheme 10. Rh-catalyzed alkylations of azulene with conjugated dienes

Hirano, Miura et al. developed in 2013 a nickel-catalyzed direct alkylation of electron-rich heterocycles
with a-bromocarbonyl compounds (Scheme 11).1* They extended their procedure to guaiazulene using
n-butyl 2-bromopropanoate as alkyl source. The reaction was successful, but a mixture of two
regioisomers was formed in a 85:15 ratio. The alkylation at position 1 was favored. For this coupling,
the authors postulated an homolytic radical aromatic substitution mechanism. A single electron transfer
from a Ni(l) species would give an alkyl radical intermediate with the generation of a Ni(ll) complex.
Then, addition of this alkyl radical intermediate to azulene proceeds through a SOMO/HOMO

interaction, with the formation of a C-C bond.
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)
Ni(cod), 5 mol%,
dppp 6 mol% _
urotropine (1.2 equiv.), o

tAmOH, ortho-xylene,
110 °C, 4 h ongy "1

O
%OnBu 0 0
Br
1 equiv. O O

A B

5 equiv.

65% A:B 85:15

Scheme 11. Ni-catalyzed alkylation of azulene with a 2-bromopropanoate

2.3 Alkenylation

In 2014, Lee et al. developed a rhodium-catalyzed stereoselective N-sulfonylaminoalkenylation of
azulenes using N-sulfonyl-1,2,3-triazoles as coupling partners (Scheme 12).1%%  With 1 mol%
Rh>(Octanoate)s catalyst in CH>Cl, at 60 °C under air, the (Z)-N-sulfonylaminoalkenylated azulenes
were stereoselectively obtained in high yields. The electronic variation of substituents on the aryl
moiety of 4-aryl-1-tosyl-1,2,3-triazoles had little effect on the stereoselectivity and yield. In contrast,
introduction of bromo- or methoxy-substituents at ortho-position on the triazole phenyl ring decreased
the stereoselectivities due to steric reasons. The reactivity of guaiazulene was similar to azulene
(Scheme 13, a). Under the same reaction conditions, guaiazulene gave exclusively the (Z)-stereoisomers
of the 3-alkenylated guaiazulenes (Scheme 13, a). A possible mechanism for this reaction was reported.
First, a reversible ring-chain tautomerization of N-sulfonyl-1,2,3-triazole would provide an o-diazo
imine. The reaction of this a-diazo imine with Rh(II) would give an a-imino Rh(Il) carbenoid, with the
liberation of N2. Then, the nucleophilic addition of azulene to the electrophilic carbene center of this Rh
intermediate affords a Rh-bound zwitterionic intermediate. Anionic rhodium would release an electron
pair, which moves into the imine moiety, making the nitrogen atom basic enough to abstract an allylic
proton and to afford the alkenylated azulene with regeneration of the Rh(ll) catalyst.

To demonstrate the synthetic potential of these N-sulfonylaminoalkenylated azulenes, this group also
developed a synthetic method to prepare azulen-1-yl ketones via the oxidative cleavage of the C=C

double bond of these 1-alkenylazulenes (Scheme 13, b).**® For this C=C bond cleavage, a mixture of the



14

1-alkenylazulenes and Cs>COz was heated at 70 °C in toluene under air and natural sunlight.

azulene-1-yl ketones were obtained in high yields.
)
O R2S0,—NH
)
Rh,(Octanoate), 1 mol"/&

1 equiv. > R
+ CICH,CH,CI, 60 °C, 3-12 h
/SOZRZ
N
\ .
JI N Z major
Yy
N

R1
1.5 equiv.
TsSO,—NH TsSO,—NH TsSO,—NH
ﬁ { ﬁ { ﬁ { iR3
RS R3

R3  Yield (%) Ratio ZZE R3 Yield (%) Ratio ZZE R® Yield (%) Ratio Z:E
Me 93 10:1 Me 88 10:1 MeO 94 1.1:1
MeO 84 10:1 Cl 84 10:1 Br 86 1.3:1
cl 77 20:1
CF; 94 20:1
NO, 71 10:1

