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ABSTRACT:

1,3-Dien-5-ynes have been extensively used as starting materials for the synthesis of a wide number of
different carbo- and heterocycles. The aim of this review is to give an overview of their utility in organic
synthesis, highlighting the variety of compounds that can be directly accessed from single reactions over these
systems. Thus, cycloaromatization processes are mitially commented, followed by reactions directed towards
the syntheses of five-membered rings, other carbocycles and, finally, heterocycles. The diverse methodologies
that have been developed for the synthesis of each of these types of compounds from 1,3-dien-5-ynes are
presented, emphasizing the influence of the reaction conditions and the use of additional reagents in the

outcome of the transformations.
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1. INTRODUCTION

1,3-Dien-5-ynes are highly versatile conjugated dienynes that show a rich reactivity. Therefore, they have
been broadly used as starting materials for the synthesis of a wide variety of carbo- and heterocycles. Thus,
1,3-dien-5-ynes have been traditionally utilized as precursors of aromatic rings through cycloaromatization
reactions. However, the reactivity of 1,3-dien-5-ynes is not in the least limited to cycloaromatizations, and
they have recently emerged as useful substrates for the synthesis of diverse five-membered carbocycles and
also for the construction of heterocyclic rings. The outcome of the transformations of 1,3-dien-5-ynes can be
tuned mainly by the use of appropriate catalysts and additional reagents, as well as by the nature and location
of the substituents of the dienyne skeleton.

This review extensively covers all types of diverse transformations that are possible employing 1,3-dien-5-
ynes as starting materials published up to 2015, and is organized based on the different structures that can be

accessed (Figure 1).
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FIGURE 1. Main types of structures accessed by reactions of 1,3-dien-5-ynes



Only reactions involving the entire dienyne skeleton in a single operational step are considered. Thus,
transformations in which the triple bond is not participating or, conversely, those in which only the alkyne is
reacting are not covered. Moreover, reactions which modify the entire dienyne skeleton after several steps
mplying different reaction conditions are also out of the scope of this revision. Furthermore, the review
focuses in the synthetic applications of 1,3-dien-5-ynes and, consequently, reactions where the yield is not
reported or is very low, and those that represent single examples or are only used as mechanistic evidence are
not covered unless their usefulness for discussion is guaranteed. Likewise, reactions in which 1,3-dien-5-ynes
are only proposed as intermediates are not discussed.

Although the cycloaromatization of 1,3-dien-5-ynes has been the subject of previous reviews,»? in our aim
of giving a complete overview of the usefulness of 1,3-dien-5-ynes as precursors of carbo- and heterocycles,
the cycloaromatization is also covered in this review. Nonetheless the classical cycloaromatization reactions
are only briefly commented, whereas more emphasis is focused on those transformations that afford access to
alternative structures or substitution patterns.

For the sake of coherence, the dienyne system is numbered along the review starting in the alkene unit,
regardless of the nature of the substituents in each position. Moreover, the dienyne skeleton has been
highlighted with bold bonds and the new bonds in the products in red to allow the reader to easily understand
at first sight the role of the dienyne in each transformation, except for 1,6-cycloaromatizations in which it
becomes obvious. With the same purpose external components that are incorporated in the final product are
shown i blue, whereas green color indicates either groups present in the starting dienyne that are loss in the

final product or additional reagents.

2. SYNTHESIS OF SIX-MEMBERED CARBOCYCLES: BENZENE DERIVATIVES
The synthesis of six-membered rings from 1,3-dien-5-ynes is basically focused in the construction of new

benzene rings via cycloaromatization processes, a transformation that has attracted enormous interest among



organic chemists. For a better understanding, the numerous cycloaromatization reactions have been classified
in this review according to Figure 2. Thus, the classical 1,6-cycloaromatizations in which the new bond is
created between the terminal carbon of the external alkene (labeled as 1) and the terminal carbon of the
alkyne (labeled as 6), and all the substituents remain bonded in the final product to the same carbon that they
were bonded in the starting material, are discussed first. Then, cycloaromatizations that also follow a 1,6-
topology but in which additional transformations, such as incorporation of new moieties or migration of an
existing group, take place are considered. Finally, cycloaromatizations that do not follow a 1,6-topology, that
is, those in which the six carbon atoms of the new benzene ring are not the six carbon atoms of the dienyne

skeleton of the starting material, are covered.
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FIGURE 2. Classification of cycloaromatizations




2.1. Classical 1,6-cycloaromatizations

From the groups depicted in Figure 2, the classical 1,6-cycloaromatization is by far the section including a
higher number of contributions. In the 1960s the first thermal and photochemical* cycloaromatizations of 1,3-
dien-5-ynes were reported. Although the thermal cycloaromatization of 1,3-dien-5-ynes has found
remarkable applications in the synthesis of diverse polycyclic aromatic hydrocarbons (PAHs), this
methodology suffers from the serious limitation of the harsh conditions employed: temperatures over 200 °C,
and frequently over 500 °C, are required. Moreover both thermal and photochemical cycloaromatizations are
typically limited in scope, secondary products are frequently formed and low yields of the cycloaromatized
product are usually obtained. Those limitations make these methodologies generally not useful from a synthetic
point of view and, therefore, they are not covered i this review.

2.1.1. Metal-catalyzed cycloaromatizations. Noteworthy, during the last twenty years catalysis with
transition metal complexes has allowed cycloaromatizations of 1,3-dien-5-ynes to take place under mild
conditions and with excellent yields, making these transformations of high synthetic usefulness.

The first metal-catalyzed cycloaromatization of a 1,3-dien-5-yne was reported by Merlic in 1996 (Scheme
1).> The reaction, catalyzed by a ruthenium complex, implies the activation of the triple bond through the
formation of a vinylidene intermediate and a subsequent 67m-electrocyclization. Therefore, it is limited to
dienynes having a terminal alkyne. This transformation is highly efficient for those substrates where the external
olefin of the dienyne is forming part of a heterocyclic ring, thus forming benzofused heteroaromatics, but low

yields are obtained otherwise.



SCHEME 1. Cycloaromatization of 1,3-dien-5-ynes having terminal alkynes via vinylidene

intermediates: proof of concept

rIiin, ==y

x—\ 3 (p-cymene)RUCILPPhs (5 mol %) x— 2
S NH,PF¢ (5-15 mol %)
CH,CI, or DCE, reflux

via /A\ -
4\(‘.4[RU]
=

Similarly, Liu has described a ruthenium-catalyzed cycloaromatization of o-(ethynyl)styrenes leading to

naphthalenes (Scheme 2, eq. 1),° although for some particular substituents at the terminal position of the olefin
a migration step accompanies the cyclization event (see Schemes 37 and 38). Moreover, Iwasawa has
reported a related synthesis of naphthalenes from o-(ethynyl)styrenes using W(CO)s-THF as catalyst
(Scheme 2, eq. 2).7®

SCHEME 2. Cycloaromatization of o-(ethynyl)styrenes

R? R?

1 R!
@R TpRuU(PPh3)(CH3CN),PFg (10 mol %)
(1)
S

toluene, 110 °C
88-95%
R'=H, n-Bu, Ph
R?=H, Me

R2 R2

R’ R!
A W(CO)s THF (5-100 mol %)
(2
T THF, rt

31-100%

R' = H, Me, CO,Et
R? = H, Me, CO,Me, OTBS

The cycloaromatization via vinylidene complexes can also be extended to the synthesis of phenanthrenes
from o-(alkynyl)biphenyls under ruthenium catalysis (Scheme 3, eq. 1, 2).>!° As in the previous examples,
the reaction is still limited to terminal triple bonds, although i this case the intermediacy of vinylidene species

is not clear, as computational studies support a cyclization involving a mt-alkyne complex.



SCHEME 3. Cycloaromatization of o-(ethynyl)biaryls

O O TpRu(PPh3)(CH3CN),PFg (10 mol %) '
(1)

% DCE, 60 °C
95%
/'—R1 (p-cymene)RuCl,PPhg ~ A1
< (5 mol %) .
R AgPFg (11 mol %) g
~ X 2)
SN PhCI, 120 °C

41-74%
R'=H, COMe, CO,Me, F, Cl, OR
R%2=H, F, OMe

Moreover, both ruthenium and tungsten complexes are able to efficiently catalyze the cycloaromatization of
o-(ethynyl)heterobiaryls (Scheme 4, eq. 1, 2).%10

SCHEME 4. Cycloaromatization of o-(ethynyl)heterobiaryls

x—= R1/,;'> (p-cymene)RuCl,PPhg X— R )

- (5 mol %) o
N AgPFg (11 mol %) =
R2- | R?— (1)
X
SN PhCI, 120 °C
X=0,NR, S 67-92%
R'=H, Me, Cl, OR
R?=H, F, OMe
X
N \
X W(CO)s-THF (5-100 mol %)
(2)
N THF, rt
X =0, NMe, S 82-89%
=0, e,

The cycloaromatization of 1,3-dien-5-ynes with terminal alkynes has been applied in the synthesis of
diverse polycyclic aromatic compounds including coronene derivatives,”!! as well as benzothiophene and
benzofuran annelated estranes.!?> Moreover, the syntheses of ethene-bridged p-phenylene oligomers'*'4 and
luminescent boron-containing PAHs!'> have been recently accomplished using a ruthenium-catalyzed
cycloaromatization as key step.

Despite the great potential of the metal-catalyzed cycloaromatizations via vinitydene intermediates described
above, they are intrinsically limited by the nature of the intermediate to 1,3-dien-5-ynes having a terminal
alkyne. Metal-catalyzed cycloaromatizations of 1,3-dien-5-ynes possesing an internal alkyne, that proceed

via 6-endo nucleophilic attack of the olefin over the triple bond activated by coordination of the metal



complex, were first reported by Dankwardt in 2001.'6'7 Heating of o-(alkynyl)styrenes in which the olefin is
forming part either of a silyl enol ether or of a pyrrol n the presence of different complexes of platinum,
rhodium, palladium, ruthenium, silver or gold, efficiently leads to the corresponding cycloaromatized products
(Scheme 5, eq. 1, 2).

SCHEME 5. Cycloaromatization of o-(alkynyl)styrenes via alkyne-metal complexes: proof of

concept

TB OTBS
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Later, Shibata described the use of a cationic gold catalyst which allows the cycloaromatization of o-
(alkynyl)styrenes to take place at room temperature and with increased substrate scope (Scheme 6, eq. 1),
although in some cases competition of a 5-exo mode of cyclization is observed as a minor pathway, that
becomes the main one when terminal or iodo-substituted alkynes are used.'® More recently, the selectivity in
the cycloisomerization of o-alkynyl-(1-arylvinyl)benzenes has been evaluated in the presence of different metal
complexes, and it has been found that a high selectivity towards the 6-endo cyclization is achieved in the
presence of a gold catalyst (Scheme 6, eq. 2), whereas the use of a palladium complex exclusively leads to
benzofulvenes coming from a 5-exo cyclization (see Scheme 76, eq. 2).!° Moreover, a significant influence of

the substitution patern of the olefin in the 6-endo/5-endo selectivity has been observed, with 3,B-

disubstituted olefins favouring the formation of products coming from a formal 5-endo cyclization pathway

10



(see Section 3.2).

Interestingly, metal-catalyzed cycloaromatizations of o-(alkynyl)styrenes with internal alkynes have been
applied to the synthesis of acridines,?*?! and chiral biaryls.?>23:24

SCHEME 6. Gold-catalyzed cycloaromatization of o-(alkynyl)styrenes

R? R2
R PPh3AUCI (1 mol %) R
@ AgOT (1.2 mol %) o
CH,Cly, 1t 3
% . 2Ll R
71-97%
R'=H, Me
R2 = Me, Ph

R3 = alkyl (1°), Ph

R’ R’
X PPh3AUNTT, (5 mol %) @
\ THF, 70 °C R?
N2
R', R%2=aryl 70-98%

In 2002 Fiirstner reported a related PtCl,-catalyzed synthesis of phenanthrenes by cycloaromatization of o-
(alkynyl)biphenyls either with terminal or internal acetylenes, observing generally very high selectivity for the
expected 6-endo cyclization over the possible competing 5-exo cyclization mode (Scheme 7, eq. 1).252¢ For
internal acetylenes, the endo-exo selectivity seems to be influenced by the nature of the substituent at the
triple bond, as a substrate having an electron-rich arene at this position gives a mixture of both isomers
whereas that with an ester group affords mainly the exo adduct. Other metal complexes such as GaCl; and
AuCl; are also effective catalysts for this 6-endo cyclization.?’?® The PtCl-catalyzed synthesis of
phenanthrenes by cycloaromatization of o-(alkynyl)biphenyls has demonstrated to be very useful and has
found multiple applications in the preparation of diverse natural and synthetic products with biological activity,
including alkaloids,?6-2>3%3! and HIV-1 integrase inhibitors,’?> but mainly in the synthesis of polyaromatic
compounds®* with interesting optoelectronic and structural properties such as chrysenes’*3
pyrenes,’*36:37:38.39 coronenes,***! helicenes*?43:4443-46.47 and other PAHs.!314:48:49,50,51,52,53,54,55,56 However,
in the cycloaromatization of o-(alkynyl)biphenyls with a halogen substituent in the triple bond, InCl; has

proved to be a better catalyst in terms of selectivity (Scheme 7, eq. 1), and this methodology has been

11



applied to the synthesis of an alkaloid from the aporphine family.?>37 InCl; is also the catalyst of choice in the
synthesis of ullazine derivatives from 1-(2,6-dialkynylphenyl)- 1 H-pyrroles.’® The suitability of Fe(OTf); as
catalyst for the cycloaromatization of o-(alkynyl)biphenyls has also been reported and compatibility with
different functional groups in the nucleophilic aryl group has been demonstrated, although only enynes with a
phenyl substituent in the triple bond have been used as starting materials (Scheme 7, eq. 2).>°

SCHEME 7. Cycloaromatization of o-(alkynyl)biphenyls: synthesis of phenanthrenes

[M] (5 mol %)

toluene, 80 °C

R"=H, Me, OMe R3 = H, Me, Ph [M] = PtCl, 65-94%

R?2=H, OR R3=Cl, Br [M] = InCl, 59-95%
=
= —:—R1 ;—R1
X Fe(OTf); (10 mol %) OO
(2)
N DCE, 80 °C Ph
Ph 68-95%

R' = H, CO,Me, CN, CF3, F, OMe, NO,

Alcarazo has developed improved highly m-acidic catalytic systems for the cycloaromatization of o-
(ethynyl)biphenyls. Thus, a platinum complex having a P,-centered trication as ligand has been shown to both
accelerate the transformation and extend its scope, showing a broad functional group tolerance and a high 6-
endo vs 5-exo selectivity (Scheme 8, eq. 1).° A related platinum catalyst has been applied in the synthesis of
chrysotoxene and epimedoicarisoside A.6! Moreover, a gold catalyst with a dicationic phosphine as ligand
has allowed the efficient synthesis of sterically hindered 4,5-disubstituted phenanthrenes (Scheme 8, eq. 2).
Thus, the naturally occurring products bulbophyllantrin, marylaurencinol A, ochrolide and coelegnin, have

been easily accessed using the reported methodology.®?
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SCHEME 8. Cycloaromatization of o-(ethynyl)biphenyls with highly r -acidic-metal complexes

NMe,
R=-}
r,’"t:\::w (I:'I NMe,
CI—FI’t:CI /AQ[CB11HgClg]
PR3 (5 mol %)

2ClO;
DCE, 80 °C
R' = H, alkyl (Me, 1°), OR, TMS 75-97%
R? = H, CO,Me, CF3, F, CI, OH, OR
N(i-Pr),
R=-
N(i-Pr),

PPhR,AUCI (2 mol %)
AgSbFg (2 mol %)

CH,Cly, rt

R'=H, OR

R2 = H, alkyl (Me, i-Pr, t-Bu), Ph, CO,Me, OMe
R® = H, Me, Ph, OH, OR

R*=H, OH, OR

As pointed out in the pioneer work of Dankwardt and further demonstrated in the reports by Fiirstner,?5-26
Alcarazo,® and, more recently, Alabugin® and Kim,** 1,3-dien-5-ynes where the terminal double bond is
forming part of a heteroaromatic ring are also efficiently cycloaromatized, either under platinum, gold or silver
catalysis, leading to polycyclic heteroaromatic compounds (Scheme 9, eq. 1-4). In these reactions the
cycloaromatized isomer is generally obtained with total or very high selectivity, although in some particular
cases minor amounts of the corresponding 5-exo adduct are also formed. Moreover, a related gold-catalyzed
cycloaromatization of 1,3-dien-5-ynes where the central double bond is included in an isoquinoline moiety

allows the synthesis of benzo[a]phenanthridines in good yields (Scheme 9, eq. 5).%
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SCHEME 9. Cycloaromatization of o-(alkynyl)heterobiaryls

X s \ ST
N\ W
PtCI, (5 mol %) OO )
\\ 1 toluene, 80 °C R
R
X=S NR 54-93%
R'=H, Me, Ph

o
O PPh3AuCl (10 mol %) O
AgOTf (10 mol %) OO
I
o-xylene, 150 °C R! R2
R2
R'=H, Me 88-99%

R? = n-Bu, aryl, heteroary!

0O
X
1
R %

AgOTf (20 mol %)
e
DCE, rt or 60 °C

R' = alkyl (Me, Et)
R? = n-Bu, c-Pent, aryl, 3-thieny!

F3C

NMe, al
R=-4

s S
X — (FI NMe, — OO
CI—F|’t~CI /AQ[CB41HgCle] FsC

PR;  (5mol %)
2CIO; 8% o

S
O DCE, 80 °C

81%
(6-endo:5-exo 4:1)

PPh;AuUCI (10 mol %)
AgSbFg (10 mol %)

—

toluene, 120 °C

R1
R' = H, alkyl (Me, t-Bu), OMe
RZ=H, OMe

Additionally, 1,3-dien-5-ynes in which the central double bond is not forming part of an aromatic ring are

also suitable substrates for cycloaromatizations via 7t-coordination of the alkyne to the metal complex.®® Thus,

1,3-dien-5-ynes in which the terminal olefin belongs to an indole ring have been used as substrates in an

efficient route for the synthesis of carbazoles under gold-catalysis (Scheme 10, eq. 1).” Moreover,

naphthalene formation by PtCl-catalyzed cycloaromatization of aryl-enynes has been described (Scheme 10,

eq. 2).%8
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SCHEME 10. Cycloaromatization of 1-[(hetero)aryl]-1-en-3-ynes

PPh3AuClI (5 mol %)
AgSbFg (5 mol %)

MeNO,, 60 °C

R'=H, Me, OMe
R? = alkyl (Me, 1°)
R3 = alkyl (Me, 1°), p-MeCgH,4

R’ R
S
| PtCl, (5 mol %) @)
2
EtO,C \\ , toluene, 110 °C EtO,C R2
R

62-80%
R'=H, CO,Me, CI, Br, I, OR
R2 = H, alkyl (1°), alkenyl, aryl, 2-thienyl

Following a completely different mechanism to those reported so far, Miura has recently reported an
aluminum promoted cycloaromatization of 1,3-dien-5-ynes with a trimethylsilyl substituent in the triple bond
(Scheme 11).%° The cyclization, that is initiated by hydroalumination of the triple bond and proceeds by a 67 -
electrocyclization, gives rise regioselectively to benzenes with up to five different substituents, although in
variable yields and with high dependence on the substitution pattern. For some particular substrates different
reaction pathways including loss or rearrangements of certain groups are observed.

SCHEME 11. DIBAL-H promoted cycloaromatization of silylated 1,3-dien-5-ynes

R2 2
R R’ R3 ? R
| N i-BuoAlH (5 mol %)

R4 SN octane, 100 °C R ™S

™S
16-92%
R'=H, Et, aryl .
[Al-H RZ=Et aryl O R™-R?=~(CHp)s-

R3=H, alkyl (1°) [A]-H

R* = H, alkyl (1°, c-Hex)

R2 R1 RZ R1 RZ
R3 — R3 — R3 R1
ji_;TMS — \),\K[Au - jit(H
R S= RY = R " [A]]
[A]] T™S ™S
2.1.2. Acid and base promoted/catalyzed cycloaromatizations. Although catalysis with metal

complexes has been, as shown above, the most widely used approach for promoting the cycloaromatization

of 1,3-dien-5-ynes under useful reaction conditions and with high efficiencies, some metal free procedures
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based on activation either under acidic or basic conditions have also been reported. Thus, Swager has
developed a convenient TFA-promoted cycloaromatization that has been applied for the synthesis of fused
polycyclic aromatic systems.’®7!:7273.74 The transformation is proposed to be triggered by alkyne protonation,
and is therefore limited to substrates having electron-rich aryl groups as substituents in the triple bond, able to
stabilize by resonance the positive charge generated upon protonation (Scheme 12).