MSSOZ_NH TSSOZ_NH MSSOz_NH

)
94% Z:E 10:1 40% Z:E 30:1 89% Z:E 10:1

Scheme 12. Rh-catalyzed alkenylations of azulene with N-sulfonyl-1,2,3-triazoles

The



Rhy(Oct), 1 mol%
. ~_CICH,CH,Cl, 60 °C, 2-12 h

1.5 equiv.
TsSO,—NH MsSO,—NH

/ 0 /

87%
p- ToISOz—NH
Cs,CO3 (3 equiv.)
toluene, 70 °C, 2-8 h
air, sunlight
Yield (%)
Ph 89
4-MeCGH4 76
4-CICgH, 83

Scheme 13. Rh-catalyzed alkenylations of guaiazulene with N-sulfonyl-1,2,3-triazoles

2.4 Alkynylation

15
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The synthesis of alkynylated azulenes via purely organic chemistry has not been reported. Very
recently, Tolnai, Novak et al. developed a procedure for the alkynylation of azulenes (Scheme 14).1
For this reaction, they employed an hypervalent iodonium reagent associated to 10 mol% AuCl as
catalyst with CHCl: as the solvent. Guaiazulene gave regioselectively the 3-alkynylated guaiazulene in
73% vyield. They also employed several azulene derivatives containing formyl, iodo, alkyl or phenyl
substituents. For example, some 1-formylazulenes were alkynylated at position 3 in 32-79% yields.

TIPS 1 equiv. AuCl 10 mol%
\ * CHCl, 25°C, 221,

I—O
@O
1.5 equiv
0 ——TIPS TIPS
Yield (%)
35
69
73% (CO)CO,Me 59
TIPS
Yield (%)
44
57
79

. . CH,CO,Et 50
TIPS: triisopropylsilyl

Scheme 14. Au-catalyzed alkynylations of azulenes
2.5 Propargylation
The introduction of propargyl units on azulenes via organic chemistry has not been described. The

ruthenium-catalyzed propargylation of azulene with propargylic alcohols has been reported by Hidali,

Uemura et al. in 2002 (Scheme 15, a).17»1® The reaction proceeds via the formation of an allenylidene
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ruthenium complex to afford 1-(1-arylprop-2-yn-1-yl)azulenes in good vyields. @ The mono-
propargylation was observed; however, it should be mentioned that, a huge excess of azulene (10 equiv.)
was employed. One year later, they extended this reaction to an internal acetylene derivative (Scheme
15, b).1’¢  According to the authors, the reaction with the propargyl alcohols containing an internal
acetylene unit (Scheme 15, b) may proceed via a (n-propargyl)ruthenium species. An electrophilic
attack of the (n-propargyl)ruthenium complexes on azulene would afford the propargylated azulene.
Conversely, the propargylation of azulene with the propargyl alcohols containing terminal acetylenes
(Scheme 15, a) would proceed via an electrophilic attack of the cationic Cy atom in the allenylidene
intermediate. It should be mentioned that the introduction of propargyl units on azulenes via organic

chemistry has not been described.

O B

H
Cp*RuCl(up-SMe),RuCp*Cl Ar
5 mol% _ 0
. NH4BF4 (01 eqUiV.),
10.equiv. ¢1c1 CH,LCI 60 °C, 1 h A}

\

Ar = Ph 87%
OH Ar = 4-C|C6H4 81%
1 equiv.
b)
H
)
Cp*RuCl(u,-SMe),RuCp*Cl Ph
5 mol% _ 0
CICH,CH,CI, 60 °C, 25 h
5 equiv. 2 O \\
Ph

Ph

R

OH

1 equiv.

Scheme 15. Ru-catalyzed propargylations of azulene with propargyl alcohols
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In 2006, Dyker et al. reported that a low loading of AuCls using acetonitrile as the solvent at 22 °C also
promotes the 1-propargylation of azulene (Scheme 16).* The mono-propargylation product was

obtained in 46% yield from an equimolar mixture of azulene and the propargyl alcohol derivative.
H

)
Ph
AuCl3 0.3 mol% 0

Y

MeCN, 22 °C, 24 h
1 equiv. \\
Ph 46% N
ph. F
OH
1 equiv.