SCHEME 12. Acid-promoted cycloaromatization of o-(alkynyl)biaryls

CH,Cl, via
rt or reflux

X

On the other hand, base-promoted cycloaromatizations are essentially based on alkyne to allene
isomerization under basic conditions of 1,3-dien-5-ynes having a CH,R group at the triple bond, and
subsequent 67 -electrocyclization of the generated allene-diene (Scheme 13). Thus, Burton reported in 2006
the DABCO-promoted or DBU-catalyzed synthesis of diverse naphthalenes, including fluoro- and
alkoxycarbonyl-substituted ones, from the corresponding 1-aryl-1-en-3-ynes (Scheme 13, eq. 1).7>7677 He
has also extended this methodology to the synthesis of phenanthrenes by cycloaromatization of o-
(alkynyl)biphenyls”” (Scheme 13, eq. 2) and of benzo[b]furanes and benzo[b]thiophenes from 1-heteroaryl-1-
en-3-ynes (Scheme 13, eq. 3).”® Although high yields are usually obtained in these reactions, quite harsh
conditions are required. The base-mediated cycloaromatization has been applied to the synthesis of the
alkaloid tylophorine,” coronene derivatives acting as telomerase inhibitors,’ angular-shaped
anthradiselenophenes®! and naphthodithiophenes®? with promising optoelectronic applications, thienoacenes’3

and ethene-bridged terthiophenes.**
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SCHEME 13. Base-mediated cycloaromatization of various 1,3-dien-5-ynes

DABCO (6 equiv)
or
DBU (20 mol %)

NMP, reflux

R"=H, CF3, F, Cl, OMe, NO,

R2=H, Ph, F
R3 = H, alkynyl, CHO, CO,Me, F
R* = alkyl (1°)
‘ DBU (20 mol %) ‘
O NMP, reflux OO R @
\\ R1
R' = n-Pr, Ph 72-75%

DABCO (6 equiv)

X or
AN DBU (20 mol %) X
i LT 3
S NMP, reflux :‘"'R1_| S )
Az R2

X=0,8

52-83%
R'=CO,Me, F
2 R?
R? = alkyl (1°)
R R!
via |)\
Vi -
=
R5

More recently, Zhou has described a base-promoted cycloaromatization under milder reaction conditions,
by using as starting materials 1,3-dien-5-ynes that have a heteroatom at the propargylic position, which favors
the alkyne-allene cycloisomerization (Scheme 14, eq. 1, 2). Either sulfur,®** oxygen® or nitrogen®

substituents are suitable for promoting this transformation.
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SCHEME 14. Base-promoted cycloaromatization of activated 1,3-dien-5-ynes

2 1 Et3;N (2 equiv
R | R 3 (or quiv) R2 R
DBU (2 equiv)
3 X
R N x — R3 )
MeCN, rt-reflux R
R4
55-95%
R'=H, Ph, COR, CO,Et, CONR,
2 -
R =H or R%-R3 = ~(CHy),-
R3 = alkyl (1°), Ph he4 5
R*=H, Me '
X = SR, OR, NR,
R2
R3 R1 R2

X R3 R!
DBU (2 equiv) OO
N X T~ X @

MeCN, 50 °C-reflux

R* 55-87% R*
R"=H, Me, Ph, COMe, CO,Et, CONR,
R2=H, Me
R%=H, OMe
R*=H, Me
X = SR, OR

Moreover, the use of 1,3-dien-5-ynes with a phosphonium salt as substituent of the triple bond allows both
for the activation of the substrate for the base-promoted cyclization and for further functionalization of the
cyclized products by a one-pot Wittig reaction (Scheme 15).36
SCHEME 15. Base-promoted one-pot synthesis of vinylbenzenes and vinylnaphthalenes from

dienynyl phosphonium salts

R2 1. Et3N (1.5 equiv), R2
R3 R toluene, 60 °C R2 R
| X 2. t-BuOK, R°CHO, rt Q)
R* 4 Z RS
Xx__Pph, R R
< 55-95%
R'=H, Me, Ph, CO,Me RS =3 ppy , aryl E/Z 1:1->20:1
R?=H, Me
R3=H, Et or R3-R* = ~(CH,)4~
R* = alkyl (1°), Ph
R 1. Et3N (1.5 equiv), R?

1 toluene, 60 °C
R R!
X 2. t-BuOK, R5CHO, rt @
/ R5

X__PPh,
56-90%
R'=H, alkyl (Me, n-Pr), CO,Me RS =aryl E/Z 1.4:1->20:1
R?=H, Me

2.2. 1,6-Cycloaromatizations involving additional transformations
This section includes those reactions where a cycloaromatization involving all the six carbon atoms of the

dienyne backbone takes place, as in the previous section, but in which additional transformations, such as
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incorporation of new moieties or migration or loss of existing groups occur with the cyclization event.
Therefore, the structure of the final product differs from this that would come from a “conventional’
cycloaromatization in the number and/or in the position of the substituents.

2.2.1. Cycloaromatizations accompanied by further functionalization.
Halocycloaromatizations. One of the most relevant transformations falling in this section are
halocycloaromatizations, which are based on the activation of the triple bond by coordmnation of a halogen
atom. This resambles what has been commented above about metal-catalyzed transformations, but differs in
the fact that the halogen atom is finally incorporated in the cyclized product, contrary to the metal moiety that
is used in a catalytic amount, as protodemetalation yields the final product and regenerates the catalytic
species. In this sense, Swager, n his previously commented reports about acid-promoted
cycloaromatizations,’®’1:7273 also reported the use of Barluenga’s reagent, IPy,BF,, as promoter of the
corresponding iodocycloaromatizations. However, as in the case of the acid-promoted reaction, the scope of
this transformation is limited to substrates having electron-rich aryl groups directly linked the triple bond. In
2004 Larock first reported an efficient iodocycloaromatization of o-(alkynyl)biaryls using IC1 as promoter
(Scheme 16).87:3% These reactions take place with good yields and broad substrate scope including
substituents of different electronic nature at the triple bond. Nevertheless, direct iodochlorination of the
acetylene occurs as secondary reaction in particular examples, and this pathway is the only one observed for
alkyl or TMS substituted alkynes. In addition, other sources of electrophile, such as [,/ NaHCO3, NBS in the
presence of silica gel or p-O,NCsH4SCl can also be used for the cycloaromatization.

SCHEME 16. lodocycloaromatizations of o-(alkynyl)biaryls

SR
ICI (1.2 equiv)
—_—

R? CH,Cly, 78 °C

R'! = H, CHO, OMe, NO, 48-99%
R2=H, NO,
R® = CH,TMS, alkenyl, aryl, heteroaryl
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This methodology can also be applied for the iodocycloaromatization of o-(alkynyl)heterobiaryls (Scheme
17, eq. 1). In the same way, 3H-benzo[e]indoles have been synthesized by I,-promoted iodocyclization of 4-
(2-alkynylaryl)pyrroles (Scheme 17, eq. 2),% and 7-iodo-8-aryl-benzo[a]phenanthridines have been
prepared by ICl-promoted cycloaromatization of 4-aryl-3-alkynylisoquinolines (Scheme 17, eq. 3).%°

SCHEME 17. lodocycloaromatizations of o-(alkynyl)heterobiaryls

SEIIA e

x=\ x—\
\ ICl (1.2 equiv) OO
> (1)
N CH,Cly, ~78°C Ph
|

X=0,S
50-91%
R1 Me R1 Me
«_N-gn I, (1.2 equiv) - N-gp
R2-L | K,COs3 (2 equiv) Rz—/ )
N CH,Cl, 1t X R3
R3 |
R = H, CO,Et 61-96%
R%=H, F, OMe
R® = n-Bu, aryl

ICI (1.5 equiv)

MeCN, 0 °C

R1
R' =H, alkyl (Me, t-Bu), OMe
R?=H, F, OMe

84-94%

Moreover, Kirsch has described a single example of a NIS triggered iodocycloaromatization of an o-
(alkynyl)styrene (Scheme 18, eq. 1),°° and Barrett has reported a related procedure for the synthesis of 4 H-
1,3-benzodioxin-4-ones from a particular type of 1,3-dien-5-ynes employing IC1 (Scheme 18, eq. 2).°! The
scope of this iodobenzannulation is limited, as reactions fail with substrates bearing at the triple bond alkyl,
silyl and electron-deficient or ortho-substituted aryl groups whereas the iodoarene obtained from a dienyne

with a thienyl group at the acetylene was also iodinated at the heterocycle.
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SCHEME 18. Iodocycloaromatizations of o -methyl-o-(phenylethynyl)styrene and other particular

1,3-dien-5-ynes

Me
A NIS (3 equiv) OO
(1)
Q CH2CI2 50 °C Ph
58% |
Me_Me Me Me
O O O
ICI (1.5 equiv) o 0o 0
Me | X0 K3POy4 (2 equiv) Me o 2
§ CH,Cly, 78 °C to ~50 °C R
R? |
R' = ¢-Pr, aryl 61-96%

Notably, as in the case of metal-catalyzed cycloaromatizations, the iodocycloaromatization of 1,3-dien-5-
ynes has been widely applied, mainly in the synthesis of PAHs.%293:94.95.96.97.98,99

A particular case of iodocycloaromatization is the one of 1-(methylthio)-1,3-dien-5-ynes described by
Ogura.'® These substrates experiment a cycloaromatization with incorporation of iodine and concomitant loss
of SMe group (Scheme 19). The reaction is accelerated by UV wrradiation, which induces an initial trans to
cis isomerization yielding a more reactive dienyne for the iodine promoted cyclization step. Finally, after the
cyclization takes places by attack of the olefin over the iodine-coordinated alkyne, the aromatization is
achieved by loss of the methylthio group, instead of the proton that would lead to a typical
iodocycloaromatization product. lodobenzenes are obtained in high yields with this methodology, although a
narrow scope is described.

SCHEME 19. Iodocycloaromatizations of 1-(methylthio)-1,3-dien-5-ynes

1

R! SMe I, (1 equiv) R
| AN hv (>290 nm) \©\
B
2
R toluene R
R? I
80-100%
hv | R'=Ts, COMe

R? = n-Cy,H,s, aryl

1 1 +
R N R +> _SMe
| —
\SMe —_— R2
A

R? I

Functionalization of aryl-metal/halo intermediates. The aryl-metal complexes generated as
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mtermediates in conventional metal-catalyzed cycloaromatizations can be trapped in situ with different
reagents instead of experimenting a protodemetalation as in the examples commented so far. In this way a
door is opened for the preparation of highly functionalized aromatic rings. Thus, Loh, has described the
synthesis of (alkenyl)naphthalenes by cycloaromatization of o-(alkynyl)styrenes in the presence of an olefin
and catalytic amounts of PdCl, under an oxygen atmosphere (Scheme 20, eq. 1).!”! The authors suggest a
mechanism initiated by nucleophilic attack of the olefin onto the Pd-coordmated triple bond, as proposed for
metal-catalyzed “conventional” cycloaromatizations. However, now this intermediate, instead of
protodemetalation, experiences olefin insertion followed by [-hydride elimination, generating the final
(alkenyl)naphthalene product and Pd(0), which is reoxidized to the catalytically active Pd(Il) species by
molecular oxygen. The reaction displays a wide scope both at the dienyne moiety and the external olefin,
which encompasses styrenes of varied electronic nature and acrylates and related compounds, although the
reaction with vinyl phenyl sulfone provides low yield. An exception to this quite general behavior is found in
the use of olefins with a TMS or OAc substituent which lead to vinyl substituted naphthalenes (Scheme 20,

eq. 2), and vinyl ketones, which generate naphthalenes with an alkyl instead of an alkenyl group (Scheme 20,

eq. 3).
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SCHEME 20. Synthesis of (alkenyl)naphthalenes by palladium-catalyzed cycloaromatization of o-

(alkynyl)styrenes in the presence of olefins

R? 2
y ZOR5 (1 equiv) R .
R3_/ A PdCl, (5 mol %) =
g ——— R (1)
A 0,, DMSO, 110 °C R*
4
R 30-92% X
R'=H,Me R®=aryl, CO,R, CN, SO,Ph RS
R2 = alkyl (Me, t-Bu), Ph
R3 = Me, CI, OR
R*= n-Pent, cycloalkyl, aryl
Me
ZOR5 (1 equiv)
X PdCIz (5 mol %) OO "
A 0,, DMSO, 110 °C Ph
Ph
= OAc 50%
R5 =TMS 66%
Me
ZOR5 (1 equiv) Me
A PdCl, (5 mol %) OO
(3)
A 0,, DMSO, 110 °C Ph
Ph
R® = COEt 86% RS
R® = COPh 7%
2 RZ
R'| Z RS % R
= 3
via |R3-— ¥> R N 4
N R4 R
Pl [Pd]
RS

Moreover, cycloisomerization in the presence of a platinum catalyst of o-(alkynyl)styrenes in which the
olefin is forming part of a silyl enol ether and the triple bond has an (alkoxy)methyl substituent leads, via the
usual nucleophilic attack ofthe alkene to the metal-coordinated alkyne, followed by metal-assisted elimination
of alcohol, to o.,3-unsaturated carbene complexes (Scheme 21). These intermediates can be trapped in situ
by [3+2] cycloaddition with vinyl ethers, thus leading to the efficient synthesis of naphthol derivatives fused to
a five-membered ring.'”?> Narrow scope has been described for this transformation, which is included in a
more general study of [3+2] cycloadditions of platinum carbenes generated from different propargylic ethers

with vinyl ethers.
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SCHEME 21. Synthesis of five-membered-ring-fused naphthalenes by platinum-catalyzed

cycloaromatization of o-(alkynyl)styrenes in the presence of sylyl enol ethers

R4 3
\4//\0'? (10 equiv)
R

[PtCIy(CoH,)l, (10 mol %) OTIPS

A (0-MeOCgHy)sP (20 mol %)
Na,CO3 (1 equiv) OO
S oo
MS 4 A, dioxane, rt

OTIPS

OR! RO e R*
R' = alkyl (Me, Et)  R® = alkyl (1°) 60-82%
R2=H, OEt R*=H, Me
OTIPS OTIPS
— 1
[Py OR' [ ROH Pt

On the other hand, two particular compounds with a tetrathienonaphthalene core have been synthesized by
a double cyclization of bis(bithienyl)acetylenes under photoirradiation in the presence of iodine (Scheme
22).193 The authors propose an initial conventional halocyclization followed by a second electrocyclization
promoted by the photoirradiation with concomitant loss of HI.

SCHEME 22. Synthesis of tetrathienonaphthalenes by iodine-promoted double cyclization

R'=H; R2=TIPS
R'=TIPS; R2=H

via

Reactions initiated by transformations over the alkyne or the alkene. The reactions commented so
far in the present section have in common the fact that they are initiated by nucleophilic attack of the olefin on

the alkyne activated by coordination of an electrophilic moiety, either a halogen or a metal. However, other
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activation modes are also possible, in which either the alkyne or the alkene moiety of the dienyne are
transformed before the cyclization takes place.

For example, Basak has described a polycyclization mitiated by a Bergman cyclization of an enediyne
moiety, which includes the alkyne of the 1,3-dien-5-yne, leading to a diradical that then cyclizes with the
external aromatic ring of the mitial 1-aryl-1-en-3-yne. In this way, heating of the substrates at 90 °C in
DMSO allows the synthesis of helicenes in high yields with a varied substitution at the external aromatic rings
(Scheme 23).104.105

SCHEME 23. Synthesis of helicenes initiated by Bergman cyclization

R'=H, Me, F, OMe, NO,
R2=H, CH,0OCOR
R®=Ns, Ts r . A

via

Also based on the formation of radical intermediates, in 2001 Swager demonstrated with a few examples
the viability of using SbCls as an oxidant for promoting a double cyclization in bis(biaryl)alkynes.!% The
transformation is proposed to be initiated by a one-electron oxidation of the triple bond, generating a cation
radical that suffers subsequent electrophilic and radical cyclizations leading to two new hexasubstituted

benzene rings (Scheme 24). The global outcome of the reaction is analogous to that shown in Scheme 22.
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SCHEME 24. Oxidative double-cyclization of bis(biaryl)alkynes

|\ A
% 1. SbCls
‘ 2. MeOH
R2 % R2
| X l
v
)
R!,R2=H, OR

via

It is worth to note that in these last transformations the additional substituent is introduced intramolecularly.
Other particular examples of cycloaromatizations initiated by intramolecular reactions over the alkyne, other
than nucleophilic attack of the olefin, have also been described.!?”-1% Nevertheless, transformations initiated
by mtermolecular reactions over the alkyne are more common.

For example, and also in the field of radical mediated processes, Alabugin has developed a synthesis of tin-
substituted naphthalenes by Bu;Sn-mediated radical cyclization/C—C fragmentation of o-(alkynyl)styrenes
having a CH,X (X= OR, NR; or Ph) substituent at the alkene terminus (Scheme 25, eq. 1, 2).19%110.111
Interestingly, a critical influence of the olefin substitution in the outcome of the cyclization is observed, as the
presence of radical-stabilizing groups leads to indene adducts (see Scheme 68), whereas a terminal alkene or
one substituted with a simple alkyl, such as propyl, affords dihydronaphthalenes as major products (Scheme
25, eq. 3).

The authors propose that the naphthalene formation is mitiated by addition of the stannyl radical to the
mternal carbon atom of the alkyne. Noteworthy, considering all possible additions to the alkyne or alkene
moieties this one provides the least stable radical, but is the only one that evolves through a productive
pathway. Then, a selective 5-exo-trig cyclization occurs followed by homoallylic ring expansion. Although
the intermediate generated by this sequence is analogous to the one that would be directly generated by a
formal iitial 6-endo cyclization, experimental and theoretical nvestigations support the 5-exo

26



cyclization/homoallylic rearrangement pathway over the direct 6-endo cyclization pathway. The radical
cascade leading to naphthalenes is concluded by a B-C—C bond scission. In the case of H or n-Pr
substituents at the alkene this last fragmentation is less favoured, due to the lower stability of the radical
leaving group, and H abstraction becomes the major pathway for the termination of the reaction giving rise to
dihydronaphthalenes. On the other hand, for olefins with radical-stabilizing groups H abstraction ocurrs
directly over the mtermediate generated in the 5-exo cyclization step leading to indene derivatives (See
Scheme 68). Besides the requisite of a CH,X group i the olefin, the efficiency of the naphthalene synthesis is
restricted to substrates with aryl groups of limited bulkiness at the acetylene, as simple reduction of the triple
bond without cyclization occurs for n-butyl and 1-naphthyl substituted substrates. Interestingly, the obtained
arylstannanes are usually hydrolyzed to yield the corresponding aromatic compounds in good yields (Scheme
25, eq. 1), but further functionalization of the tin moiety allows the synthesis of highly functionalized
naphthalenes (Scheme 25, eq. 2). Moreover, the use of appropriate starting materials containing several 1,3-

dien-5-yne moieties in their structure provides a method for the preparation of extended polyaromatics.
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SCHEME 25. Synthesis of naphthalenes from [3-alkyl-substituted o-(alkynyl)styrenes by radical

cascade 5-exo-trig cyclization/homoallyl ring expansion/C—C bond scission

SCT

= CH,X; X= OR, NR,, Ph
RZ, R%=H, Me
R* = aryl, heteroaryl

1
Segr—
X

R3
BuzSnH H,0* R2
(1.2 equiv) — OO (1)

AIBN R4
(0.5 equw 15-92%

soe

SnBuj

toluene, reflux

—_—
Ph

iodination or Stllle

32 =
forR*=H,R*=Ph o, oo

(X =1, aryl)

1.BuzSnH (1.2 equnv)
AIBN (0.5 equiv)
toluene reflux

2. H;0*
Ph
R'= 65% 26%
R'=n-Pr 68% 20%
[ R3 R3 H R3 :
SOLR! R2 R
2
JeC ENesile O
ZOR4 R* R*
L SnBuj SnBus SnBuj
- .1
i 5-exo \( R He
r R! 1 3
R3 . R2 RS R? R R
2
go L Nev N g e
o) R*
BusSn BusSn SnBus

In a parallel study, the same authors have described that the combination Bu;SnH/AIBN in stoichiometric
amounts promote the oxidative radical cyclization of o-(alkynyl)biphenyls to produce phenanthrenes (Scheme

26, eq. 1).!"? These reactions occur with total selection displaying good yields and broad scope that also
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includes the preparation of fused-heterocyclic adducts (Scheme 26, eq. 2). A mechanism for this
transformation, supported by theoretical calculations, suggests again an mitial regioselective alkenyl radical
formation followed i this case by a 6-endo cyclization to build the new ring. Then, an aromatization triggered
by a second Bu;Sn radical would provide the final products. As in the case of the naphthalene synthesis
depicted in Scheme 25, the intermediate arylstannanes are usually hydrolyzed to the corresponding aromatic
compounds but can also be subjected to further functionalization, although yields are not reported for these
transformations.

SCHEME 26. Synthesis of phenathrenes from o-(alkynyl)byphenyls by regioselective oxidative

radical cyclization

Busan (1.2 equiv)
AIBN (1.0 equiv) OO 64.90% (1)
toluene, reflux R? |

SnBujg R1 -H

BusSn-| R'=H,Me,F ‘ R2 Ph

R2 = n-Bu, aryl, heteroary! BuSnH lodination
AIBN or Stille

R R!
0 6-endo O
L, |~ |
Z R? R?

SnBug SnBuj

oY O
A BusSnH (1.2 equiv)
O AIBN (1.0 equw) OO
Me % toluene reflux Me
O OMe
OMe 70%

Considering non-radical reactions, Li has described a formal halocyclization/decarboxylation of 2-(o-
alkynylphenyl)-3-(alkoxycarbonyl)benzofurans initiated by addition of an halide, coming from a CuX, species,
to the triple bond activated by coordination of a Pd complex (Scheme 27).!"* Then, an intramolecular Heck-
like reaction followed by decarboxylative [3-carbo-elimination gives rise to the corresponding 5-halo-
benzo[b]naphtho[2,1-d[furans. Alternatively, hydrolysis of the ester group of the initial intermediate followed

by decarboxylation, intramolecular transmetallation and reductive elimination could also explain the formation
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of the final products. The reaction tolerates a wide range of substituents at both the arene and the acetylene of
the starting dienyne, affording the polyheterocyclic adducts in moderate to good yields. In this sense, lower
yields are obtained for substrates bearing electron-defficient arenes, alkyl or alkenyl groups at the triple bond.

SCHEME 27. Synthesis of 5-halo-benzo[b]naphtho[2,1-d]furans by palladium-catalyzed

cycloaromatization with concomitant decarboxylation and halogen incorporation

CuX; (3 equiv)
PdX, (10 mol %) R

B —————_

benzene, 100 °C

[Pd] X =Cl, Br

R'=H, F, OMe
R? = alkyl (1°), 1-c-hexenyl, aryl, 2-thienyl
RS = alkyl (1°, i-Pr)

Also initiated by a palladium-catalyzed addition over the alkyne is the high-yielding synthesis of 9-sulfenyl
phenanthrenes by cycloaromatization of o-(alkynyl)biphenyls in the presence of aromatic or aliphatic disulfides
(Scheme 28).''* Only reactions with dicyclohexyldisulfide or with dienynes possessing electron-deficient
substituents either at the external arene or at the triple bond afford the polycyclic adducts in moderate yields.
The reaction is mediated by iodine, and the use of a palladium-catalyst has proved to be necessary for an
efficient transformation. It is proposed that RSI is generated from mteraction of iodine and disulfide, and this
active species reacts with PdCL affordng RSPdX. Alkyne msertion generates an alkenylpalladium
intermediate, which upon C—H mnsertion into the aryl group and further reductive elimination yields the sulfenyl
phenanthrene and regenerates the catalytic species. The intermediacy of an iodo-cycloaromatized product in

the process is ruled out based on experimental observations.
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SCHEME 28. Synthesis of 9-sulfenyl phenanthrenes by palladium-catalyzed iodine-promoted

reaction of o-(alkynyl)biaryls and disulfides

AN R*SSR* (1 (—j;quiv)
R2 S -R I, (2 equiv)
10 mol % PdCl,
- =
RSSR* N, THF, 80 °C
% ®
R*sl R'=H, Me, CI R*=Me, c-Hex, aryl Pd(ll)
lPd(II) R2=H, Me, F
y RS = n-Hex, aryl, 2-thienyl R*s|
R4S[Pd] Pd(0)
= N4
R2 x IR
—
[Pd]
R's R®

Later, the same authors reported an analogous global transformation for the synthesis of polysubstituted
naphthalenes (Scheme 29).!!5 In this case, the conditions previously reported for the cycloaromatization of o-
(alkynyl)biphenyls in the presence of disulfides lead to low yields, but a screening of different catalysts and
additives allowed the finding of an efficient method using an iron catalyst and benzoyl peroxide (BPO) as a
radical initiator in catalytic amounts. As in their previous report, inferior yields are observed in reactions where
electron-withdrawing groups are located either at the disulfide or at the arene or the acetylene of the
substrate. Based on experimental observations, a different mechanism is proposed to operate under these
conditions. The reaction would be initiated by addition to the triple bond of a RSI species, generated in situ
by reaction of the disulfide with iodine in the presence of BPO. Then, an iron catalyzed cyclization occurs,
leading to the final product after deprotonation. On the other hand, a free radical pathway starting with the
addition of RS- to the alkyne can not be ruled out. Moreover, this methodology can also be extended to the

use of diselenides as electrophiles.

31



SCHEME 29. Synthesis of polysubstitued naphthalenes by iron/BPO-catalyzed cycloaromatization
of 1-aryl-1-en-3-ynes in the presence of disulfides/diselenides

ST R3YYR3 (1 equiv) Sy

' 5 I, (2 equiv) ‘ i

FeClz (10 mol %)
BPO (5 mol %)

_ =

MeCN, 120 °C FsC

R? = aryl Y =8, Se

via or

NS

R3®YYR® gpo
+ —— 2R%YI + 2R3y
I2

Liu and Cheng have described a cycloaromatization initiated by intermolecular addition of an alcohol, also
used as solvent, to the triple bond of o-(alkynyl)styrenes with the double bond forming part of a methyl enol
ether. The authors propose a mechanism for substrates having a terminal alkyne in which addition of the
alcohol leads to a dienolether ntermediate, which experiments a cyclization with concomitant elimination of
methanol, finally giving rise to alkoxy naphthalenes in good yields although with limited scope (Scheme 30).!1¢
For example, no reaction occurs with 7-butyl, benzyl or allyl substituted alcohols, or with o-(alkynyl)styrenes
having strong electron-withdrawing substituents, such as NO, or F, in the aryl ring. Interestingly, a different
reaction pathway is observed when only two equivalents of MeOH i toluene as solvent are used; in this case,

an indene derivative coming from direct attack of the olefin to the alkyne is obtained.
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SCHEME 30. Synthesis of (alkoxy)naphthalenes by

(alkynyl)styrenes and alcohols

OMe

g1 | A IPrAuSbFg (5 mol %) R1_/
7Y R%OH, 80-150°C  f Y R?
6 R2 Y. OR?
_QQ0,
R' = Me, Cl, OR R3 = alkyl (Me, 1°, i-Pr) 38-88%
R2 =H, aryl
[Au)* (Al
= \/VOMe
via R1__ | P R1__
NS ™
[Au] E i [Au]
OR® MeOH | & OR®

gold(I)-catalyzed reaction of -OMe-o-

Moreover, phenanthrenes can be synthesized by copper-catalyzed reaction between aromatic N-

tosylhydrazones and o-(ethynyl)biaryls (Scheme 31).!'” The transformation starts with the reaction between

the hydrazone and the alkyne moiety to generate an o-(allenyl)biaryl species via a copper carbene. This

mtermediate evolves through a 6m-electrocyclization followed by isomerization to form the corresponding

phenanthrenes n good yields and very broad scope. The N-tosylhydrazone can either be preformed or

generated m situ in a one-pot protocol, and no influence of the substitution or electronic nature of its arene

ring is observed, whereas reactions with aliphatic hydrazones mainly afford non-cyclized allene derivatives

accompanied with other products. Moreover, a wide range of groups are tolerated at the external arene

moiety and, notably, completely selective cyclizations through the sterically favored position are observed for

unsymmetrically substituted biphenyls.
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SCHEME 31. Synthesis of phenanthrenes by copper-catalyzed reaction of o-(alkynyl)biaryls in the

presence of hydrazones

Me Me
R =N N=

| (30 mol %)
A Cul (15 mol %)
. TsHNNé\RZ LiOt-Bu (4.5 equiv)
A toluene, 120 °C

R'=H, t-Bu, CN, OMe, SMe
R? = aryl, heteroaryl

48-80% R’

via — - Y
N YA Q2

ey

On the other hand, Wu has reported a couple of transformations iitiated by pericyclic reactions on the
alkyne. Thus, the copper-catalyzed reaction of particular o-(ethynyl)styrenes, in which the external double
bond belongs to a methylenecyclopropane moiety, with sulfonyl azides is proposed to be initiated by copper-
catalyzed [3+2] cycloaddition of the alkyne and the azide affording a triazol mtermediate (Scheme 32, eq. 1).
This triazol would evolve by nitrogen extrusion generating a metalated ketenimine that experiences a 6m-
electrocyclization and leads, after a rearrangement involving cyclopropane ring expansion, to the final fused
indoline derivatives. These tricyclic adducts are obtained generally in good yields that slightly drop in reactions
involving electron-deficient azides or dienynes having halogens at the benzene ring.''® Related tiophene
derivatives also experience this transformation, although low yields are obtained (Scheme 32, eq. 2).
Moreover, only trace amounts of cycloaromatized product are observed in the reactions of the corresponding

pyridine or quinoline derivatives.
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SCHEME 32. Synthesis of indolines by copper-catalyzed reaction of 1-(cyclopropylidenemethyl)-2-

ethynylbenzenes and azides

N3SO,R?

Cul (5 mol %)
_ BN
SO.R dioxane, rt SO
NaS02 27-75% 2
[Cu] R'=H, Me = Me, aryl
R2=H, Me, F, Cl, OR ‘
R! R
RZ—/ | - =
S [Cu] r2 - )
— NS
N. N NSO,R?
N TSO,R?
ﬁ\ . /Z
N |) (A [Cu]
A\
N *=NSO,R3
[Cu]
N3SO,R®
s Cul (5 mol %)
< S EtsN S
—= \ )
% dioxane, rt N\SO R3
-489 2
R3 = Me, aryl 30-48%

The same authors have described a related synthesis of 7-allyl indoline derivatives also based on a
6m—electrocyclization of a ketenimine intermediate, although now this intermediate is generated in a different
way that allows for additional functionalization at position 7 of the final indoline structure (Scheme 33, eq. 1).
Starting from o-(alkynyl)styrenes structurally similar to the previous ones, but with a bromine-substituted triple
bond, the authors propose an iitial copper-catalyzed coupling with an allylamine generating in situ a new o-
(alkynyl)styrene. Aza-Claisen rearrangement would then lead to the ketenimine intermediate over which the
cyclization takes place.!" Broad scope at the arene and the allylamine is observed and, as in the previous
report, a thiophene derivative reacts in the same fashion although with reduced yield (Scheme 33, eq. 2). Low
yield is also achieved with N-allyl- P, P-diphenylphosphiic amide and, moreover, no reaction occurs when an

electron-defficient sulfonyl allyl amine or N-allylbenzamide are employed as coupling partners.
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SCHEME 33. Synthesis of 7-allyl indolines by copper-catalyzed

(cyclopropylide nemethyl)-2-(bromoe thynyl)benzenes and amines
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Cyclizations triggered by transformations over the terminal alkene of the dienyne have also been reported.

Thus, the reaction of o-(alkynyl)chalcones with hydrazine derivatives or hydroxylamine in the presence of

iodine in AcOH is proposed to start by oxidative cyclocondensation of the o.,3-unsaturated ketone with the

hydrazine or hydroxylamine. This initial transformation would lead to an o-(alkynyl)heterobiaryl adduct which

cyclizes to give the final tricyclic products in moderate to good yields (Scheme 34, eq. 1).!2° The conversion

of the mtermediate into the final products represents a “conventional” acid catalyzed cycloaromatization.

However, the overall transformation yielding naphtho[2,1-d]isoxazoles that occurs in one-pot from the

starting o-(alkynyl)styrenes exemplifies a cycloaromatization with concomitant incorporation of an additional

moiety. Regarding the scope, only reactions with a chalcone possessing a strong electron-defficient aryl ring at

R! fail and, in addition, the analogous quinoline-fused indazole and benzoisoxazole can also be synthesized

under the same reaction conditions starting with the appropriate dienyne (Scheme 34, eq. 2).
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SCHEME 34. Synthesis of 1H-benzo|g]indazoles and naphtho(2,1-d]isoxazoles by iodine-promoted

reaction of o-(alkynyl)chalcones and hydrazine derivatives
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2.2.2. Cycloaromatizations accompanied by migration or loss of a substituent. Other transformations
that can be taken out from the “conventional” cycloaromatization group are those which imply a migration
step and therefore the position of the substituents i the final cycloaromatized product differs from the one that
would be expected. The migrating group can be either a substituent of the triple bond or of the alkene.
Moreover, loss of a subtituent of the dienyne system during the cycloaromatization event has also been
observed in particular cases.

Migration of a substituent of the alkyne. Twasawa described in 2002 that the reaction of 1,3-dien-5-
ynes with an iodine substituent in the triple bond in the presence of W(CO)s* THF leads to cycloaromatization
with concomitant formal 1,2-migration of the iodine atom (Scheme 35, eq. 1, 2).!?"122 As in the case ofthe
W(CO)s*THF promoted cycloaromatization of o-(ethynyl)styrenes previously described by Iwasawa (see
Scheme 2, eq. 2), the reaction is proposed to proceed via a vinylidene mtermediate, that is now obtained by
migration of the iodine atom. Good yields of the corresponding iodo-naphthalenes are obtained for certain -
substituted o-(iodoethynyl)styrenes as starting materials using catalytic amounts of the metal complex,
whereas stoichiometric amounts are necessary in other cases to provide useful yields. During his studies about

the metal-catalyzed synthesis of phenanthrenes by cycloaromatization of o-(alkynyl)biphenyls, Fiirstner has
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also observed a concomitant migration of chlorine or bromine for alkynes substituted with these halogen
atoms when gold chloride is used as catalyst (Scheme 35, eq. 3).26:!23 The authors also propose a vinylidene
intermediate for this transformation, which was nitially supported by a teorethical analysis.?® Nevertheless,
later computational studies have demonstrated that a mechanism consisting in a 6-endo cyclization followed
by consecutive 1,2-H/1,2-halo migrations cannot be ruled out.'">* As commented above, the
cycloaromatization of these same substrates under In(Ill) catalysis efficiently leads to the products coming
from a “conventional” cycloaromatization (see Scheme 7, eq. 1), which evidences the extreme influence that
the catalytic species can exert in the outcome of the reaction.

SCHEME 35. Cycloaromatization accompanied of halogen migration of 1,3-dien-5-ynes with

halogen-substituted alkynes
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Moreover, a cycloaromatization accompanied by migration of a selenyl group has been described.'?> As
previously observed by Firstner for the related o-(haloethynyl)biphenyls (Scheme 7, eq. 1), the
cycloaromatization of o-(selenylethynyl)biphenyls proceeds through a conventional pathway, via cyclization

over an alkyne-metal complex, when In(OTf); is used as the catalyst.!>> However, under gold catalysis a
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concomitant selenyl group migration takes place during the cycloaromatization event, presumably involving a
vinylidene intermediate. In this way, selenylphenanthrenes with varied substitution at the external arene rings
can be synthesized in high yields (Scheme 36).

SCHEME 36. Cycloaromatization accompanied of selenyl group migration of o-

(selenylalkynyl)biphenyls
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Migration of a substituent of the alkene. L reported in 2003 the ruthenium-catalyzed cyclization of
1,3-dien-5-ynes having a terminal acetylene and a [-iodo substituted olefin, which proceeds with a 1,2-
migration of the halogen atom (Scheme 37, eq. 1, 2).° The reaction is proposed to start with a 6-endo-
cyclization over a vinylidene intermediate, as usual in the ruthenium-catalyzed cycloaromatization of 1,3-dien-
5-ynes having a terminal acetylene. However, i this case, a 1,2-iodo shift takes place in the generated
carbene intermediate, instead of the common proton elimination. The same behavior is observed for f3-
bromo-derivatives, although low yields are obtained in this case.
SCHEME 37. Ruthenium-catalyzed cycloaromatization of 1,3-dien-5-ynes accompanied of iodo

migration from the olefin
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Moreover, the same authors have reported that certain 3-aryl substituted o-(ethynyl)styrenes experiment a
ruthenium-catalyzed cycloaromatization-1,2-aryl shift, although in this case the aryl group migrates to a
different position than that observed for halogen atoms (Scheme 38, eq. 1, 2).° Nevertheless, this
transformation is not selective, and significant amounts of products coming from a “conventional’
cycloaromatization are also obtained, particularly for less electron-rich aryl substituents. The authors propose
that the formal aryl-shift can be explaned by an mitial 5-endo-cyclization over the usual vinylidene
mtermediate, followed by a 1,2-C—C-bond-shift. This mechanism is supported by isotopic labelling of the
carbon bearing the aryl group, which is found to be the one bearing the aryl group in the product as well.
SCHEME 38. Ruthenium-catalyzed cycloaromatization of o-(ethynyl)styrenes accompanied of aryl
migration from the olefin
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Continuing with the studies on ruthenium-catalyzed cycloaromatizations of 1,3-dien-5-ynes, Liu has also
described the use as starting materials of 1,3-dien-5-ynes with a cyclopentylidenyl or cyclohexylidenyl
substituent at the terminal olefin.'?® The reaction yields benzene rings where a new C—C bond is apparently
created between one of the a atoms of the cycloalkylidene and the mnternal carbon of the acetylene (Scheme
39, eq. 1). However a detailed mechanistic survey, supported by isotopic labelling, reveals that the

transformation is in fact a common 1,6-cycloaromatization, but accompanied by migration of a methylene

group from the cycloalkylidene moiety. The mechanism proposed by the authors starts with an
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electrocyclization of an initially formed vinylidene intermediate, as usually proposed in the ruthenium- catalyzed
cycloaromatization of 1,3-dien-5-ynes having terminal acetylenes. However, direct aromatization of the
generated intermediate is not possible, due to the disubstitution in the terminal carbon of the olefin of the
starting material and, therefore, this intermediate evolves by a 1,2-alkyl shift. Then, several rearrangements
take place finally leading to the observed cycloaromatized products. Interestingly, the products commng from
direct demetalation of the mtermediate obtained after the initial 1,2-alkyl shift are formed when a smaller ring,
such as cyclopropylidene or cyclobutylidene, is present in the starting materials, thus leading to final products
where a cycloaromatization accompanied by ring expansion has taken place (Scheme 39, eq. 2).

SCHEME 39. Ruthenium-catalyzed cycloaromatization of 1,3-dien-5-ynes with cycloalkylidene

moieties
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| AR (10 mol %) N\
2 ( n \/ r) (1)
R N e toluene, 100 °C R? n
[Ru] _ 63-93%
R'=H 4 RI.R2= cycloalkyl [Ru]
R?=n-Bu
n=1,2

N TpRu(PPh3)(CH3CN)PFg
(10 mol %)
n )n (2)
\\ toluene, 100 °C

n=1,2 23-68%

Moreover, Sanz has described that 1,3-dien-5-ynes having 3,3 -disubstituted olefins evolve in the presence
of catalytic amounts of a cationic gold complex by a cycloaromatization with 1,2-migration of one of the
substituents of the double bond.!?” Notably, when both substituents at 3 position of the double bond are

different a completely regioselective shift takes place, being the groups with a higher ability to stabilize positive

41



charge those which preferentially migrate. This methodology allows the regioselective synthesis of highly
substituted benzene rings in good yields with a variety of groups located at the five points of diversity (Scheme
40). The reaction starts with nucleophilic attack of the olefin to the gold-coordinated triple bond, yielding an
mtermediate that can be represented either as a carbocation or as a cyclopropyl gold-carbenoid. Considering
the carbocation intermediate, migration of R? implies the transformation of a secondary carbocation into a
more stable tertiary one. It is worth to note that for these 1,3-dien-5-ynes a “conventional’
cycloaromatization is not possible, as the usual aromatization of the intermediate by simple proton elimination
cannot take place due to the disubstitution in one of the C-atoms.