Scheme 16. Au-catalyzed propargylation of azulene with a propargyl alcohol
2.6 Carbonylation

Very recently, Beller et al. reported the Pd-catalyzed Markovnikov carbonylation of phenylacetylene
with azulene to give the corresponding branched a,f-unsaturated ketone in 71% vyield and excellent
regioselectivity (branched/linear 99:1) (Scheme 17).1° This C-H carbonylation reactions regioselectively
occurred at position 1 on azulene. For this reaction, which was conducted under 40 bars of CO,
Pd(acac). complex was associated to the diphosphine ligand [bis(2-(diphenylphosphanyl)-1H-pyrrol-1-

yl)methane] as catalyst.

Pd(acac), 1 mol%,
ligand 2 mol%
CO (40 bar),
1 equiv. p-TsOH (0.05 equiv.),

toluene, 70 °C, 12 h 71%

+

H————FPh Ligand:
2 equiv. S —

\N\/N/

Ph,P PPh,

Scheme 17. Pd-catalyzed carbonylation of azulene with phenylacetylene and carbon monoxide
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2.7 Borylation

Murafuji, Sugihara et al. described in 2003 that 4,4,5,5-tetramethyl-1,3,2-dioxaborolanyl group could be
directly introduced at the 2-positions of azulenes with high regioselectivities, via iridium-catalyzed C—H
bond activation reactions (Scheme 18, a).2% The formation of small amounts of C1-borylated azulenes
was also observed. The site selectivity appears to be governed by the formation of a © complex between
the azulene five-membered ring and iridium in preference to the azulene seven-membered ring. Then,
the more electron-poor 2-position in the azulene five membered ring is borylated. The substrate scope
appears to be very limited. Steric effect is an important factor, as azulenes bearing methyl groups at 1-
or 4-positions such as guaiazulene are converted into the 2-borylated products in low yields, and 1,3-di-
tert-butylazulene was recovered.  Moreover, 6-formylazulene, 6-(hydroxymethyl)azulene and 1-
(trifluoroacetyl)azulene resulted in the recovery of the starting azulenes. This group also studied the Ir-
catalyzed polyborylation of azulenes.?® Azulene reactivity was found to decrease in the following
order: 2-position > 1,3-positions > 6-position > 5,7-positions. In most cases, they obtained mixtures of

polyborylated azulenes in low to moderate yields (Scheme 18, b).



a) 0
R ?\K
N\ —O
[IrCl(cod)]> 5 mol%,

2,2'-bipyridine 10 mol%

B/
2.2 equiv. >
+ cyclohexane, reflux, 14 h 0

0] O
\ /
/ \
(6] O

(?\'<

1 equiv.
\ \ \
B/O B/O B/O
70% 32% 5%

Cl
-
[IrCl(cod)]> 1.25 mol%,
dtbpy 2.5 mol%

cyclohexane, 100 °C, 25'h

* W W
SN o o
B - O

B—B \B/o
o o cl cl
2.1 equiv. 0 Cl 0 Cl
B P—Q

O/
\O o
27% 38%

dtbpy: 4,4'-di-tert-butyl-2,2'-bipyridine

Scheme 18. Ir-catalyzed borylation at C2-position of an azulene
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Although iridium-catalyzed borylation of azulene affords moderate yields in 2-borylated azulenes, it was
employed in 2014 by Venkataraman, Campos et al. for the synthesis of azulene derivatives to study the
effects of quantum interference through single-molecule conductance measurements.?! The reaction of a
4,7-dimethyl-6-arylazulene with bis(pinacolato)diboron in the presence of an iridium catalyst gave the
2-borylated azulene in 34% vyield (Scheme 19). Then, a Suzuki-coupling reaction with an aryl bromide
provides the 2-arylated azulene in 80% yield. Murafuji, Tsunashima et al. also employed this synthetic
pathway in 2015 to prepare a 2-(2-pyridyl)azulene derivative;?? and very recently, Murai, Takai et al.
also employed this methodology for the access to azulene-fused linear polycyclic aromatic hydrocarbons

with small bandgap.??°

[Ir(OMe)(cod)], 10 mol%,
dtbpy: 40 mol%

cyclohexane, 90 °C, 24 ﬁ

S 2 equiv.
=+
0] O
\
B—B/
/ \
O O Br
1 equiv.
dtbpy: 4,4'-di-tert-butyl-2,2'-bipyridine  PdCI,(PPh3),
10 mol%,
K2003 (2 eqUiV.),
THF/H50 (6:1), S
reflux, 24 h :
1 equiv