SCHEME 40. Gold-catalyzed cycloaromatization of 1,3-dien-5-ynes accompanied by selective

migration from the olefin
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Loss of a substituent of the alkene. Besides the examples described in Schemes 19, 21, 25, 27, 30 and
33, in which both incorporation of a new moiety and loss of a substituent of the dienyne occur, Kim has
recently described a cycloaromatization of 2-[o-(alkynyl)phenyl]indolizine-3-carbaldehydes that takes place
with concomitant deformylation.®* The reaction is promoted by TFA at room temperature and yields
benzo[e]pyrido[1,2-a]indoles in moderate to good yields although it is limited to substrates bearing an
(hetero)aromatic group at the triple bond. The authors propose that the deformylation takes place to recover
aromaticity after the mitial attack of the heteroaryl group to the alkyne. Noteworthy the same products can be

obtained from analogous starting materials lacking the formyl group under silver catalysis through a

42



conventional cycloaromatization process (See Scheme 9, eq. 4).

SCHEME 41. Deformylative cycloaromatization of o-(alkynyl)heterobiaryls

R = alkyl (Me, Et)
R? = aryl, 3-thienyl
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2.3. Cycloaromatizations with unusual topology

As already shown, most of the cycloaromatizations of 1,3-dien-5-ynes encompass a 1,6-topology, that is,
the new aromatic ring formed contains all the six carbon atoms of the dienyne system. However, scarce
examples of other topologies have been reported, being the 0,5 (See Figure 2), that is the connection of a
carbon atom bonded to the terminal position of the olefin with the internal position of the alkyne, the most
common among them.

In this regard, Liu has described the metal-catalyzed cycloaromatization of 1,3-dien-5-ynes bearing internal
alkynes and having substituents at the olefin with protons in the a.-position. In the final products, selectively
obtained in good yields, a new bond is formed between the a-C of one of the substituents on the olefin and
the internal C atom of'the alkyne, whereas the terminal C of the alkyne is not forming part of the new benzene
ring (Scheme 42, eq. 1, 2).'?® This outcome is in principle formally similar to that observed by the same
author for terminal alkynes (see Scheme 39), but now a different mechanism operates which implies a
cycloaromatization following a non 1,6-topology, via an itial [1,7]-hydrogen shift followed by a 6m-
electrocyclization and a subsequent [1,3]-hydrogen shift. RuCL and TpRu(PPh;)(CH;CN),PFs are
appropriate catalysts for the reaction of 1,3-dien-5-ynes having cyclic groups in the terminal olefin (Scheme

42, eq. 1), whereas the use of PtCl, and AuCl; is demonstrated to be efficient for 1,3-dien-5-ynes bearing
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acyclic substituents at that position (Scheme 42, eq. 2). The thermal cycloaromatization of both kind of
substrates is also possible, although generally low efficiencies are achieved.

SCHEME 42. Cycloaromatization of 1,3-dien-5-ynes triggered by [1,7]-hydrogen shift
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Moreover, Aguilar has described the synthesis of salicylic acid derivatives by gold-catalyzed
cycloaromatization of push-pull 1,3-dien-5-ynes that bear a carboxylic acid in the alkene terminus and an
alkoxy group as substituent of the alkyne (Scheme 43, eq. 1).'?° The reaction, that proceeds with remarkably
low catalyst loadings, is proposed to be initiated with a nucleophilic attack of the carboxylic acid to the gold-
coordinated triple bond, giving rise to an eight-membered-ring intermediate. Then, an alkoxy-group promoted
mtramolecular attack to the activated carbonyl group leads to a bicyclic mtermediate that yields the final
product after ring opening of the four-membered ring with concomitant aromatization. The decisive role of the
electron rich alkyne in the outcome of the reaction is demonstrated: substrates bearing an aryl-substituted
triple bond lead to 1,3-disubstituted benzene derivatives trough a 1,6-cycloaromatization/decarboxylation
process, and harsher conditions are necessary to achieve an efficient transformation (Scheme 43, eq. 2). This
differential behavior is explained based on the different evolution experimented by the common eight-

membered-ring intermediate bearing or not bearing an alkoxy group.
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SCHEME 43. Gold-catalyzed cycloaromatization of push-pull 1,3-dien-5-ynes
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Several further examples of cycloaromatization of 1,3-dien-5-ynes with a non conventional topology have
been reported following a common activation mode that implies coordination of the catalyst to the carbonyl
group rather than to the alkyne. In this regard, Jana has described a synthesis of phenanthrene derivatives by
ron-catalyzed cycloisomerization of o-alkynylbiphenyls with an acyl substituent in the ortho position of the
external aryl ring (Scheme 44).13° Altough the transformation is formally analogous to the one depicted in
Scheme 43, as it mplies a formal mntramolecular alkyne-carbonyl metathesis, a different mechanism is
proposed. Thus, it is suggested to start with a nucleophilic attack of the alkyne over the ron-coordnated
carbonyl group, leading to an alkenylic carbocation which subsequently generates an oxetene by
intramolecular trapping with the oxygen. Finally, a [2+2] cycloreversion gives rise to the final product and
regenerates the catalytic species. The reaction tolerates a wide number of substituents in the starting biphenyl
moiety, including electron-donating and electron-withdrawing ones. In addition, it is compatible with aryl and

alkyl groups in the triple bond, whereas terminal alkynes do not undergo this transformation.
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SCHEME 44. Iron-catalyzed cycloaromatization of o-alkynylbiphenyls with an acyl substituent

FeClz (5 mol%)
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Moreover Zhang has studied the cycloaromatization of o-(alkynyl)styrenes with two carbonyl substituents
in the terminal position of the external olefin. Different outcomes are observed for this particular type of 1,3-
dien-5-ynes depending on the substituents of the substrate and/or the metal complex employed as catalyst.

Thus, this kind of substrates lead to acyl substituted naphthalenes when Sc(OTf); is used as the catalyst
(Scheme 45, eq. 1, 2). TfOH has also been shown to act as an efficient catalyst, although lower yields than
for Sc(OTf); are generally obtained.'*! More recently, Au(OTf); has been reported as a useful catalyst for
this transformation, and the cycloaromatization of a related 1,3-dien-5-yne in which the central double bond is
not forming part of an aromatic ring is also achieved in this case, although with a moderate yield.!*? The
authors propose a mechanism similar to the one previously depicted in Scheme 44, in which a nucleophilic
attack of the alkyne over the activated carbonyl group takes place generating an alkenyl cation, which is
mtramolecularly trapped by the nucleophilic O[M] moiety. Finally, a retro-[2+2] cycloaddition gives rise to
the observed naphthalene derivatives. Noteworthy, the synthetic usefulness of this reaction seems to be
limited to aryl and alkenyl substituted acetylenes, as the use of n-butyl substituted starting materials leads to
mixtures of (alkynyl)naphthalenes, obtamed as major products, and the expected acyl substituted
naphthalenes.

Morover, in the particular case of o-(alkynyl)styrenes in which one of the carbonyl substituents is a phenyl

ketone, minor amounts of benzo[a]fluorenol derivatives are formed when these substrates are treated with
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Sc(OTH);, although the acyl substituted naphthalenes are still obtained in good yields (Scheme 45, eq. 2).!3!
Interestingly, these benzo[a]-fluorenol derivatives are isolated in moderate to good yields from the same kind
of starting materials in the presence of catalytic amounts of Au(OTf);, although a narrow substrate scope has
been described (Scheme 45, eq. 3).!3 In addition, the use of TfOH as catalyst leads to variable mixtures of
the corresponding acyl substituted naphthalenes and benzo[a]fluorenols, being the latter the major ones.!3!
This alternative pathway is explained by a Friedel-Crafts type cyclization of the intermediate alkenyl cation,
generated as proposed above, followed by protodemetalation and double bond isomerization.

SCHEME 45. Cycloaromatization of o-(alkynyl)styrenes with carbonyl-substituted olefins
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Furthermore, when analogous o-(alkynyl)styrenes having a cyclopropyl group linked to the triple bond are
used as starting materials a different evolution of the ntermediate formed after the nucleophilic attack of the
alkyne to the carbonyl group is observed, which depends on the reaction conditions.'** Thus, when employing
AgSbF; as catalyst cyclobutenyl naphthalenones are obtamed by ring expansion followed by pinacol
rearrangement (Scheme 46, eq. 1), whereas the use of In(OTf); in the presence of MeOH leads to
cyclopropyl naphthalenes (Scheme 46, eq. 2). In this latter case the carbocation generated after ring

expansion is trapped by the MeOH and, after aromatization with loss of [InJOH, a pinacol rearrangement
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generates an oxonium intermediate which is finally trapped by the [In]OH giving rise to the final products.
High selectivities towards cyclobutenyl naphthalenones are achieved when using AgSbF, as catalyst, as
long as the substituent initially placed in the carbonyl group has a good migrating ability. This factor also has a
significant influence in the selectivity of the In(OTf); catalyzed process (Scheme 46, eq. 3): moderate
selectivities are usually obtained, whereas a poor migrating group, such as methyl, leads to a completely
selective reaction, and a very good migrating group, such as p-methoxyphenyl gives rise only to the
corresponding cyclobutenyl naphthalenone, even under these conditions. Moreover, substrates with a

substituted cyclopropane lead to cyclobutenyl naphthalenones independently of the conditions used.
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SCHEME 46. Cycloaromatization of o-(alkynyl)styrenes with a carbonyl-substituted olefin and a

cyclopropyl alkyne
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On the other hand, Matsuda and Murakami have reported a synthesis of azulenophenanthrenes based on a
cycloaromatization mitiated by the intramolecular reaction of an alkyne with the acetylene moiety of a dienyne
system (Scheme 47).'3* Thus, nucleophilic attack of the alkyne over the platinum-coordinated acetylene gives
rise to an alkenyl cation intermediate, which is then attacked in a Friedel-Crafts type cyclization by the ipso-C
of an aryl group itially bonded to the triple bond of the 1,3-dien-5-yne. The formed spyrocyclic ntermediate

reorganizes, including a ring-expansion step, finally leading to the azulenophenanthrene derivatives in moderate

49



to good yields. Alternatively, the attack of the aryl group over the alkenyl cation intermediate can occur
through the ortho-C, giving rise to benzo[f]tetraphene derivatives that are observed as minor products in
some cases. Interestingly, the benzo[f]tetraphene becomes the major product when a substrate having a
particularly activated ortho position, that is with a m-methoxyphenyl as substituent of the triple bond, is used.
Moreover, the starting material is recovered when a 2,2’-di(alkynyl)biphenyl having a strong electron-
deficient aryl ring in both acetylenes is treated under the optimal reaction conditions, whereas the use of
unsymmetrical 2,2’-di(alkynyl)biphenyls leads to complex mixtures.

SCHEME 47. Synthesis of azulenophenanthrenes by platinum-catalyzed cycloisomerization of 2,2’-

di(alkynyl)biphenyls

PtCI(CgF 5)(COD) (10 mol %)
P(OCH,CF3); (10 mol %)

p-xylene, 120 °C
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R? = H, OMe

Other reagents can also be incorporated into the final products during the course of cycloaromatizations
with topology different from 1,6. For example, the synthesis of phenanthrene derivatives from o-
(alkynyl)styrenes having an o-ketoester at the ortho position of the external aryl ring in the presence of a
dialkylphosphite has been described (Scheme 48).!35 The phosphite promotes the cyclization by an initial
base-catalyzed attack to the ketoester moiety. Then, a [1,2]-phospha-Brook rearrangement occurs and the
generated enolate attacks the alkyne leading to a cyclized intermediate that gives rise to the final product after
a [3,3] rearrangement of the allyl phosphate group. The reaction is limited to o-(alkynyl)styrenes having a p-

nitrophenyl group as substituent in the alkyne; substrates having aryl groups with less electron donating
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groups, such as ester or CF; lead to low yields. Nevertheless, a wide range of substituents can be present in
the biaryl moiety, affording the corresponding phenanthrene derivatives in good yields. Moreover, fused aryl
rings are also well tolerated, thus allowing the synthesis of diverse isomeric tetracyclic compounds.

SCHEME 48. Synthesis of phenanthrene derivatives by cycloaromatization of o-(alkynyl)biaryls

with a ketoester moiety in the presence of a dialkylphosphites

Q
Pen;
-\ ~Oi-Pr )
H (\)i-P’r (1 equiv)
,l\llt-Bu o
Me,N—P—NMe,
Ns
CO,Et SP(NMe,); v
251 (10 molowy | Mez)s S
EtOAc, reflux
R' = H, Cl, OMe 47-94%
R2=H, CF3 F, OR
Ar = p-NO,CgH,

In addition, several examples have been reported involving 1,3-dien-5-ynes in combination with Fischer
carbene complexes, leading to transformations which encompass both a non 1,6-cycloaromatization and
incorporation of new moieties to the final product. Thus, Herndon itially reported in 1995 the reaction of
Fischer carbene-chromium complexes with 1-phenyl-1-en-3-ynes, yielding benzofuran derivatives (Scheme
49, eq. 1).13¢ In this case the six carbon atoms of the created aromatic ring include five coming from the
dienyne skeleton and one coming from one of the carbonyl ligands of the Fischer carbene-chromium complex.
The mechanism proposed for these transformations is related with that of the D6tz benzannulation and starts

with the msertion of the alkyne into the Cr—C bond of the carbene complex. Then, CO msertion leads to a

vinylketene intermediate that experiences a 6m-electrocyclization giving rise to a naphthol derivative which
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cyclizes to the observed benzofuran derivative. This reaction is limited to substrates having terminal alkynes,
as the product coming from an internal acetylene turns out to be unstable. This methodology has later been
expanded to 1,3-dien-5-ynes where the terminal double bond is not forming part of a phenyl ring and, in this
case, internal aliphatic alkynes are also suitable starting materials (Scheme 49, eq. 2).!37 Moreover, 1,3-dien-
5-ynes in which the central double bond is forming part of a heterocyclic ring can indeed be used as
precursors of the corresponding heterocycle-fused benzofurans.!3%13% In the latter reactions an additional
treatment with iodine or acid is necessary to convert a complex crude reaction mixture containing arene-
chromum complexes into the final tricyclic compounds. However, o-(alkynyl)styrenes and o-
(alkynyl)biphenyls are not useful as starting materials, as they yield mixtures of products.'*® Only in the case of
o-(alkynyl)styrenes having a terminal or TMS substituted triple bond selective processes are observed, but

furnishing five-membered rings instead of products of cycloaromatization (See Scheme 71).
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SCHEME 49. Cycloaromatization of 1,3-dien-5-ynes involving Fischer carbene complexes
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Also using Fischer carbene complexes, but in an ntramolecular fashion by bonding to the alkyne moiety,
Barluenga has described a synthesis of naphthalenes fused to diverse carbo- and heterocycles, in a process
that encompasses a 2,7-topology, as the new aromatic ring includes both carbon atoms of the alkyne, and
leaves out the terminal carbon of the olefin (Scheme 50, eq. 1 and 2).'#! The mentioned substrates react with
enol ethers, nitrones or dienes giving rise itially to the products coming from regioselective [2+2], [3+2] or

[4+2] cycloadditions, respectively, over the alkyne. When the terminal position of the olefin is substituted,
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these intermediates lead, afier heating, to the naphthalene derivatives through a metathesis process that is
mitiated by an irreversible carbonyl ligand dissociation (Scheme 50, eq. 1). However, if the olefin is
unsubstituted a cascade process is observed where the initially formed tetraene intermediate spontaneously
evolves at room temperature to a cyclopropane-fused dihydronaphthalene derivative (Scheme 50, eq. 2),
which is formed by consecutive 8n- and 67 -electrocyclizations. This difference in reactivity between terminal
and substituted olefins is attributed to the steric repulsion between the substituent in the olefin and the metal
fragment, which disfavors the 8mt-electrocyclization.

SCHEME 50. Synthesis of carbo- and heterocycle-fused naphthalenes from dienyne-tethered

Fischer carbene complexes
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On the other hand, an expedient synthesis of benzo[e]indoles by iodocycloaromatization of in situ-

generated o-(alkynyl)heterobiaryls has been reported, also following a global 2,7-topology (Scheme 51).142
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The nucleophilic pyrrol moiety is formed by reaction of an o-(alkynyl)cinnamate or chalcone with TosMIC in
dichloromethane. Whereas the conversion of the intermediate in the final products represents a conventional
iodocycloaromatization of an o-(alkynyl)heterobiaryl, the global transformation from the dienyne is an
example of a cycloaromatization with unsual topology, as one of the carbons finally forming part of the
aromatic ring is not coming from the initial dienyne moiety, but from an external reagent. The cycloaddition
tolerates o-(alkynyl)chalcones/cmnamates with varied substitution at the acetylene and also the presence of a
chlorine atom at the central arene ring. Interestingly, the outcome of the reaction is controlled by the solvent,
and spiro[indene-1,3’-pyrroles] are obtained if the global reaction sequence is performed in THF (see
Scheme 65, eq. 2).

SCHEME 51. Synthesis of 5-iodo-3H-benzo|e]indoles by iodo-cycloaromatization of in-situ

generated o-(alkynyl)heterobiaryls

R'OC
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3. SYNTHESIS OF FIVE-MEMBERED RINGS

As pointed out in the previous lines, 1,3-dien-5-ynes have been extensively used as valuable precursors
of benzene derivatives through cycloaromatization processes. However, in recent years the versatility of these
substrates has been expanded to the preparation of other carbocyclic frameworks. In this section the
synthesis of five-membered rings from 1,3-dien-5-ynes is discussed and classified attending to the skeleton
formed: 1-methyleneindanes, cyclopentadienes, fulvenes and cyclopentenones, as well as their benzofused

analogues.

55



3.1. 1-Methyleneindanes

A common strategy to efficiently access functionalized 1-methyleneindanes from o-
(alkynyl)benzylidenemalonates and related keto-ester derivatives has been described by different authors in
the last years. These processes comprise the creation of two new bonds in a tandem fashion: one between
carbons 1 and 5 of the dienyne system by a formal 5-exo cyclization and the other one through a Michael
mter- or intramolecular nucleophilic addition to the position 2 of the dienyne (Figure 3). Interestingly, this kind
of 1,3-dien-5-ynes functionalized with carbonyl groups have also been shown as useful starting materials in
cycloaromatization processes (See Schemes 45 and 46), which again highlights the importance of the

substitution pattern and the reaction conditions in the outcome of the transformations of 1,3-dien-5-ynes.

Michael addmon .
HNu i

COR1 OR1
COzRZ \ CO,R?
co2 2

5-exo cycllzatlon

FIGURE 3. Tandem approach to the 1-methyleneindane skeleton from 1,3-dien-5-ynes

This approach to 1-methyleneindanes from o-(alkynyl)benzylidenemalonates was first reported by Wu
using indoles as external nucleophiles in the presence of stoichiometric amounts of --BuOK (Scheme 52, eq.
1)."3 The corresponding cycloadducts are usually formed with high Z/E selectivity and isolated in excellent
yields for a variety of electron-rich or neutral indoles, whereas an indole with reduced nucleophilicity (R* =
Br) leads to the 1-methyleneindane product in moderate yield. However, the scope of the process is limited
to dienynes bearing a phenyl substituent at the triple bond and no cyclization is detected with substrates
bearing in that position an alkyl group. Moreover, a methyleneindane unsubstituted at the olefin is obtained
from a TMS substituted dienyne as a result of a complete desylilation. In addition, other nucleophiles tested
such as pyrrol, disopropylamine, p-anisidine, phenylacetylene and acetylacetone lead to no reaction or

complex mixtures. Nevertheless, the methodology can be extended to the use of imidazoles as nucleophiles
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(Scheme 52, eq. 2).'# The transformation is again limited to the use of o-(alkynyl)benzylidenemalonates with
aryl substituted triple bonds, and ocurrs with complete Z selectivity, leading to the corresponding products in
high yields except for 1,3-dien-5-ynes with OMe substituents in the central aryl ring, which afford only
moderate yields.