Scheme 19. Ir-catalyzed borylation at C2-position of an azulene followed be Suzuki coupling

In 2015, Scott et al. studied the iridium-catalyzed tetra-borylation of azulene.?® They discovered that the
products of kinetically controlled borylations can be equilibrated by running the reaction for a long time
at 85 °C in the presence of tBuOK as base and high catalyst loadings. When 4.4 equiv. of Bx(pin). are



22

used under these equilibrating conditions, 1,3,5,7-tetraborylation can be achieved in 38% vyield (Scheme
20).

[Ir(OMe)(cod)], 20 mol%,
4,4'-dmbpy 40 mol%
tBuOK (0.1 equiv.),
Tequiv. THF, 85 °C, 60|aysASY
i i 38%

4.4 equiv.

4.,4'-dmbpy: 4,4'-dimethyl-2,2'-bipyridine

Scheme 20. Ir-catalyzed polyborylation of azulene

2.8 Silylation

The iridium-catalyzed C2-silylation of azulene derivatives has been described in 2015 by Murai, Takai
et al. (Scheme 21).?* The reaction of 3 equiv. of triethylsilane with azulene using 5 mol% of
[Ir(OMe)(cod)]2 associated to a phenanthroline ligand as catalytic system and 3,3-dimethyl-1-butene as
hydrogen acceptor gave the 2-silylated azulene in 81% yield. The reaction is not limited to the use of
triethylsilane, as with a set of dimethyl(aryl)silanes, they also obtained the 2-silylated azulenes in good
yields. In several cases, norbornene was used as hydrogen acceptor. On the contrary, dihydrosilanes,
including Et2SiH2, PhoSiH2, and PhMeSiH2, were not applicable. The use of [Rh(OMe)(cod)]- in place
of the iridium catalyst was also ineffective.
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0 Si(R?);
[Ir(OMe)(cod)], 5 mol%,
tmphen 10 mol%
1 norbornene (3 equiv.),
R o
) octane, 125 °C, 10 h
1 equiv.

+

HSi(R?), R’
3 equiv.

SiEt, SiMe,R

R R Yield (%)
Ph 67
R’ Yield (%) 4-MeOCgH, 66
H 81* 4-CF43CgH, 61**
nC7H15 74* 3,5-CF3C6H3 4q%**

tmphen: 3,4,7,8-tetramethyl-1,10-phenanthroline

*: 3,3-dimethyl-1-butene instead of norbornene,
cyclohexane, 100 °C, 4 h

**:24 h

***:150 °C, 24 h

Scheme 21. Ir-catalyzed silylations at C2-position of azulenes

3. Functionalization of acenaphthylenes

Acenaphthylene is a commercially available compound (Fig. 3). The extent of aromaticity of the five-
membered ring in the acenaphthylene molecule is very small,®® and both C1- and C2-positions of
acenaphthylene can be functionalized via Pd- or Rh-catalyzed coupling reactions. However, so far, only
a few examples of arylations and two examples of Pd-catalyzed alkylation and alkynylation of

acenaphthylene have been reported.
Acenaphthylene

Figure 3
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3.1 Arylation

The first example of Pd-catalyzed direct arylation of acenaphthylene was reported in 1991 by Dyker
(Scheme 22, a).2>% The reaction of 1,8-di(iodo)naphthalene with acenaphthylene in the presence of 5
mol% Pd(OAc). / BusNBr as catalytic system gave acenaphtho[1,2-a]acenaphthylene in 42% yield,
whereas, without BusNBr, the yield was only 29%. In 1999, Nakayama et al. employed Dyker’s
procedure to prepare 5-substituted acenaphtho[1,2-a]acenaphthylenes (Scheme 22, b).?” Both ethyl- and

phenyl-substituents were tolerated affording the coupling products in 30% and 44% yields, respectively.

o

equiv. Pd(OAc), 5mol%

BuyNBr (2 equiv.), ‘
I K>CO3 (8 equiv.),

DMF, 100 °C, 72 h 42%
I O

R Q
1.28quV. py0Ac), 5mol% O‘
BuyNBr (1-1.1 equw
I K,CO3 (2.5 equiv.), o
DMF, 100 °C, 20-23 h R Yield (%)
Et 30
I Ph 44

1 equiv.