SCHEME 52. Synthesis of 1-methyleneindanes by base-promoted tandem reaction of o-

(alkynyl)benzylidenemalonates with indoles or imidazoles
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N . TR N MeCN, rt g2 I* ~ | 2T 2
R N CO,R'
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RZ=H, F, OMe 42-99%
R3 = aryl Z/IE >99:1

The effective use of primary amines as nitrogen nucleophiles in a related transformation has been reported
by Liang.!4 In this case the conjugated malonates bear a good leaving group at the propargylic position that,
in the presence of a base and a metal catalyst, triggers the formation of 1-vinylidenindanes (Scheme 53).
These products are obtained in moderate to good yields with benzylamine and a wide range of anilines
rrespective of the electronic nature of their substituents. However, reactions with phenol and diethyl malonate
as nucleophiles lead to no conversion under the developed conditions or to complex mixtures by forcing the
reaction conditions. Two alternative protocols have been developed which mainly diverge in the metal
employed, palladium or nickel, and a different mechanism is proposed for each metal. On the one hand, in the
presence of palladium, after the initial Michael-nucleophilic addition of the primary amine, a decarboxylation
occurs to form an allenyl intermediate that evolves to the final product by a regioselective intramolecular

nucleophilic attack. On the other hand, nickel activates the triple bond of the intermediate generated after the
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Michael addition towards an analogous regioselective nucleophilic attack that builds the indane core. Then,
o-heteroatom elimination renders the observed vinylidenindane.
SCHEME 53. Synthesis of 1-vinylidenindanes by palladium- or nickel-catalyzed reaction of o-

(alkynyl)benzylidenemalonates with primary amines

Pd(PPhg),, 1t
(5 mol %)
or R2

COLEt Ni(PPh3),Cl,, 45 °C NH
N (5 mol %) CO,Et
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N 0. .0 Cs,CO3, DMF 2
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Pd-catalyzed via : Ni-catalyzed via
R2NH R2NH
CO,Et
CO,E , CO,Et
(‘ CO,Et e CO,Et
CO,Et N
+ e .
Pd]) ' OCOR! NI 6cor!

Moreover, Youn and Joo have described the use of phenols as nucleophiles with o-
(alkynyl)benzylidenemalonates for the synthesis of 3,4-dihydrocoumarin-fused 1-methyleneindanes by a
tandem reaction catalyzed by Sn(OTf), (Scheme 54).'% The reaction is proposed to proceed by initial
arylation of the activated electron-deficient olefin followed by intramolecular lactonization that furnishes the
coumarin ring. Then, the indane skeleton is formed by intramolecular nucleophilic addition of a tin-enolate
onto the alkyne, activated by the Lewis acid as well. A subsequent proto-destannylation gives the observed
tetracyclic compounds. This tandem process displays broad scope at both the aromatic ring and the acetylene
of the dienyne system and furnishes the corresponding cycloadducts in good yields and exclusively as £
isomers, except for substrates bearing an electron-rich substituent at the phenyl ring or an alkyl group at the
alkyne where the E selectivity is low. The reaction is limited to highly electron-rich phenols or naphthols as
nucleophiles and, on the other hand, to diethyl or dimethyl malonates. In this sense, the replacement of a
carboxylate by a nitrile, a hydrogen or a ketone leads to moderate yields, no reaction or other adducts

respectively.
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SCHEME 54. Synthesis of 3,4-dihydrocoumarin-fused 1-methyleneindanes by tandem Sn(OTY),-

catalyzed reaction of o-(alkynyl)benzylidenemalonates with phenols

1 %y, Sn(OTh),
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E=COR" g3
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via | i
i

In addition, Zhang has developed an intramolecular version of these useful methodologies for the synthesis
of diverse fused-polycyclic compounds containing the methyleneindane skeleton by linking a vinyl or aryl
nucleophilic counterpart to the external olefin of the 1,3-dien-5-yne system.'3>!47 Thus, in the presence of
catalytic amounts of In(OTf);, and DBU in some examples, reactions under thermal conditions of o-
alkynylcinnamates with an additional cynammyl or benzoyl group at the terminal position of the external olefin
occurr in good yields to afford tetracyclic adducts bearing a quaternary stereocenter (Scheme 55, eq. 1, 2).
Moreover, the reaction with dienynes in which the internal double bond is not forming part of a benzene ring
also produces the corresponding polycyclic compounds in variable yields (Scheme 55, eq. 3). The two new
fused five-membered rings are formed in a selective cis configuration and the exo double bond usually
displays complete £ selectivity. Except for terminal acetylenes, the scope of the process is limited to
substrates having two or more electron-rich substitutents at the nucleophilic arene. Therefore, a dienyne with a
p-methoxybenzoyl moiety gives an almost equimolecular mixture of the corresponding tetracycle, formed
following the general process depicted in Figure 3, and a naphthalene (Scheme 55, eq. 4) obtained by an
mitial cycloaromatization (see Scheme 45). Furthermore, the reaction of a substrate possesing an indole ring

as the vinyl nucleophile stops at the Nazarov adduct and does not give any of the desired pentacycle probably
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due to the strain of polycyclic fused compounds containing five-membered rings.
SCHEME 55. Tandem In(OTf);-catalyzed synthesis of polycyclic compounds containing the
methyleneindane core from functionalized 1,3-dien-S-ynes
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Besides this general methodology, particular examples of syntheses of methyleneindanes from o-
(alkynyl)styrenes involving alternative topologies have been reported. For example, 3,3 -diaryl-substituted-o-
(alkynyl)styrenes cycloisomerize when heated at 80 °C in the presence of a gold catalyst through a formal
[4+1] cycloaddition between the double bond, one of the aryl rings, and the terminal carbon of the acetylene,
giving rise to dihydroindeno[2,1-a]indenes (Scheme 56).'* The reaction would start with a formal 5-endo
attack of the olefin to the gold activated triple bond followed by elimination of the only proton available and
protodemetalation to yield a benzofulvene derivative. In fact, these benzofulvene derivatives have been
isolated when the reaction is performed at 0 °C (Scheme 92), and it has been demonstrated that they convert
mto the corresponding dihydroindeno[2,1-a]indenes when heated in the presence of the gold catalyst or other
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Bronsted or Lewis acids. This final transformation could be explained by coordination of the gold catalyst to
the diene moiety of the benzofulvene generating an allylic carbocation that is intramolecularly trapped by one
of the aryl groups. As a result dihydroindeno[2,1-a]indenes with a quaternary stereocenter are obtained in
good yields and, moreover, with high selectivity when starting materials having two different aryl groups are
used. One example of a formal [4+1] cycloaddition of a -alkyl-3-aryl substituted o-(alkynyl)styrene is also
reported, although addition of an excess of Brensted acid to the reaction media is required to promote the
final cyclization step, and the reaction is overall less efficient. However, o-(alkynyl)styrenes with other
substitution patterns at the olefin follow different reaction pathways, mainly leading to indene derivatives (see
Section 3.2.)

SCHEME 56. Synthesis of dihydroindeno[2,1-a]lindenes by gold-catalyzed cycloisomerization of

B ,p -diaryl-o-(alkynyl)styrenes
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On the other hand, dihydropyrrol-fused 1-methyleneindanes can be obtained from o-(alkynyl)chalcones
and 2-isocyanates in a base-promoted cascade process (Scheme 57).'%° To explain the formation of these
tricyclic compounds, the authors propose the creation of the methyleneindane unit by an intermolecular
nucleophilic addition of the stabilized anion derived from isocyanoacetate to the alkynylchalcone, followed by
the construction of the fused heterocycle by an intramolecular reaction of the generated enolate. Then a 1,3-H

shift gives the observed dihydropyrrol-fused 1-methyleneindanes. This cascade reaction produces the
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corresponding cycloadducts in moderate to good yields provided that a hydrogen or an aryl group is attached
to the triple bond of the substrate, whereas complex mixtures are obtained with alkyl-substituted dienynes at
that position.

SCHEME 57. Synthesis of dihydropyrrol-fused 1-methyleneindanes by base promoted cascade

reaction of o-(alkynyl)chalcones with 2-isocyanoacetates

R'OC
COR! DBU S
reL | . c (1 equiv) w2l NH
S s CO,R* MeCN, 80 °C X \ CO,R*
R
3
R! = n-Pr, aryl R* = Me, t-Bu . R
R2 = H, Me, F, OMe 5 44-85%
R3=H, aryl . T
BH
R'oC
1
A~ ANCOR |
reL [N e %
A < 7< R2-- | N
N R3COR A \ CO,R*
R3
BH* B

3.2. Cyclopentadienes and benzofused analogues

The preparation of valuable synthetic intermediates such as cyclopentadienes and their benzofused
derivatives from 1,3-dien-5-ynes has also been described i the last decade. Attending to the topology of the
cycloisomerization, the new five-membered ring can be formed by connecting carbons 2 and 6 or,

alternatively, C1 and CS5 of the dienyne system (Figure 4).

FIGURE 4. Possible topologies for the cycloisomerization of 1,3-dien-5-ynes to cyclopentadienes

and related derivatives

62



3.2.1. Reactions with formation of a new bond between C2 and C6. Sanz and coworkers have
thoroughly examined the cycloisomerization of o-(alkynyl)styrenes under gold catalysis. This study revealed
that the substitution pattern at the olefin moiety of the dienyne controlls the outcome of the rearrangement.
Besides the synthesis of methyleneindanes from 3, -diaryl-o-(alkynyl)styrenes previously commented (see
Scheme 56), they have observed that B-mono or unsubstituted-o.-methyl-o-(phenylethynyl)styrenes cleanly
give the corresponding 6-endo adducts (Scheme 58, eq. 1), as it had been previously reported for that kind
of dienynes with different metal catalysts including gold (see Section 2.1.1.). On the contrary, under the same
reaction conditions, [3,p-disubstituted-o-(alkynyl)styrenes exclusively evolve through an unprecedented
formal 5-endo-cyclization (Scheme 58, eq. 2).!5%!5! This novel methodology is general and allows the
regioselective synthesis in high yields of 1 H-indenes with varied substitution at C1, C2 and at the arene ring.
This substitution encompasses alkyl and aryl groups at the olefin, electron-donating and electron-withdrawing
groups at the arene and almost all type of substituents at the acetylene, as only substrates with H, I or TMS at
that position lead to decomposition products. The same tendency in 5-endo vs 6-endo cyclization has been
later observed by Yeh in the indium-catalyzed cycloisomerization of o-(aminoethynyl)styrenes.'>?> Thus, a
seriecs of 2-aminonaphthalenes can be efficientty obtained from o-substituted-3-unsubstituted o-
(alkynyl)styrenes (Scheme 58, eq. 3), whereas starting materials disubstituted at the terminal position of the
olefin selectively lead to 2-amino-1H-indenes in generally excellent yields (Scheme 58, eq. 4). Moreover,
analogous o-(vinyl)thiophenylinamides are also efficiently cyclized under indium catalysis, observing the same
selectivity pattern.

Regarding the proposed mechanisms, in the case of the gold-catalyzed cycloisomerization the
nucleophilic addition of the olefin moiety over the gold-coordinated triple bond would provide, as proposed
for 1,3-dien-5-ynes depicted in Scheme 40, a cyclopropyl carbene intermediate that can also be represented
as limit resonance structures accounting for formal 6-endo or 5-endo cyclizations. This intermediate is more

accurately shown as a hybrid compiling all the possible resonance structures, with higher or lower
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contributions from one or another depending on the different substituents. For the indium-catalyzed process
an initial formation of a ketiminium ion is proposed, which can also experience formal 6-endo or 5-endo
cyclizations. In any case, the observed selectivity is explained on the basis of the stability of the mtermediate
carbocations generated after the intramolecular nucleophilic addition of the olefin. Thus, for o.-substituted- 3 -
unsubstituted (or monosubstituted)-o-(alkynyl)styrenes the tertiary-benzylic carbocation generated from a
formal 6-endo cyclization is more stable, and proton elimmation from this species accounts for the formed
naphthalenes. On the other hand, for o-unsubstituted-[3,[3-disubstituted-o-(alkynyl)styrenes the tertiary
carbocation coming from a formal 5-endo pathway becomes the most favorable species, and proton
elimination and protodemetalation from this intermediate explains the formation of indene derivatives.

SCHEME 58. 5-endo vs 6-endo selectivity in the cycloisomerization of o-(alkynyl)styrenes
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Moreover, gold-catalyzed reactions of B,[3-disubstituted-o-(alkynyl)styrenes in the presence of oxygen-
centered nucleophiles, such as water or primary or secondary alcohols, selectively give the corresponding
oxygen-functionalized indenes also in high yields and very broad scope at the dienyne system (Scheme 59,
eq. 1).15%151 The methoxycyclization is also efficient with [3-monosubstituted-o-(alkynyl)styrenes, whose
reactions under gold catalysis in the absence of methanol lead to complex mixtures (Scheme 59, eq. 2, R? =
H).!31153 In addition, the synthesis of oxygen-functionalized 1H-indenes having a quaternary centre at C1 is
also possible from a-methyl--aryl-o-(alkynyl)styrenes (Scheme 59, eq. 2, R? = Me). Notably, the latter
reactions reveal a crucial role of methanol to promote a complete switch on the selectivity of the dienyne
rearrangement from 6-endo to 5-endo (Scheme 58, eq. 1 vs Scheme 59, eq. 2).

An analogous alcohol induced switch in the selectivity of a cyclization has been also observed by the
same authors with related B,p-disubstituted-1,3-dien-5-ynes in the presence of catalytic amounts of a
cationic gold complex. In this case, functionalized cyclopentadienes are obtained in good yields and with
complete regioselection as a result of a formal 5-endo cyclization (Scheme 59, eq. 3),'>* whereas in the
absence of the oxygen nucleophile a tandem 6-endo cycloisomerization/1,2-migration occurs to exclusively
afford polysubstituted benzene derivatives (See Scheme 40).

All of these results are explained by intermolecular trapping of the intermediate generated by formal 5-
endo cyclization with the external nucleophile present in the reaction media. It is worth to note that in the
presence of an oxygen-centered nucleophile, and on the contrary to that observed i the absence of external

nucleophile, this is the preferred pathway regardless of the dienyne substitution.
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SCHEME 59. Gold-catalyzed alkoxycyclization of o-(alkynyl)styrenes and 1,3-dien-5-ynes

RS0OH R? 0R51
R
~ PPh3AUCI (5 mol %)
R R?  AgSbFq (5 mol %) =
N R R3 - | R* (1)
AN CH,Cly, rt N
R4
55-98%
R® = H, alkyl (Me, 1°, 2°)
1
R’ =Me, Ph orR-R2 = ~(CHy)3—
R2=H, alkyl (1°)
R®=H, F, Br, OR
R*= n-Bu, cycloalkyl, Ph, 3-thienyl, SPh
R2 OMe
R R 1
N [Au* / R
R T | + MeOH ——— = R3— | R* (2)
N CH,Cly, 1t X
R* 63-94%
R' = Me, aryl, OMe
RZ=H, Me [Au]* = PPh3AuSbFg (5 mol %) or
R3 =H, Me, F, OMe XPhosAuNTf, (2 mol %) or
R* = alkyl (n-Bu, t-Bu), aryl, PPh;AUNTf,(5 mol %)
3-thienyl
Me OR?
R Me R*OH Me
1
‘ A XPhosAuNTf, (5 mol %) R
RN CH,Cly, rt R ©
, T 2
N RS 2vl2 R
35-87%

R'=R?=n-Pr or R'-R?=cycloalkyl

R® = aryl, 3-thienyl °
R4 = alkyl (Me, 1°, 2°), —EG

In addition, using a gold catalyst derived from a BIPHEP ligand, the asymmetric version of these
rearrangements has been developed allowing access to elusive enantioenriched chiral 1H-indenes and
cyclopentadienes.!>% 131154 Good to excellent yields and high enantioselectivitiecs up to 93%, that can be
mproved to >98% by recrystallization, are obtamed provided that the conjugated dienyne bears an
(hetero)aromatic group attached to the alkyne and the central double bond is included in a carbocycle

(Scheme 60). Otherwise, high yields but low to moderate enantioselectivities are achieved.
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SCHEME 60. Gold-catalyzed enantioselective synthesis of 1H-indenes and cyclopentadienes from

1,3-dien-5-ynes

'
PAr; |

i
MeO. PAr, ' -

3 2 ! R4 ~ N

' : '

!

'
| MeO

L (S)-DM-MeO-BIPHEPi L*(AuCl), (5 mol %) \: R’
i Ar=35(Me)CeH; AgOTs (10 mol %) :
,,,,,,,,,,,,,,,, /
7] R3 (1)
CH,Cly, ~30 °C g
81-96% / ee = 6_8-86%
+ R°OH R1ORS;
. i 9 R
L*(AuCl), (2.5-5 mol %) N
AgSbFy (5-10 mol %) A~

CH,Cl,, —30 °C

31-99% / ee = 75-93%

12 1 plo_ .
R =MeorR-R (CHz)y— n=3, 4 (> 98% after recrystalization)

Ri =H, F,Br,OR o
25 e Lli’yfh('&"ey'1 i-Pr), —EG
On the other hand, diverse heterocycle-fused indenes can be prepared by gold-catalyzed ntramolecular
alkoxycyclization of o-(alkynyl)styrenes possessing a hydroxy group in their structure (Scheme 61, eq. 1,
2).151 Thus, indenes fused to five-, six or seven-membered oxygen-containing heterocycles are selectively
obtained in good yields although low stereoselectivity is observed when two diastereomers can be formed, as
for the intermolecular version.
SCHEME 61. Synthesis of heterocycle-fused indenes by gold-catalyzed cycloisomerization of

functionalized o-(alkynyl)styrenes

R!
Me
R PPh3AuCI (5 mol %) 10
N AgSbFg (5 mol %) O ) )
ve Qg
CH,Cl,, rt
. _OH z2
n 41-84%
R' = Me, i-Pr
n=1-4
N PPh3AuCI (5 mol %)
Me AgSbFg (5 mol %)
N
N CH,Cly, 1t
HO O 59-85%
n=01

Moreover, suitable substituted o-(alkynyl)styrenes are also valuable precursors of indene derived
tetracarbocyclic compounds under gold catalysis. In this sense, dihydrobenzo[a]fluorenes can be selectively

synthesized in a formal [3+3] cycloaddition from substrates bearing a secondary alkyl group at the 3-position
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of the styrene unit and an aromatic group at the acetylene (Scheme 62, eq. 1).!3 The reaction is proposed to
proceed through a tandem 5-endo cycloisomerization/1,2-hydride migration, instead of the common proton
elimination of related substrates (see Scheme 58). The new carbocation generated by this way would
experience a Friedel-Crafts-type alkylation reaction followed by a protodemetalation to finally afford the
tetracyclic adducts. Two isomeric dihydrobenzo[a]fluorenes with varied substitution patterns can be
selectively obtained n high yields and diastereoselectivities by simply controlling the reaction conditions.
Moreover, tetracyclic thieno-fused derivatives are also accessible by this methodology from a dienyne bearing
a thienyl group linked to the triple bond (Scheme 62, eq. 2). Furthermore, a single example of
dihydrobenzo[a]fluorene preparation from a symmetric 1,3,7,9-tetraen-5-yne in the presence of a phosphite-
derived cationic gold catalyst has also been reported.!”® The cycloadduct is obtained in high yield and
moderate diastereoselection and it is proposed to be formed by an intramolecular nucleophilic addition of the
extra olefin to the 5-endo ntermediate (Scheme 62, eq. 3). In contrast, reactions of related o-
(alkynyl)styrenes with the extra olefin lnked to the triple bond by an alkyl chain exclusively produce
pentacyclic compounds, probably by intramolecular cyclopropanation at the N-heterocyclic derived gold

carbene intermediate (Scheme 62, eq. 4).
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SCHEME 62. Synthesis of polycarbocyclic compounds containing an indene moiety by gold-

catalyzed cycloisomerization of functionalized o-(alkynyl)styrenes

R2 Me
R1 R? PPh;AuCl 9 LS A e
. s 3AUCl (5 mol %) H
PPh3AuCI (5 mol %) R . . AgSbFg¢ (5 mol %) J S
_ AgSbFg (5 mol %) _ O R — ’ =
R2 Me CH,Cly, 0 °C-rt
. 4 CH,Cly, 0 °C-rt 67-81% Ny 75% (dr = 7:1)
O N 1 R2 dr=5:1to >2201 ™) Me | (2)
& — RT R o A
S | Y | PPhsAuCH (5 mol %)
O PPh;AUCI (5 mol %) R3 . » s’ | AgSbFs (5 mol %) _ /
Ré | AGSbFs (5 mol %) _ ‘ ‘
DCE 80 °C bCE. 807C
. 72-86% 80%
R'=H, alkyl Me,Et)Pn el
R? = Me or R%-R? = —(CH,)5—
R®=H, Br
R*=H, Cl, OMe
via S
Me\” Me
Me *— 1 IPrAu(NCPh)SbF
P(OAr);AU(NCPh)SbF M 3 N Me R (é ol 0/3) 6 Me
(5 mol %) . - Me O R “)
CH,Cl,, —10°C O’ Q N ChaCl R "
2vi2, — n
Ar = 2,4-(-Bu),CeH _ R
724U Cos 86% (d.r. = 3:1) R'=H, Me 74-76%

Although, as shown above, gold-catalysis has been a fundamental tool in the synthesis of indenes from o-
(alkynyl)styrenes, other complementary approaches have been reported. Thus, Miura has described a
synthesis of  2-trimethylsilyl- 1 H-indenes by  DIBAL-H-promoted  cyclizaton  of  o-
(trimethylsilylethynyl)styrenes  (Scheme 63, eq. 1)."7 The reaction encompasses a regioselective
hydroalumination of the triple bond followed by an intramolecular carboalumination. Noteworthy, the trienic
mtermediate generated after the initial hydroalumination of the acetylene evolves by an alternative 67-
electrocyclization when the central double bond is not forming part of an aryl group (see Scheme 11). Both £
and Z monosubstituted styrenes cyclize efficiently under the reported conditions, although aliphatic
substituents are not well tolerated for Z olefins. Non-substituted, o-substituted and o,[3-disubstituted

styrenes also yield the corresponding indenes, whereas a [3,3-disubstituted substrate does not lead to the
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expected product. Moreover, in an effort for trapping the aluminated intermediate obtained after the
cyclization, the reaction has been performed in the presence of benzaldehyde. However, the expected
electrophilic trapping is not observed and a benzofulvene derivative is formed instead, which can be explained
by a dehydroalumination through a 6-membered transition state (Scheme 63, eq. 2). Nevertheless, this
process appears to be quite limited in scope and good yields are only shown for a couple of examples having
a TMS group as substituent of the olefin.

SCHEME 63. Synthesis of 2-trimethylsilyl-1H-indenes by DIBAL-H-promoted cyclization of o-

(trimethylsilylethynyl)styrenes

R R!
3
R1 R 2
N i-Bu,AIH (1.5 equiv) R
Al bt ™s ()
R* N hexane, 40 °C R4
™S 76-95%
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R2 =H, aryl, TMS
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1
R3 R! RS R! . R [A]
— —_— 2
R |- R2 |—» O R .
__ s _m [ )™
R* R4 (Al R4
H [Al] H TMS H
1
i 1.7BUAIH (15 equiv) R
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R2 N 2. PhCHO (10 equiv), rt O’ T™S
™S R?
R' = n-Hex, TMS ’%O 23-89%
2_ Ph—" ™
R=H, F q | [A] R

via H H
" TMS
RZ
H
On the other hand, indenes functionalized at C3 can be obtained by using different strategies encompassing
the use of additional reagents. For example, although less fruitful than analogous halocycloaromatizations,
direct halogen activation of the alkyne towards a formal 5-endo nucleophilic attack of the terminal alkene of
the dienyne has been reported. In this sense, the iodocyclization of [, -disubstituted o-(alkynyl)styrenes
provides an efficient access to 3-iodo-1H-indenes (Scheme 64, eq. 1).!°® As in the related gold-catalyzed

cyclizations reported above, the disubstitution at the -position of the external olefin seems to be crucial for
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the 5-endo ring closure (a 6-endo cyclization is observed for the corresponding o.-methyl styrene substrate,
see Scheme 18, eq. 1), probably through the key formation of a stabilized tertiary carbocation intermediate.
These reactions occurr with broad scope, high yields and total regioselectivity using NIS as electrophilic
reagent. Molecular iodine as well as NBS can also be used as halogen sources although lower yields and
selectivities are achieved. In addition, further functionalization of the indenes is possible by adding an excess
of an external nucleophile to the reaction media such as methanol (Scheme 64, eq. 2) or through palladium-
catalyzed cross-coupling reactions with the halogen.

SCHEME 64. Synthesis of 3-iodo-1H-indenes by iodocyclyzation and methoxyiodocyclization of o-

(alkynyl)styrenes

NIS (3 equiv) 7
3

I 1 ‘ R4

R R2
CH,Cly, reflux X , R’
R
= ~R2 -92% | °
N 71-02% 1R | "
X \R ] R2—, OMe N
N + MeOH R

R* |
NIS (3 equiv) =
L >gr3 | R4
CH,Cly, 1t X
R' = Me, Ph % 2)
R2=H  OF R™-R?=—~(CHy),- 58-81%
R®=H, F, Br, OR n=34

R* = alkyl (1°), aryl, 3-thienyl, SPh
Moreover, ICI promoted reaction of 4’-methoxy-2-ethynylbiphenyls gives spirocyclic iodoindenes in
excellent yields via a 5-endo cyclization through the ipso C of the p-methoxyphenyl group (Scheme 65, eq.
1).'>” The reaction is general at the alkyne but the ipso selectivity is limited to substrates bearing the p-
methoxy arene as nucleophile, while substrates with other aromatic groups lead to iodophenantrenes through
a conventional iodo-cycloaromatization (see Scheme 16). In this sense, the spirocyclic derivatives can also be
rearranged to the corresponding phenantrenes by treating them with sulfuric acid in mixed CH,CL/MeOH.
A related ipso-5-endo iodine-promoted cyclization of 3-(2-ethynylphenyl)- 1 H-pyrroles, generated in
situ from o-(alkynyl)cinnamates and TosMIC i the presence of NaH, allows the synthesis of spiro-2-aryl-3-
iodo-indenes through a 3-(o-alkynylphenyl)pyrrol intermediate (Scheme 65, eq. 2).!4? These reactions,

conducted n THF by a sequential one-pot protocol, afford the spiro-3-iodo-indene derivatives diiodinated at
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the pyrrol unit in moderate yields referred to the starting cinnamates, as a result of the mitial periodination of
the heterocyclic unit followed by the 5-endo cyclization. Interestingly, the tandem reaction is solvent
dependent, and a conventional cycloaromatization of the intermediate o-(alkynyl)biaryl selectively occurs in
dichloromethane to give benzo[e]indoles (See Scheme 51).

SCHEME 65. Synthesis of spirocyclo-3-iodo-1H-indenes by iodine-promoted iodocyclization of

particular 1,3-dien-5-ynes

(0]
OMe
ICI (1.5 equiv) a
R = R'_| R? (1)
™ CH,Cl,, 78 °C X
N |
R2
R'=H, OMe 88-95%
R? = n-Hex, aryl, heteroaryl
|
1. NaH (2.5 equiv) /N
7 N COEt 15 THE 1t EtO,C \
R—\ | + —_— > ; = |2 (2)
NC 2. 1, (4.0equiv), it R | R

On the other hand, o-(alkynyl)benzylideneketones have demonstrated to be valuable precursors of 3-
haloindenes by metal-mediated reactions in the presence of a nucleophilic halogen source. For example, Lu
has reported that the intermediate generated by intermolecular addition of a halogen coming from a LiX
species to the palladium-activated triple bond undergoes an olefin insertion followed by protonolysis of the
carbon-palladium bond to afford the corresponding 3-haloindenes (Scheme 66, eq. 1). Moreover, 3-
acetoxyindenes can be synthesized in a similar way by performing the reaction n HOAc and i the absence of

LiX species (Scheme 66, eq. 2). Both 3-functionalized indenes are obtained in good yields.'®°
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SCHEME 66. Palladium-catalyzed synthesis of 3-halo- and 3-acetoxy-1H-indenes from o-

(alkynyl)benzylideneketones

0
o)
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An analogous synthetic strategy has been employed by Srinivasan using stoichiometric amounts of FeX; or
I, as reaction promoter and halogen source.!'®! These reactions occur with good yields although the scope is
limited to o-(alkynyl)benzylideneketones having an electron-rich arene (Scheme 67). The mechanism
proposed by the authors differs from the palladium-catalyzed transformation previously depicted. In this case,
the Lewis acid would activate the o, -unsaturated ketone towards an intramolecular conjugated addition of
the acetylene. A vinyl cationic intermediate would be thus generated and intermolecularly trapped by a halide

ion to produce an enolate that, in the presence of water, would render the observed haloindenes.
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SCHEME 67. Lewis acid-promoted synthesis of 3-halo-1H-indenes from o-

(alkynyl)benzylideneketones

(e}
O
. R
= N 1 FeCls, FeBrj or I, (1 equiv) =
R2:— | R R2__\ | R3
X
\\ DCE, reflux
R3 65-90% X
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R® = n-Bu, aryl
Z. zZ,
~ —
via r2 I \\ R1 —_— _ R1
X RZ= | R3
N
N, X -

ZX = FeCly, FeBry or I,

Moreover, indenes having a organotin substituent at C3 can be accesed by cycloaromatization of o-
(alkynyl)styrenes in the presence of tributyltin hydride and a radical initiator. As pointed out in Section 2.2.1,
the outcome of this radical cascade reaction of o-(alkynyl)styrenes is determined by the substitution at [3-
position of the styrene unit. In fact, whereas alkyl groups lead to naphthalene derivatives (see Scheme 25), a
radical-stabilizing substituent, such as ester, amide, cyano or phenyl, at that position completely switches the
selectivity of the cyclization to the exclusive formation of indene derivatives (Scheme 68, eq. 1). The reaction
is proposed to proceed through a 5-exo-trig cyclization of the least stable radical mtermediate to form an
indene species that, rather than evolving through a ring expansion as observed for o-(alkynyl)styrenes bearing
H or alkyl groups at the alkene terminus (see Scheme 25), undergoes a H abstraction to give, after a
hydrolysis step or alternatively by further functionalization, the corresponding 2-substituted and 2,3-
disubstituted indenes in high yields and wide scope.!?%!1%-162 Moreover, indene derivatives with an additional
double bond are obtained from a thioether substrate through B-C—S scission at the indene radical

mtermediate, which is also an experimental evidence for the proposed mechanism (Scheme 68, eq. 2).
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SCHEME 68. Radical-mediated synthesis of indenes from o-(alkynyl)styrenes

R!

H30* R2
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AIBN (0.4 equiv) O’ R2 66-91%
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= ) toluene, reflux CO,Et
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R'= CO,Et X .
R2=p.py X=Ph 86%

R! X=1 95%
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e[S
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1 BuzSnH (1.2 equiv)
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2 H3O*

69% 12%
EtS N
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Bertrand and Nechab have made use of an organocopper-triggered cyclization to access chiral 3-alkyl

indenes with high enantiomeric exceses and moderate to good yields and diastereoselectivities (Scheme

69).19 The reaction takes place with chirality transfer from enantiomerically enriched o-(alkynyl)chalcones

with a propargylic carbonate moiety. The mechanism that accounts for this transformation begins with

selective addition of an organocopper reagent to the propargylic carbonate in a Sy2’ fashion, generating an

allene intermediate in a process that occurs with central-to-axial chirality transfer. Then, carbocupration of the

allene with a second equivalent of the organocopper reagent occurs, in a step that implies another chirality

transfer, in this case axial to central. Finally, diastereoselective intramolecular 1,4 addition and hydrolysis gives

rise to the chiral indene derivatives. Interestingly, almost complete chirality transfer from the starting material

to both formed diastereoisomers is observed in all the cases studied, and indenes bearing a cuaternary

stereocenter can be obtained with high enatiomeric excesses by this methodology.
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SCHEME 69. Synthesis of 3-alkylindenes by organocopper-triggered cyclization of o-

(alkynyl)chalcones with a propargylic carbonate moiety

R1
RZ O ©
1. R*Cu-Et3B (2.6 equiv) R2 5
R THF, —78 °C to rt OO R
N 2. NH,OH/NH,CI (1/10) R4
N R3 s
MeO,cO R'=aryl, OR 43-67%
R2 = H. Me dr 65:35->95:5
[R*Cu] . R3 = Me, aryl ee ca. ee from s.m.
0CO,Me R*=alkyl (Me, 1°, i-Bu, t-Bu) H*
[Cu]
RZ O

Indenes having a phosphorous substituent in C1 can also be synthesized from appropriate o-
(alkynyl)benzylidenemalonates and phosphorochloridites in the presence of a base (Scheme 70). This
approach is based on the cyclization of in situ generated styryl substituted allenyl phosphonates. The nature
of the substituents at the termial carbon of the allene unit, i.e. the propargylic carbon in the starting material,
determines the outcome of'the reaction. Thus, dialkyl-substituted propargyl derivatives produce in good yields
phosphono-indenes that would be formed by an intramolecular ene reaction at the allene intermediate and
subsequent isomerization (Scheme 70, eq. 1).'% However, the corresponding terminal allenes generated from
alcohols unsubstituted at the propargylic position evolve through a [2+2] cyclization to selectively afford n
quantitative yields phosphorous-functionalized cyclobutane-fused indenes or their [2+2] dimeric adducts
depending on the bulkiness of the P(III) reagent (Scheme 70, eq. 2, 3).'® Moreover, quantitative formation
of benzo[b]fluorenes occurs with substrates possessing a phenyl group at the propargylic position (Scheme
70, eq. 4). In this case, the extra aryl group partakes in a formal [4+2] cycloaddition that would afford the

observed tetracycles by rearomatization.
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SCHEME 70. Synthesis of 1-phosphono-indenes and related polycyclic compounds by reaction of
0-(3-hydroxyprop-1-yn-1-yl)benzylidenemalonates with phosphorochloridites

Co,R' (P—CI(1 equiv) R'0 co, R1
CO R NEt3 (1 equiv)
OH THF, 0-60 °C
R? (P=0
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68-76%
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_—
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(1) via ene reaction (2), (3) via [2+2] (4) via [4+2]

3.2.2. Reactions with formation of a new bond between C1 and CS. Early examples of indene synthesis
by creating a new bond between C1 and C5 of an o-(alkynyl)styrene system were reported by Herndon
during his studies on the reactivity between 1,3-dien-5-ynes and Fischer carbene complexes.!'®® Thus, he
found that indene derivatives can be selectively obtained in good yields from selected o-(alkynyl)styrenes with
terminal or TMS substituted triple bonds and electron-donating groups either in the a-position of the olefin or
in the aryl moiety (Scheme 71). In some cases double-bond isomers are also obtained as minor products.

The process starts with the insertion of the alkyne in the Cr—C bond of the carbene complex, as proposed for
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the benzannulation reactions previously reported (see Scheme 49). However, now a nucleophilic attack of the
alkene to the carbene carbon, favoured by the presence of electron-donating groups, occurs instead of the
expected CO nsertion, thus finally leading to indene derivatives after loss of the metal, isomerization and
hydrolysis. On the other hand, o-(alkynyl)styrenes with unsubstituted or [B-Me-substituted olefins lead to
significant amounts of cycloaromatized products together with the indene derivatives and/or their isomers.

SCHEME 71. Synthesis of indenes from o-(alkynyl)styrenes and Fischer carbene complexes

R2 OMe R2
3 1 3
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A modern strategy for the construction of the indene skeleton by connecting C1 and C5 of the starting 1,3 -
dien-5-ynes is based on a gold-catalyzed oxidative cyclization. Liu initially described this approach in the
reaction of 8-methylquinoline N-oxide with o-(aminoethynyl)styrenes in the presence of a cationic gold
complex (Scheme 72, eq. 1). These reactions afford 3-aminocarbonyl-substituted indenes in high yields and
with complete selectivity when the external olefin of the dienyne is unsubstituted; otherwise, moderate yields
are obtained due to the formation of appreciable amounts of acyclic adducts. !¢’ Moreover, this reaction is
restricted to aminoethynyl styrenes, as substrates unsubstituted or alkyl-substituted at the alkyne exclusively
produce benzocyclopentenones (see Scheme 94, eq. 1, 3). The reaction is proposed to proceed through the

formation of an a-amido gold carbenoid ntermediate generated by a regioselective oxidation at the termmal
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carbon of the acetylene of the starting dienyne and subsequent rearrangement. Then, carbocyclization would
occur followed by a 1,2-H shift that finally gives the observed 3-(aminocarbonyl)indenes. The latter proton
shift is experimentally supported by deuterium-labelling experiments.

The same strategy has been later employed by Ye for the synthesis of 9-(aminocarbonyl)fluorenes from
appropriate o-(aminoethynyl)biaryls (Scheme 72, eq. 2).'®® The functionalized tricyclic compounds are
obtained in moderate to good yields although with narrow scope at the external aryl of the conjugated system,
that should be unsubstituded or alkyl substituted. In this sense, halogen substitution at that benzene ring leads
to <10 % of the desired fluorene and, on the other hand, a substrate with a methoxy group at this arene
efficiently furnishes an spirocyclic indene as a result of direct cycloisomerization without oxidation.

SCHEME 72. Synthesis of 3-(aminocarbonyl)indenes and 9-(aminocarbonyl)fluorenes by gold-

catalyzed oxidative cyclization of o-(aminoethynyl)styrenes

8-methylquinoline N-oxide
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|
R'=H Me R’
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An mteresting oxidant-dependent chemoselectivity has been reported in the analogous gold-catalyzed
oxidative cycloisomerization of substituted 1,3-dien-5-ynes having a terminal alkyne.!®® Thus, whereas

reaction with 8-methylquinoline N-oxide gives cyclopentenones (see Scheme 94, eq. 2), the reaction with less
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nucleophilic 3,5-dichloropyridine N-oxide exclusively produces cyclopentadienyl aldehydes under same gold-
catalyzed conditions (Scheme 73). These reactions occur with moderate to good yields provided that a
tetrasubstituted substrate is employed as starting material. The favored formation of these cyclopentadienes
over the cyclopentenones is attributed to an exchange in the order of the cyclization and oxidation steps along
the reaction mechanism. Moreover, a related iminocylization allows the synthesis of the corresponding
cyclopentadienyl imines with similar yields and scope. Furthermore, this chemoselectivity switch is not
observed for related J3,B-disubstituted o-(alkynyl)styrenes that exclusively afford the expected
cyclopentanones even when 3,5-dichloropyridine N-oxide is used as oxidant (Scheme 94, eq. 3).