+|\)

o
8
9@

8
Jee

Scheme 22. Pd-catalyzed arylations of acenaphthylenes with an aryl iodide

Dyker also studied the Cl-arylation of acenaphthylene.?® Under the same reaction conditions he
employed in scheme 22, top, but using 5 equiv. of acenaphthylene with 1 equiv. of 1-iodonaphthalene as
aryl source, 1-(naphthalen-1-yl)acenaphthylene was formed in 70% vyield (Scheme 23, a). More
recently, he reported that the reaction of acenaphthylene with 9-bromoanthracene, under similar reaction

condition, allows the preparation of 9-(acenaphthylen-1-yl)anthracene in 84% yield.?® Larock et al. also
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reported a procedure for the C1-arylation of acenaphthylene (Scheme 23, b).?° They employed Pd(dba)
as catalyst and NEts as base, and obtained 1-(2-cyanophenyl)acenaphthylene in 57% yield.

o

+U1

equiv. Pd(OAc), 5mol% O Q
BuyNBr (2 equiv.), O

K,CO3 (8 equiv.),

DMF, 100 °C, 72 h 70%

¢

1 equiv.

O

o

3 equiv.

)
7Y T

57%

Pd(dba), 10 mol%

NEts; (1 equiv.),
DMF:H,0 9:1, 100 °C

(5
e

NC
1 equiv.

Scheme 23. Pd-catalyzed arylations of acenaphthylene with aryl iodides

In 2007, Dyker et al. also reported that the one pot Pd-catalyzed 1,2-diarylation of acenaphthylene
proceeds in 19% vyield in the presence of a large excess (4 equiv.) of 1-bromonaphthalene as aryl source

(Scheme 24).% For this reaction Pd(OAc), was associated to the electron-rich phosphine ligand P(tBu)s.
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. Pd(OAc), 5 mol%, Q
P(tBu); 20 mol%
1 equiv. Cs,CO3 (4 equiv.), - O O

+ DMF, 140 °C, 48 h

o )
Br

4 equiv.

Scheme 24. Pd-catalyzed diarylation of acenaphthylene with an aryl bromide

Very recently, our group reinvestigated the Pd-catalyzed direct arylation of acenaphthylene.3® We
demonstrated that this reaction can be performed using either aryl bromides or benzenesulfonyl
chlorides as aryl sources in the presence of phosphine-free Pd(OAc). catalyst without additives. First,
we described the Cl-arylation of acenaphthylene with a wide variety of aryl bromides using only 0.5
mol% Pd(OAc)2 catalyst, KOAc base in DMA. The reaction afforded regioselectively the Cl-arylated
acenaphthylenes in high yields (Scheme 25, a). Our group also investigated the coupling of
acenaphthylene with 4-bromo- and 4-iodo-benzenesulfonyl chlorides (Scheme 25, b). Using 5 mol%
Pd(OACc). catalyst, LioCO3 base in 1,4-dioxane, the Cl-arylated acenaphthylenes were obtained in
satisfactory yields without cleavage of the C-Br and C-1 bonds, allowing further transformations.
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KOAc (2 equiv.), DMA,
150 °C, 18 h
Yield (%)

+
B 4-CN 82
R 77| 4-cHo 8o
, \, 4-COEt 78
1 equiv. Q X 4-CO,Et 77
4-Cl 79
4-F 60
75% 4-OMe 31

3-CN 79
3-CHO 84

O 3-CF; 90
. 2-CN 81

1.3 equiv.

Pd(OAc), 0.5 mol% 8’
R

Li,CO4 (3 equiv.), 1,4-

Pd(OAc), 5mol% 8’

1.3 equiv. :
dioxane, 140 °C, 18 h
+ R Yield (%)
Br 46
C@S@R | 60

1 equiv.

Scheme 25. Pd-catalyzed arylations of acenaphthylene with aryl bromides or benzenesulfonyl chlorides

Our group also reported that, under the same reaction conditions than for Cl-arylation of
acenaphthylene, but with 3 equiv. of benzenesulfonyl chlorides, the one-pot preparation of symmetrical
1,2-diarylacenaphthylenes proceeds in quite good yields using chloro-, fluoro- or trifluoromethyl-
substituted benzenesulfonyl chlorides (Scheme 26, a).3 Moreover, from 4-iodobenzenesulfonyl
chloride, the acenaphthylene derivative containing two 4-iodobenzene units at C1 and C2 positions was
obtained in 65% yield.

We also described the synthesis of non-symmetrical 1,2-diarylacenaphthylenes from 1-

arylacenaphthylenes using both aryl bromides and benzenesulfonyl chlorides as aryl sources, under
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similar reaction conditions than for the Cl-arylations of acenaphthylene.® The reaction of 4-
fluorobromobenzene or 3-(trifluoromethyl)bromobenzene with a Cl-arylated acenaphthylene using 1
mol% Pd(OAc). catalyst, afforded the 1,2-diarylacenaphthylenes in 76% and 80% yield, respectively
(Scheme 26, middle). 2-Bromobenzenesulfonyl chloride was also successfully employed as aryl source
for the C2-arylation of 1-arylacenaphthylenes, allowing to prepare 1,2-diarylacenaphthylenes, without
cleavage of the C-Br bonds (Scheme 26, b). From these compounds, an intramolecular Pd-catalyzed

direct arylation provides the corresponding dibenzo[j,I]fluoranthenes.

a) - 4 R
O Pd(OAc), 5mol% Q‘
1 equiv. Li,COj3 (3 equiv.), O
1,4-dioxane, 140 °C,
+
18 h .
CIOZS@R R Yield (%)
Cl 67
3 equiv. | 65

NO,

) Noa
(5

o

KOAc (2 equiv.), DMA, |

1 equiv.
150 °C, 18 h

Pd(OAc), 1mol% O‘

R

Yield (%)
F 76
CF5 80

o8]
=
©+

R

R 4-

1.5 equiv. 3-
R

BN e
[

o

LioCO3 (3 equiv.),

Pd(OAc); 5mol% O‘

1 equiv. ’
1,4-dioxane, 140 °C,
+ 18 h

Br Br
R Yield (%)
CN 81

ClO,S CO,Et 78

F 80

1.5 equiv.

Scheme 26. Pd-catalyzed arylations of acenaphthylenes with aryl bromides
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The metal-catalyzed direct arylation of acenaphthylene is not limited to palladium catalysis. Miura et al.
described in 2004, the reaction of benzoyl chlorides with acenaphthylene in the presence of 1 mol%
[RhCI(C2Ha4)2]2 in refluxing o-xylene (Scheme 27).32 They obtained the 1-arylacenaphthylenes in 75-

80% yields. Both electron-rich and electron-deficient benzoyl chlorides were tolerated.

) g R
O [RhCI(C5Hy),1, 10 mol"/& ‘
2 equiv. o-xylene, reflux, 5 h

+

R Yield (%)

(@) H 80
cl MeO 75

1 equiv. NO, 78

Scheme 27. Rh-catalyzed arylations of acenaphthylene with benzoyl chlorides
3.2 Alkylation

Only one example of metal-catalyzed C2-alkylation of an acenaphthylene derivative, via a C-H bond
activation, has been reported so far. Xu, Loh et al. reported in 2016 the coupling of N-(acenaphthylen-1-
yl)acetamide with ethyl 2-bromo-2-methylpropanoate in the presence of a palladium catalyst (Scheme
28).3% The regioselective functionalization of the C-H bond on the 5-membered ring was observed
affording the 2-alkylated N-(acenaphthylen-1-yl)acetamide in 35% yield. A mechanism was proposed,
which involved the formation of an enolate radical, generated via Pd-catalyzed C—Br bond cleavage of
ethyl 2-bromo-2-methylpropanoate. This enolate radical would react at the C2-position of the
acenaphthylene derivative. Then, the new radical intermediate could react with a Pd(l) species. Finally,
the reductive elimination takes place to afford C2-alkylated acenaphthylene and release Pd(0) catalyst in

the presence of AgOAC.
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O Pd(PPhg)s 5 mol%, Q NHAGC