SCHEME 73. Synthesis of cyclopentadienyl aldehydes or imines by gold-catalyzed oxidative
cyclization of 1,3-dien-5-ynes

R3

Rr' Cl R!
\O/ IPrAUCHAGNTF, (5 mol %)
2 R2
R DCE, 80 °C R A\
X
X = o NTs 39-83%
R'=Me
R? = alkyl, ph O R R = ~(CHa) RS

R® = Me

R
n=45 via 2
Ré=ph O R3-R* = cycloalkyl R* R
AU

Moreover, Jiang, Tu and L have described a straightforward synthesis of 11-sulfonyl-11H-
benzo[b]fluorenes based on a catalytic arylsulfonyl radical-triggered bicyclization of o-(alkynyl)chalcones in
the presence of a copper catalyst (Scheme 74).17° Noteworhty, both a five-membered ring and an aromatic
ring are built in a single step i this transformation. The reaction starts with the addition of a sulfonyl radical,
generated in situ from the corresponding sulfonyl hydrazide in the presence of BPO and TBAL, to the internal
carbon of the olefin of the o-(alkynyl)chalcone, followed by a 5-exo cyclization over the copper-coordinated
triple bond. Then, homolytic cleavage of the copper-carbon bond occurs, forming a vinyl radical intermediate
that cyclizes to form the new six-membered ring. Subsequent single electron transfer oxidation, deprotonation
and final tautomerization lead to the final products. In this way 5-aryl-11-arylsulfonyl- 1 1 H-benzo[b]fluorenes

can be synthesized in moderate to high yields. Moreover both electron-withdrawing and electron-donating
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groups are well tolerated as substituents of the aryl group which participates in the cyclization.
SCHEME 74. Synthesis of 11-sulfonyl-11H-benzo[b]fluorenes by arylsulfonyl radical-triggered

bicyclization of o-(alkynyl)chalcones

0 TBAI (20 mol%)
S R’ Cu(OAc), (5 mol%)
RS o, o BPO(Geq)
‘ PN N PivOH (2 equiv)
N 7%t HNHNTTR® ——————
R2 b MeCN, 100 °C
S TBAI
R'=H, Me, Br N ) BPO
R2 = aryl
R® = aryl o, o
.
o) »
N | L
¢ _
A
cuy R
_ \ _ r
R3 é/;o Rs*S“;O
o) " o) o
24 -5 A -
Cu
\ [Cu] ‘ P [Cu] \ Ar-\ =
2 H R2 \
L _ i o

3.2.3. Reactions involving a migration of a carbon atom of the alkene. As part of his studies on
ruthenium-catalyzed cycloisomerizations of 1,3-dien-5-ynes (see Schemes 37-39), L has described that
B,B-disubstituted o-(ethynyl)styrenes produce 2-alkenyl- 1 H-indenes usually in high yields (Scheme 75).!"!
However, this transformation is not completely selective, and variable amounts of isomeric naphthalenes,
coming from a formal 6-endo cyclization, are also formed depending on the position and electronic nature of
the substituents at the central aromatic ring and on the substitution at the alkene terminus. Based on
deuterium- and *C-labelling experiments the authors propose a plausible mechanism for the indene formation.
Thus, the reaction is initiated by a 5-endo-cyclization over a ruthenium-vinylidene intermediate that, after
different rearrangements, gives a isobenzofulvene intermediate where cleavage of the original C—C double
bond of the dienyne has occurred. Further evolution of the isobenzofulvene adduct catalyzed by the cationic
ruthenium complex through a benzyl cation intermediate accounts for the formation of the observed 2 -alkenyl-

1 H-indenes.
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SCHEME 75. Ruthenium-catalyzed synthesis of 2-alkenyl-1H-indenes from o-(ethynyl)styrenes

TpRu(PPh3)(CH;CN),PFg 2
N
R37/ | A R2 (10 mol %) R3 = | R
- R! e
N AN benzene, 80 °C g \ R’
=4 68-91%
R' = alkyl (Me, Et), Ph .
R2 = H, alkyl (Me, Et) O R'-R®=~(CHz)o—
R3=H, t-Bu, F, Cl, OMe n=4,5
R2
R3 R R? ra_ [RuURC
/\ 1 /\‘ Rul* 29 s/
via | R > [Ru] |
A + N R1 NS ~ R1
—*=[Ru] *

3.3. Fulvenes and benzofused analogues

Most of the syntheses of fulvenes, benzofulvenes and methylenefluorenes from 1,3-dien-5-ynes imply the
formation of a new bond between carbons 1 and 5. However, diverse transformations following different
mechanisms can lead to this topology. Moreover, scarce examples following other topologies have been
reported.

3.3.1. Reactions with formation of a new bond between C1 and C5. One of the more general
strategies for the synthesis of fulvenes from 1,3-dien-5-ynes is depicted in Figure 5. It consists on the initial
activation of the alkene moiety, either by direct C—H activation or via oxidative addition of a C—halogen bond

to a metal catalyst. Then, a regioselective intramolecular carbometalation of the alkyne occurs, and the

vinylmetal intermediate can evolve by a protodemetalation or experience further functionalization.
2

2
3
1
4
52\
s NS N M 6
Lo ) L — 1 N\ |
™ ™ A
A N ] 3 )
—
X =H, Cl, Br N
6
R

FIGURE 5. Main strategy for the synthesis of fulvenes from 1,3-dien-5-ynes with formation of a

new bond between C1 and C5

In the following lines, reactions initiated by C—H activation are first considered, followed by those starting
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with an oxidative addition.

We have previously discussed how o-(alkynyl)biphenyls can serve as eflicient precursors for the synthesis
of phenanthrene derivatives under different metal catalysis by formal 6-endo cyclizations (see Section 2.1.1.).
However, under certain conditions these substrates can lead to methylenefluorenes via a formal 5-exo
cyclization. In this sense, Gevorgyan has reported an efficient synthesis of methylenefluorenes from o-
(alkynyl)biaryls using a palladium catalyst (Scheme 76, eq. 1).!7>!73 Noteworthy, the reaction is completely
cis selective in all cases. Moreover, biaryls containing electron-defficient groups react faster than those with
neutral ones, whereas reactions of substrates with electron-donating substituents are sluggish, which supports
a C—H activation pathway rather than an electrophilic activation of the alkyne. Kinetic isotope effect studies
also are in better agreement with the suggested C—H activation.

More recently, Hamze and Alami have studied the selectivity in the metal-catalyzed cyclization of o-alkynyl-
(1-arylvinyl)benzenes, and they have found, in lne with the previous observations of Gevorgyan for o-
(alkynyl)biphenyls, that a selective synthesis of benzofulvenes via a formal 5-exo cyclization takes place when
using a palladium catalyst (Scheme 76, eq. 2), whereas cycloaromatization occurs in the presence of a gold
catalyst (see Scheme 6, eq. 2).!° With this methodology, benzofulvenes can be synthesized in good yields
and, in contrast with the formation of fluorenes reported by Gevorgyan, with total trans-stereoselectivity.
Either electron-withdrawing or electron-donating substituents are well tolerated in both of the aryl groups
whereas alkyl substituents do not lead to the cyclized products. Computational studies also support a C—H
activation pathway for this transformation.

A related methodology based on the use of palladium catalysis has been used by Jeong for the synthesis of
trifutoromethyl-substituted benzofulvenes from 2-trifluoromethyl- 1,1-diphenyl- 1,3-enynes, although a narrow

scope is surveyed and the products are in this case obtained as a mixture of isomers (Scheme 76, eq. 3).'7
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SCHEME 76. Synthesis of methylenefluorenes and benzofulvenes by palladium catalyzed

cyclization of 1,3-dien-5-ynes

3
« IR Pd(OAc), (5 mol %) \ /
d-i- Prpf (7 mol %)
% toluene, 120 °C
RZ

R'=H, Me, CF3, CO,Me, F 77-98%
R? = aryl, 3-pyridyl, CO,Et (30-47% when R' = Me)

Pdl, (10 mol %)
Dppp (20 mol %)
052003 (1 equiv)

dioxane, 150 °C

(sealed tube) 0
R1 RZ = ary| 57-88%

|
FaC7 N TFA: CH,Cl, (4:1), 1t FsC™
R R!

R'=alkyl (1°), aryl 58-83%

o =
Pd(OAC), (10 mol %) '

via ' |

Although palladium complexes have been the most commonly used catalysts for the synthesis of fulvene
derivatives via C—H activation of the alkene/arene moiety, a rhodium-catalyzed protocol has also been
reported by Shibata.!” Thus, cyclization of 3-alkynyl-2-arylpyridines in the presence of catalytic amounts of
[Cp*RhCL], and Cu(OAc), leads to 4-azamethylenefluorene derivatives in moderate to good yields and
generally low diastereoselectivities (Scheme 77, eq. 1). The proposed mechanism for this transformation
starts with a pyridine-directed C—H activation, facilitated by the acetate. Then a “rollover” occurs giving an
mtermediate in which the metal is coordinated to the alkyne, similar to the one proposed i the palladium
catalyzed reactions discussed above. The directing role of the pyridine in the C—H activation is confirmed by
the lack ofreactivity of substrates missing the N at this position. Analogously, 3-alkynyl-2-heteroarylpyridines
can also be cyclized using this methodology, although in this case the use of NaOP1iv leads generally to better

results than Cu(OAc), (Scheme 77, eq. 2, 3).17¢
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SCHEME 77. Synthesis of 4-azamethylenefluorenes and other related heterocycles by rhodium

catalyzed cyclization of 3-alkynyl-2-(hetero)arylpyridines

= ) _ R!
_R1 N A
N N [Cp*RhCly], (10 mol %) y/
= p 212 b) =~ \
| Cu(OAc); (20 mol %) I |
- 1)
N, xylene, 120 °C \
R R2
R'=H, Me, COMe, F, Cl, OMe 42-71%
R2= n-Bu, aryl Z/E 1:1-5:1
//1:::3\ X
\ # [CP*RhCL], (5mol %) N »p
77 NaOPiv (20 mol %) |
- = \ (2)
xylene, 120 °C
R2
Ph 44-52%
ZIE 3:1->20:1
—\ [CP*RNCl,], (5 mol %)
N | X NaOPiv (20 mol %) o
_— 3
N xylene, 120 °C
~ Ph
X=0 52% )
X-s oou ZE3)
m R - - _

As previously pointed out, activation via oxidative addition to a metal complex of a halo-alkene or halo-
arene moiety is also a common approach for the synthesis of fulvene derivatives from 1,3-dien-5-ynes, being
palladium the metal of choice.

For example, Sato has used this strategy for the synthesis of a few fulvenes from 1-iodo-1,3-dien-5-
ynes.!”” The reaction is catalyzed by Pd(OAc), in the presence of PPhs, and provides fulvenes in good yields
and as single £/Z isomers, which allows the selective synthesis of both the £ and Z isomers by proper election
of the substituents of the starting dienyne (Scheme 78, eq. 1). Moreover, when the cyclization is carried out in
the presence of Me,Zn the methyl group is incorporated into the final product, thus yielding fulvenes with a

tetrasubstituted olefin unit in excellent yields (Scheme 78, eq. 2).
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SCHEME 78. Synthesis of fulvenes by palladium-catalyzed cyclization of 1-iodo-1,3-dien-5-ynes

Pd(OAG), (5 mol %)

R2 PPh; (10 mol %) , R?
RUAGR' HCO,H (3.5 equiv) R
B EtsN (3.5 equiv) R’
1)
R2 R2 (
N, DMF, rt or 50 °C \
R R3
R'=H, n-Hex
R? = H, n-Hex 72-89%
R3 = alkyl (1°)
R2 )
R AN R! 4 R
| | Pd(PPhs), (5 mol %) R
R2 N + MeyZn ——— 2)
N n-Hex Et,0, rt R? \
Me
n-Hex

R'=H,R?=n-Hex  90%
R'" = n-Hex, R?=H 89%

Using an analogous approach Zhang has reported a synthesis of trifluoromethyl-substituted fulvenes from o-
(alkynyl)styrenes which have CF; and Cl as substituents at the terminal position of the olefin and boronic
acids in the presence of a palladium catalyst (Scheme 79, eq. 1).!7® A broad substrate scope is demonstrated
and the corresponding benzofulvenes are generally obtained in good yields and variable stereoselectivities.
Only the use of boronic acids with electron-withdrawing groups leads to decreased yields. The reaction
proceeds through an itial oxidative addition, followed by carbopalladation of the triple bond. Then,
transmetallation with the boronic acid and subsequent reductive elimination generate the final products.

In a similar fashion, Wu has described the synthesis of benzofulvenes with a tetrasubstituted olefin by a
palladium-catalyzed reaction of o-(alkynyl)styrenes with a dibromo-substituted olefin and two equivalents of a
boronic acid (Scheme 79, eq. 2).!” In this case the products are obtained with excellent stereoselectivity.
The process is proposed to start with an initial Suzuki reaction involving one of the C—Br bonds. Then, the
reaction would proceed through a mechanism analogous to that discussed above for the synthesis of

trifluoromethyl- substituted fulvenes.
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SCHEME 79. Synthesis of benzofulvenes by palladium catalyzed reaction of o-(alkynyl)styrenes

and boronic acids
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The mtermediate vinylpalladium species generated by intramolecular carbopalladation of the triple bond in
1,3-dien-5-ynes can also be trapped by reaction with an alkyne in the presence of Zn, leading to
benzopentalenes. Thus, Diederich has reported a synthesis of a variety of benzopentalenes by reaction
between internal acetylenes and 3,3 -dibromo-o-(alkynyl)styrenes (Scheme 80, eq. 1), analogous to the ones
used by Wu in his synthesis of benzofulvenes. The first steps of this transformation are again oxidative addition
followed by itramolecular carbopalladation. Then, the generated vinylpalladium species experiences an
mtermolecular carbopalladation with the alkyne, leading to a new vinylpalladium ntermediate whose evolution
to the final product could be explained by different mechanisms, all of them involving the participation of Zn as
reducing reagent. Although very low yields were generally obtained in their first reported aproach,'®’ they
later found the beneficial effect of adding 2 equivalents of K,COj5 to the reaction media (Scheme 80, eq. 2,
3).181 The use of this additive leads to enhanced yields, and this improved protocol has been applied for the

synthesis of novel naphthopentalenes, via both mter- and intramolecular procceses. This methodology
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provides access to a kind of compounds that are otherwise inaccessible or difficult to prepare, and has for
example been applied to the synthesis of interesting bispentalenes. '#

SCHEME 80. Synthesis of benzopentalenes by palladium catalyzed reaction of B,B-dibromo-o-
(alkynyl)styrenes and acetylenes.
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On the other hand, Yeh has also reported an intramolecular trapping of an alkyne moiety for the synthesis
of benzofulvene derivatives from [3,p-dihalo-o-(alkynyl)styrenes, although through a completely different
mechanism (Scheme 81).15 In this case a carbocationic alkenylindium intermediate is generated by addition of
the dihaloolefin unit to the triple bond activated by coordination to an mdium-catalyst, in an analogous way to
what was proposed for the synthesis of indenes from similar substrates (see Scheme 58). Then, intramolecular
addition of the pendant alkyne to the carbocation occurs with simultaneous anti-addition of a halide to the
triple bond. Finally, loss of HX and protodemetalation lead to 2,3-dihydro- 1 H-indeno[2,1-b]pyridines in

good yields for a series of starting materials having an aryl substituent in the pendant triple bond.
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SCHEME 81. Synthesis of 2,3-dihydro-1H-indeno[2,1-b]pyridines by indium-catalyzed

cycloisomerization of o-(alkynyl)styrenes with a pendant triple bond

—_—

X
= w InXs (0.5 equiv)
DCE, 80 °C

Complementing the reactions triggered by C—H or C—X activation of the olefin/arene moiety of the 1,3-
dien-5-ynes mentioned so far, Zhang has reported a transformation implying C—C activation.!3 Using o-
(alkynyl)styrenes in which the olefin is forming part of a methylenecyclopropane moiety as starting materials,
cyclopenta[a]indene derivatives can be obtained n moderate to good yields through a nickel catalyzed
process (Scheme 82, eq. 1). The reaction is proposed to be mitiated by an oxidative addition of the proximal
C—C bond of the cyclopropane to the nickel complex generating a nickelacyclobutane intermediate. Then,
mtramolecular addition to the triple bond occurs, followed by reductive elimination leading to the
corresponding cyclopenta[a]indene derivatives. This methodology is restricted to substrates having aryl
substituted alkynes; both electron-withdrawing and electron-donating groups are well tolerated either in meta
or para positions, whereas o-substitution leads to lower yields. The use of PPh; as ligand and a mixture of
xylene and DMSO as solvent are the conditions of choice for substrates with R' = H, while better results are
obtained using COD as ligand in pure xylene as solvent for those 1,3-dien-5-ynes with R! # H. Moreover, a

single example of the cyclization of a dienyne containing a pyridine ring is also reported (Scheme 82, eq. 2).
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SCHEME 82. Synthesis of cyclopentala]indene derivatives by nickel-catalyzed cyclization of o-

(alkynyl)styrenes with a methylenecyclopropane moiety
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In addition, Ottosson and Alabugin have reported an efficient synthesis of benzofulvenes via the elusive
C1-C5 photochemical cyclization of o-(alkynyl)styrenes (Scheme 83).!8% The process is initiated in this case
by photochemical activation of the olefin followed by cyclization. The authors envisioned that the diradical
species formed during the desired C1-C5 photochemical cyclization could be efficiently trapped through a
concerted carbon—carbon fragmentation/H abstraction process with a CH,OH group located at the terminal
position of the olefin. Therefore, reactions of such substrates having as well an (hetero)aryl substituent at the
triple bond give the corresponding benzofulvenes in good to excellent yields and complete selectivity.
Interestingly, for some dienynes the addition of benzophenone, a recognized triplet sensitizer, to the reaction
media is needed to suppress the formation of C1-C6 cyclized naphtalenes, thus suggesting a triplet excited

state cyclization/fragmentation mechanism for the benzofulvene formation.
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SCHEME 83. Synthesis of benzofulvenes by C1-C5 photochemical -cyclization of o-

(alkynyl)styrenes
o hv or
OH hv / benzophenone O‘
N, CH,Cly, 25 °C \

R 68-95% g1° H
hv‘ R' = aryl, heteroaryl

'(. OH j’ﬁﬂ
UV I W

R
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The transformations discussed up to now in this section are initiated by activation of the olefin moiety of the
dienyne. However, some reactions starting with addition of external reagents to the alkyne, without implication
of the olefin, have also been reported. In this sense, Lee has described a synthesis of fluorene derivatives with
an enamine group at C9 by reaction of o-(ethynyl)biaryls and tosylazide in the presence of both a copper and
a rhodium catalyst (Scheme 84).'%> The transformation starts with a copper-catalyzed [3+2] cycloaddition
between the azide and the triple bond, leading to a triazol that tautomerizes to a diazo compound that, in the
presence of the rhodium complex, generates an a-imino rhodium carbenoid. This intermediate experiences a
cyclization by intramolecular attack of the terminal aryl group. Finally, rearomatization and protodemetalation
yields the methylenefluorene derivatives as mixtures of isomers at the enamine double bond. Although for
selected examples it has been demonstrated that the transformation can be efficiently performed as explained
in one-pot, starting from the o-(ethynyl)biaryls and the azides and adding both the copper and the rhodium

catalysts at the beginning of the reaction, most of the reported examples use a preformed triazol.
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SCHEME 84. Synthesis of fluorene derivatives with an enamine

(ethynyl)biaryls and azides
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Moreover, Gevorgyan has described a cascade transformation closely related to the one depicted in

Scheme 76, eq. 1, but nvolving as external reagent an aryl halide, which allows the synthesis of highly

substituted methylenefluorene derivatives in high yields (Scheme 85).!72 C—H activation is also a key step in

this reaction, although it is proposed to be initiated by the carbopalladation of the alkyne with participation of

the aryl halide derivative.

SCHEME 85. Synthesis of methylenefluorene derivatives by palladium-catalyzed cyclization of o-

(alkynyl)biaryls in the presence of aryl halides
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Furthermore, a synthesis of compounds with tetrasubstituted helical olefins containing a benzofulvene in
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their structure has been reported using functionalized o-(alkynyl)bi(hetero)aryls and iodobenzene derivatives
as starting materials in the presence of norbornene and a palladium catalyst (Scheme 86, eq. 1).'%¢ The
obtained compounds could have interesting potential applications in the field of light-driven molecular devices.
The mitial steps of the proposed mechanism involve a Catellani reaction. Thus, a carbopalladacycle is formed
from the iodobenzene derivative and norbornene. This palladacycle experiences an oxidative addition with an
alkyl bromide present in the structure of the conjugated dienyne, followed by a reductive elimination leading,
after retrocarbopalladation of norbornene, to an arylpalladium intermediate. Then, the first transformation over
the dienyne system occurs, that is, as in the previous example, carbopalladation of the alkyne to generate an
alkenylpalladium species which induces a C—H functionalization on the (hetero)aryl ring giving rise, after
reductive elimination, to the final products. Noteworthy, the use of enantiomerically pure 1,3-dien-5-ynes

allows the synthesis of chiral helical alkenes with good stereoselectivity (Scheme 86, eq. 2).
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SCHEME 86. Synthesis of benzofulvene-containing compounds with a tetrasubstituted helical

olefin from appropriately functionalized o-(alkynyl)bi(hetero)aryls and iodobenzene derivatives

Pd(OAc), (10 mol %)

<X R2 P(2-furyl); (20 mol %)
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©/| norbornene (2 equiv)
Cs,CO3 (3 equiv)
2
MeCN, 120 °C

(S) 89%, ee > 99%, dr = 9:1
(R) 92%, ee > 99%, dr = 9:1

A closely related transformation has been later reported by Perumal.'®” In this case, the arylpalladium
mtermediate is directly generated by oxidative addition nto a pendant bromoaryl moiety and the C—H
functionalization occurs over an alkene rather than an aryl group (Scheme 87). The rest of the mechanism is
analogous to the one previously discussed and also leads to tetrasubstituted olefins containing a benzofulvene

in their structure in moderate to good yields.
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SCHEME 87. Synthesis of benzofulvene-containing compounds with a tetrasubstituted olefin from
appropriately functionalized o-(alkynyl)styrenes

R’l
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- =
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via

On the other hand, several examples of double cyclizations of 1,3,7,9-tetraene-5-ynes for the synthesis of
bindenylidenes or benzofused analogues have been reported, following different approaches.