P(4-MeOCgH,); 20 mol%

1 equiv. AgOAc (1.5 equiv.), CO,Et
(0] CH,Cl, 80 °C, 12 h
OEt 35%
Br
2 equiv.

Scheme 28. Pd-catalyzed alkylation of an acenaphthylene
3.3 Alkynylation

In 2014, Xu, Loh et al. reported the first method allowing to introduce an alkynyl unit on an
acenaphthylene.  They discovered that the Pd-catalyzed alkynylation of N-(acenaphthylen-1-
yl)acetamide with tri(isopropyl)silylacetylene, can be promoted by 10 mol% Pd(OAc). catalyst and
AgOAc as base, (Scheme 29).3* The 5-membered ring of this acenaphthylene derivative was

alkynylated in moderate yield, but without desilylation.

O Pd(OAc), 10 mol% ‘

1 equiv. AgOAc (1.1 equiv.), O N
K CH,Cl,:DMSO0 97:3, AN 3
* 80°C,4h 40% Si(iPr)s

H———Si(iPr)3
1.2 equiv.

Scheme 29. Pd-catalyzed alkynylation of an acenaphthylene

4. Functionalization of fulvenes

Only a few fulvene derivatives such as 6,6-diphenylfulvene and 6,6-dimethylfulvene, are commercially
available (Fig. 4). The metal-catalyzed C-H bond functionalization of fulvenes has attracted less
attention than the C-H bond functionalization of azulenes or acenaphthylenes, as only Pd-catalyzed C1-
arylation reactions and Ag-catalyzed annulation/isomerization reactions have been reported.
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C2 C2
C1 C1
Me Me Ph Ph

6,6-Dimethylfulvene 6,6-Diphenylfulvene

Figure 4

4.1 Arylation

The only examples of metal-catalyzed direct arylations of a fulvene derivative were reported in 2017 by
our group (Scheme 30).% We observed that the nature of the aryl source is very important for such
reactions. The reaction of 6,6-diphenylfulvene with aryl bromides gave low vyields of Cl-arylated
fulvenes; whereas, the use of benzenesulfonyl chlorides in the presence of Pd(OAc). catalyst and
Li>CO3 base afforded regioselectively the desired products in good yields. We also reported that using
an excess of benzenesulfonyl chlorides, the formation of C1,C4-diarylated fulvenes proceeded in good
yields. This protocol was applicable to a range of functions on the benzenesulfonyl chloride, including

reactive ones such as cyano or bromo substituents.
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SE Pd(OAC), 5 mol% O O
| -

1.5 equiv. LioCO3 (2 equiv.),
1,4-dioxane, 140 °C, ph Ph

4h
CISO, Yield (%)

R
4-Me 52
1 equiv. 4-F 54
4-NO, 82
2-Cl 62
2-CN 61
2-Br 60
f ? Pd(OAc), 5 mol%
1.5 equiv. LioCO3 (3 equiv.),

1,4- d|oxane 140 °C,

pnTalisgto sl

3 equiv.
Ph Ph
R Yield (%)
Cl 62
Br 60

Scheme 30. Pd-catalyzed arylations of a fulvene with benzenesulfonyl chlorides

Such Pd-catalyzed direct arylations also allowed the synthesis of 1,4-diarylated fulvenes containing two

different aryl groups via successive couplings. Using a set of benzenesulfonyl chlorides and ((2-(4-

nitrophenyl)cyclopenta-2,4-dien-1-ylidene)methylene)dibenzene, under the same reaction conditions

than for the first arylation, good to high yields of 1,4-diarylated fulvenes were obtained (Scheme 31).%°

The reaction tolerated both electron—-withdrawing and electron-donating substituents on the

benzenesulfonyl chloride. The reaction with 2-bromobenzenesulfonyl chloride gave the 1,4-diarylated

fulvene, again without cleavage of the C-Br bond.
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oW

Ph™ Ph Pd(OAc), 5 mol%

b
-

1.5 equiv. Li,CO3 (2 equiv.),

+ 1,4-dioxane, 140 °C,

4h
CISO,
- [y O
1 equiv. I NO,

R Ph” Ph
R Yield (%)
4-Me 82
4F 56
4-Cl 80
4-CF, 86
2-CN 81
2-Br 78
2-Cl 74

Scheme 31. Pd-catalyzed arylations of fulvenes with benzenesulfonyl chlorides

4.2 Annulation/isomerization

Wang et al. described in 2015 the Ag(l)-catalyzed tandem [6+3] cycloaddition/isomerization of
isocyanoacetates with fulvenes affording dihydropyridines (Scheme 32).%¢ Using 3 mol% AgOAc/PPhs
as the catalyst and EtsN as the base at room temperature in dichloromethane, the tandem
cycloaddition/isomerization products were obtained in high yields. The use of other silver salts, such as
AgNOs, Ag2CO3 and AgClO4, also afforded the cycloaddition/isomerization products, but in slightly
lower yields. Variation of the substituent on the ester group had almost no influence on the reaction.
They also found that fulvene derivatives bearing different ring sizes gave similar yields. From
unsymmetrical fulvenes this annulation reaction generated a tertiary center. The cycloadducts were
produced in good yields as an equimolar mixture of the syn- and anti-isomers. They also studied the
asymmetric version of this reaction using AgOAc associated to a chiral ligand, but a moderate
enantiomeric excess of 28% was obtained. A catalytic cycle was proposed. With the aid of the base in
the presence of Ag(l), metalation and deprotonation of the isocyanoacetates occurs. A nucleophilic
attack on fulvene delivers a zwitterionic intermediate (See scheme 32 bottom left). Then, intramolecular
cyclization followed by protonation/isomerization gave the dihydropyridines derivative and regenerates
the catalyst.



R R R?
1.5 equiv. AgOAc/PPhs 3 mol%
* o, NE15mol%, ,
CN__COzR CH,Cl, 25 °C N~ 1, COR
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Scheme 32. Ag-catalyzed cycloaddition/isomerization of isocyanoacetates with fulvenes

5. Conclusions and perspectives

Since the seminal report by Dyker in 1991 on the Pd-catalyzed direct arylation of
acenaphthylene, the knowledge concerning the metal-catalyzed functionalization of C-H bond of the 5-
membered carbocyclic rings of azulenes and acenaphthylenes has been widely extended; whereas,
relatively few examples using fulvenes have been reported. Initially, Pd-complexes were the most
commonly employed catalysts for such functionalizations and allowed the formation of C-C bonds with
aryl, alkynes, alkenes or alkyls. Then, several examples of C-C bond formation using Au, Ni, Rh and
also Ru catalysts have been described. Moreover, since 2014, examples of Ir-catalyzed borylations and
silylations have been reported. A wide variety of functionalized azulenes and acenaphthylenes can now

be obtained via these C-H bond activation reactions. C-H bond functionalization reaction for the
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introduction of substituents on such compounds is very attractive, as no prior functionalization is
required, reducing the number of steps to prepare the target compounds. In the near future, the metal-
catalyzed C-H bond functionalization of such arenes will certainly drastically modify the synthetic
pathways for the preparation of these compounds. However, many challenges remain, as
regioselectivity issues were observed for some reactions, as in several cases moderate yields were
obtained, and as only a few results with acenaphthylenes and especially fulvenes have been reported. In
most cases, more efficient catalysts permitting lower catalyst loadings need to be found in order to
provide more economically attractive procedures. Finally, concerning catalytic cycles, a large number
of interrogations are not addressed concerning the various mechanisms involved. Moreover, in recent
years, a few examples of C-H bonds functionalizations of azulenes via visible-light driven reactions
using metal-free conditions have been described.®” They might also provide attractive procedures for

the functionalization of such compounds.
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