Thus, according to the general strategy depicted in Figure 5, Tobe has described the intramolecular
trapping of an intermediate alkenylpalladium species with an aryl group via a cyclization involving C—H
activation, in a process that ultimately leads to biindenylidene derivatives from 1,6-diaryl-1,5-dien-3-ynes
(Scheme 88, eq. 1).'8% Low to moderate yields are obtained and minor amounts of methyleneindenes coming
from the trapping of the mtermediate alkenylpalladium species by an acetate ligand, instead of experimenting
the cyclization, are formed. Varied substitution is tolerated at the non-halogenated arene of the substrate
including electron-neutral, deficient and rich groups, although a compound with a cyano substituent only
produces the undesired acetylated adduct. Interestingly, complete E selectivity is observed, which is
explained by isomerization of the alkenylpalladium intermediate prompted by the steric hindrance of the Z
isomer. This methodology has also been applied to the synthesis of bridged phenylthienylethenes and
dithienylethenes, in yields that range from moderate for substrates having 3-thienyl substituents to high for the
rest of compounds examinated (Scheme 88, eq. 2).'¥ In contrast to the synthesis of biindenylidene
derivatives, a lower steric repulsion leads to mixtures of Z and E isomers in this case, being the Z isomer the

major one.
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SCHEME 88. Synthesis of biindenylidene derivatives and related heterocyclic compounds by
palladium catalyzed double-cyclization of 1,6-diaryl-1,5-dien-3-ynes

Pd(OAc), (20 mol %)
PPh3 (40 mol %)
K,CO3 (3 equiv)
BuyNBr (1 equiv)

B e

DMF, 80 °C
R

Vi

Pd(OAc), (20 mol %)

PPhj (40 mol %) '

K,CO; (3 equiv) )
BuyNBr (1 equiv)

Cw) e
DMF, 80 °C
38-89%

Z/E (3:1->20:1)

:z g@ ;LLD | ?LL@

On the other hand, related 9,9-bifluorenylidene derivatives have been prepared by a palladium-catalyzed

double cyclization of bis-biaryl acetylenes (Scheme 89, eq. 1, 2).!°° On the basis of experimental evidences,
the authors propose an unusual mechanism based on a dual C—H activation. Thus, the reaction would start by
coordination of the palladium catalyst to the triple bond followed by a double ortho-C—H bond insertion
assisted by PivOH, added to the reaction media as cocatalyst. The double ortho C—H bond msertion can
occur either stepwise or simultaneously. Then, intramolecular alkyne carbopalladation takes place followed by
reductive elimination to give the final products and release Pd(0), which is oxidized to the catalytically active
Pd(II) species with MnO,. The combmation of PACl, as catalyst and MnO, as oxidant turns out to be crucial
for a satisfactory outcome of the reaction. Under these conditions a series of bis-bi(hetero)aryl alkynes

bearing different functional groups, including electron-donating and electron-withdrawing substituents, are
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efficiently cyclized, although a mixture of cis and trans isomers is formed for substrates having substituents in
both external aryl rings. Noteworthy, analogous bis-biaryl-acetylenes double-cyclize through a formal 6-endo
pathway in the presence of SbCls as oxidant (see Scheme 24).

SCHEME 89. Synthesis of 9,9-bifluorenylidene derivatives by palladium-catalyzed double
cyclization of bis-biaryl-acetylenes

R PdCl, (10 mol %)

PivOH (10 mol %)

MnO, (3 equiv)
DMA, 80 °C M
RZ
PdCI
R? 65-99% 2
(Pd] R' = H, Me, CFs, OMe ZIE: 1:1.1-5:1 nO,
2HCI
R?=H, Me
3= Pd(0)
R = H, Me, CHO, CO,Me, F, OMe, NPh,

2HCI
PdCl, (10 mol %)
O PivOH (10 mol %)
O MnO, (3 equiv)
(2)
A DMA, 80 °C

O xS o

Moreover, Fukazawa, Irle and Yamaguchi have described an efficient synthesis of dithienofulvalenes that
show a great potential for the preparation of organic dyes and electron-transporting materials. The reaction
proceeds also via double cyclization of the appropriately substituted 1,3-dien-5-ynes, but in this case under

photochemical conditions in the presence of p-benzoquinone as oxidant (Scheme 90, eq. 1)."°! Noteworthy,
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both the olefin and the alkyne participate simultaneously in the cyclization event, and the reaction is completely
selective towards the formal double 5-exo cyclization when the central double bond of the 1,3-dien-5-ynes is
part of a thiophene ring, whereas an analogous o-(alkynyl)styrene selectively leads to a chrysene derivative by
a formal double 6-endo cycloaromatization (Scheme 90, eq. 2).

SCHEME 90. Synthesis of dithienofulvalenes by photochemical double 5-exo cyclization

p benzoqumone
CHZCIZ 20°C

= p-MeCgH,

3.3.2. Reactions with other topology. Synthesis of fulvene derivatives from 1,3-dien-5-ynes with
formation of a new bond between C2 and C6 is less common than the previously described approaches with
generation of the new bond between C1 and C5. In this sense, Wu has reported a synthesis of 3-
halobenzofulvenes by palladium-catalyzed cyclization of o-(alkynyl)cinnamates in the presence of an excess of
CuX, (Scheme 91).12 The transformation follows a mechanism similar to that proposed for the synthesis of
mndenes in Scheme 66. However, the mtermediate obtained after the nsertion of the double bond experiences
a B-hydrogen elimination rather that a protodemetalation, thus leading to benzofulvenes mstead of indenes.
The corresponding acyl-functionalized benzofulvenes, alkyl or phenyl substituted at C2 and possessing groups
of varied electronic nature at the arene ring, are obtained in moderate to good yields and both Cl and Br can

be efficiently mtroduced in position 3.

98



SCHEME 91. Synthesis of 3-halobenzofulvenes by palladium-catalyzed reaction between o-

(alkynyl)styrenes and CuX,

gt PA(OAC): (6 mol %)

R3—\ | R2 CuX; (4 equiv)
S DMA, 80 °C
R4
R'=OR, aryl X = Cl, Br
R2=H, CO,Me
R3=H, F, OR

R*= n-Bu, ¢-Pr, Ph

Moreover, Sanz has described a gold-catalyzed cycloisomerization of 3,3 -diaryl-o-(alkynyl)styrenes that
also leads to benzofulvenes following a C2-C6 topology (Scheme 92).!48 The reaction would occur by a
formal 5-endo attack of the olefin to the gold coordmnated acetylene and subsequent elimination of the only
proton available, as proposed in Scheme 56. It is worth to note that the corresponding benzofulvenes are
obtained selectively when the reaction is performed at 0 °C, whereas further cyclization to yield
dihydroindeno[2,1-a]indenes occurs at 80 °C (see Scheme 56). Substrates with an alkyl, aryl or heteroaryl
substituted triple bond are well tolerated, leading to the corresponding benzofulvenes in high yields, although
ca. 1:1 mixtures of geometrical isomers are formed when o-(alkynyl)styrenes having two different aryl groups
in the olefin are used.

SCHEME 92. Synthesis of benzofulvenes by gold-catalyzed cycloisomerization of B, -diaryl-o-

(alkynyl)styrenes

PPh3AuNTf; (3 mol %)
—_—
CH,Cl,, 0 °C

R? = H, Me, OMe
R = n-Bu, ¢-Pr, aryl, 3-thienyl

On the other hand, an efficient synthesis of azulenes, a particular example of compounds including a fulvene

moiety in their structure, has been described by Usui and Suemune via a platimum-catalyzed cyclization/ring
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expansion sequence from 1-aryl-1-en-3-ynes (Scheme 93).'3 The reaction starts with an ipso cyclization of
the aromatic ring over the platinum-coordinated triple bond, generating a cyclopropyl platinum carbene
intermediate that experiences a Biichner ring expansion to a seven-membered ring. Then, 1,2-hydrogen shift
and loss of the metal fragment gives rise to the corresponding azulene derivatives, which are obtained in
excellent yields. Noteworthy, the central bond of the dienyne can be included i a six-, seven-, or eight-
membered ring, whereas the reaction is not efficient for substrates having a five-membered ring, which is
attributed to the increased angle between the triple bond and the aryl ring,

SCHEME 93. Synthesis of azulenes by platinum-catalyzed cyclization/ring expansion of 1,3-dien-5-

ynes
3 2
® R R3 R2
R4 PtCl, (10 mol %) -
| R P(CgF5)3 (20 mol %) D
5 o
R \\ toluene, 80 °C RS R
P~] R'=alkyl (Me, Et), OMe 84-99%
R?=H, Me -
R3 = alkyl (Me, Et), OMe
4_
25: Eh or R%R5 = —(CH,),-
h n=46
R R? R3 -
4 4
) S L]
5 | \VR1 3 R3 R2 ' )
AN R X RS Y
d - I>H
) R [Pt]

= R
L. " R1—>R5 HR1 _

R® P

3.4. Cyclopentenones and indanones
The syntheses of cyclopentenone derivatives from 1,3-dien-5-ynes generally follow the topology outlined in
Figure 6, which encompasses the oxidation of the internal carbon atom of the alkyne (carbon 5) and the
creation of a new bond between carbons 2 and 6. However, diverse methodologies have been developed,

which allow for the synthesis of various particular structures by using different reagents and conditions.
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Figure 6. General outline of the synthesis of cyclopentenones from 1,3-dien-5-ynes

The synthesis of several cyclopentenone derivatives has been achieved using a strategy based on a gold-
catalyzed oxidative cyclization of 1,3-dien-5-ynes, an approach that was first reported by Liu in 2011. Thus,
cyclopropane-fused cyclopentenones are obtained in good yields by treatment of diverse 1,3-dien-5-ynes
with an excess of 8-methylqumoline N-oxide in the presence of catalytic amounts of IPrAuNTf, (Scheme
94) 167 The reaction, that is stereospecific, starts with the oxidation of the alkyne giving an a.-oxo carbene
mtermediate which evolves by an intramolecular cyclopropanation yielding the final product. This mechanism
has been experimentally supported demonstrating the intermediacy of the a.-oxo carbene species. Both o-
(alkkynyl)styrenes (Scheme 94, eq. 1) and other 1,3-dien-5-ynes (Scheme 94, eq. 2) are appropriate starting
materials for this transformation and, although most of the tested substrates contain terminal alkynes, a
dienyne with a methyl-substituted acetylene can also be converted into the corresponding cyclopentenone
derivative in good yield.

The same author has reported an analogous synthesis of cyclopropyl-indanimines using a N-iminopyridinium
ylide as oxidant. A narrow substrate scope is surveyed for this reaction, including only o-(ethynyl)styrenes,
and reduced yield is obtained for a substrate with an electron-donating group in the benzene ring (Scheme 94,
eq. 3).194 It is worth to note that the gold-catalyzed oxidative cyclization of o-(aminoethynyl)styrenes leads to

a completely different outcome, giving rise to indene derivatives (See Scheme 72).
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SCHEME 94. Synthesis of cyclopropane-fused cyclopentenones and indanimines by gold-catalyzed

oxidative cyclization of 1,3-dien-5-ynes

8-methylquinoline N-oxide

) (3-4 equiv) H R2
A NRT O IPrAUNTS, (5 mol %) AR
RS-= | N
N R’ R — | (1)
N DCE, 80 °C N R4
N 4
R o}
R'=H, Me, Ph orR-R?=—(CHa)s~ 53899,
R? = H, alkyl (Me, n-Bu), c-Pr, Ph, CO,Et
R%=H, CI, OMe
R*=H, Me
8-methylquinoline N-oxide
) Me
R! Me (4 equiv) R
7 IPFAUNTY, (5 mol %) Me
R2 Me (2)
N DCE, 80 °C R?
o}
R'=H -849
ne = ppy O R1-R2 = ~(CHo)y- 78-84%
Cl\(j/m
L
+N
I
R -NTs H,/ s\RZ
R3—/ | A IPrAuNTf; (5 mol %) = R
N R! o R | (3)
N DCE, 80 °C N R4
4 NTs
R"=Me, Ph R = (CH
R2=Me, Ph O R-R=-CH g)"; 68-87%
R3=H, F, Cl, OMe n=s (30% when R® = OMe)
a Me
) | T "Me
Vvia R2 [AU]+
X R*
X=0,NTs

Notably, Zhang later developed an enantioselective version of the above reported methodology by using a
gold complex with a P,N-bidentate ligand (Scheme 95, eq. 1, 2).!> Thus, several cyclopropane-fused
cyclopentenones are synthesized with good yields and high enantioselectivities, and only in the cyclization of a

B,B-dimethyl-o-(alkynyl)styrene a significant decrease in the enantiomeric excess is observed.
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SCHEME 95. Enantioselective synthesis of cyclopropane-fused cyclopentenones by gold-catalyzed

oxidative cyclization of 1,3-dien-5-ynes

8-methylquinoline N-oxide

(1.5 equiv) H R2
2 * N
P R L*AuClI (5 mol %) R
R I & NaBARF (10 mol %) R /
P R (1)
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S } o
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R? = Me, CH,0Bz, Ph, COR, CO,Et ee = 85-94%
R%=H, Me, CF3, F, Cl (R"=R2? = Me: ee = 63%)
8-methylquinoline N-oxide
(1.5 equiv)
1 L*AuClI (7.5 mol %) H ~COEt

R CO,Et Rz
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"H (2)
RN DCE, —20 °C R

o}
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R'-R% = —(CH,)— o

R2=ph O (CHz)n ee = 85-90%
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a-Oxo gold carbenes can also be trapped by other means than cyclopropanation. For example, Liu has
reported the reaction of 1,3-dien-5-ynes with 8-alkylquinoline N-oxides in the presence of 8-
alkylquinolines.'® In this case, the initially generated o-oxo gold carbene is proposed to be reversibly
trapped by the quinoline and, after dissociation of the gold fragment, the quinolinium ylide formed undergoes a
concerted [3+2] cycloaddition with the alkene moiety of the initial o-(alkynyl)styrene, finally leading to
tetracyclic indolizine derivatives containing a cyclopentenone in their structure (Scheme 96, eq. 1-3). The final
products are obtained in good yields as single diastereoisomers, and the reaction, which proceeds in a
stereospecific fashion, is compatible with diverse 1,3-dien-5-ynes having a termmal alkyne and various
quinoline derivatives. Nevertheless, electron deficient pyridines and unsubstituted quinoline do not lead to the
corresponding indolizine products. Interestingly, the addition of the quinoline derivative to the reaction media
preventes the formation of the products coming from the intramolecular cyclopropanation of the alkene with
the intermediate carbene (see Scheme 94), and only in the case of a conjugated dienyne with an olefin having

an ester substituent this compound is isolated as a minor product.
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SCHEME 96. Synthesis of polycyclic derivatives containing a cyclopentenone by gold-catalyzed

oxidative cyclization of 1,3-dien-5-ynes in the presence of quinoline derivatives

X
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IPrAuClI (5 mol %) R2
.
DCE 80°C R __
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Moreover, 1,3-dien-5-ynes with a 3,3 -disubstituted olefin react in the presence of nitrosobenzenes and a
gold catalyst through an oxidative cyclization/[3+2] cycloaddition sequence in which the nitrosobenzene acts
both as counterpart for the cycloaddition and as oxidant (Scheme 97).1°7 This transformation, that leads to
isoxazolidine-fused cyclopentenones, is mechanistically distinct from those reported above, and does not
proceed through an a-oxo carbene intermediate. Instead, the reaction is proposed to be initiated by
nucleophilic addition of the olefin to the gold-coordinated triple bond, leading to an intermediate that can be
represented either as a cyclopropyl carbene or as an alkenyl gold carbocation, as already discussed in
Section 3.2. for analogous substrates. This intermediate reacts via [3+2] cycloaddition with the nitroso
benzene derivative giving rise to a new carbene intermediate that is thought to be oxidized by another
molecule of nitroso benzene yielding the final product. In addition, this last step generates a nitrene species

that reacts further with nitrosobenzene to regenerate the gold catalyst. The reaction affords isoxazolidine-
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fused cyclopentenones in good yields, although indenes coming from a formal 5-endo cycloisomerization
without incorporation of nitrosobenzene (see Scheme 58, eq. 2) are generally also formed in minor amounts
(up to 11 % vyield). Interestingly, the indene derivative becomes the major product when an o- (alkynyl)styrene
with a methoxy substituent at the para position with respect to the alkyne is used. The oxidative
cyclization/[3+2] cycloaddition is not stereospecific, and the product having the less sterically demanding
substituent (Rs) placed in the same side than the neighboring hydrogen atom is always formed, regardless the
configuration of the olefin in the starting dienyne. This can be explained by the interconversion between the
intermediate gold carbenes coming from both configurations through the open carbocation structure, and the
further cyclization taking place only over the one leading to a more favorable transition state.

SCHEME 97. Synthesis of isoxazolidine-fused cyclopentenones by gold-catalyzed oxidative

cyclization of 1,3-dien-5-ynes in the presence of nitrosobenzenes
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On the other hand, Liang has described a synthesis of 2-methyleneindanones by gold-catalyzed
cycloisomerization of o-(alkynyl)benzylidene ketones with a pivaloxy substituent at the propargylic position
(Scheme 98).1%8 Unlike the above commented gold-catalyzed syntheses of cyclopentenones, in this case the
oxygen of the generated cyclopentenone is not coming from an external oxidant, but from the pivaloxy
substituent of the starting material. The reaction is initiated by the well documented 1,3-migration of the
pivaloxy group over the gold-coordinated alkyne. Then, a Michael addition occurs leading, after hydrolysis,
to the final products. Following this methodology a variety of 2-methyleneindanones are obtained in good
yields and high diastereoselectivity, being the E isomer the major one. The carbonyl group bonded to the
alkene in the initial o-(alkynyl)styrene can be either a methyl or an aryl ketone, although the use of aryl
ketones leads to somewhat lower yields. Moreover, o-(alkynyl)styrenes with a tetrasubstituted propargylic
position also afford efficiently the corresponding indanones, although a higher catalyst loading is required.
SCHEME 98. Synthesis of 2-methyleneindanones by gold-catalyzed cycloisomerization of o-

(alkynyl)benzylidene ketones bearing a pivaloxy substituent at the propargylic position
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A copper-catalyzed oxidative cyclization of 1,3-dien-5-ynes has also been described. Thus, o-
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(alkynyl)chalcones react in the presence of catalytic amounts of Cu(0), with Selectfluor as oxidant and water
as oxygen source, leading to 3-formyl-1-indenone derivatives in moderate to good yields (Scheme 99).1%°
This methodology is limited to 1,3-dien-5-ynes with an electron deficient or moderately electron-rich aryl
substituent in the triple bond, as dienynes with an alkyl- or a p-(alkoxy)aryl substituted acetylene fail to give
the corresponding indenone derivative. The mechanism of this transformation has been studied in detall,
mainly by means of isotopic labelling that revealed that both of the carbonyl oxygen atoms proceed from
water. Thus, the reaction is proposed to be initiated by coordination of the double bond to the active copper
species, generated in situ by a redox reaction between copper powder and Selectfluor. Then, nucleophilic
attack of water takes place, finally leading to epoxidation of the olefin through a series of rearrangements. The
generated intermediate experiences an oxycupration of the triple bond, followed by opening of the epoxide
ring by intramolecular nucleophilic attack. Finally, an alkoxyde-based C-elimination and oxidative
aromatization give rise to the corresponding 3-formyl-1-indenone derivatives. Nevertheless, other alternative
pathways are not completely discarded.

SCHEME 99. Synthesis of 3-formyl-1-indenone derivatives by copper-catalyzed oxidative

cyclization of o-(alkynyl)chalcones
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Following a topology different from that shown in Figure 6, Tius has reported a synthesis of indolyl-
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substituted cyclopentenones from 1,3-dien-5-ynes containing a trimethyisilyl enol ether moiety in their
structure and indole derivatives, through an interrupted Nazarov cyclization in the presence of catalytic
amounts of Sc(OTf); (Scheme 100).2%° The transformation proceeds via the initial formation of a pentadienyl
cation intermediate, that cyclizes generating a carbocation that is trapped by the indole as nucleophile. The
reaction is proposed to be catalyzed by a proton, and the role of Sc(OTHf); is thought to be the activation of
trace water. Despite the interest of the transformation, its synthetic utility is restricted: limited variations in the
dienyne structure are allowed, and electron-rich indoles without substituents in the C2 position are required
for an efficient process. Although the 1,3-dien-5-ynes are isolated before treatment with Sc(OTf)3, the yields
are provided for a three-step process starting from an enamide precursor.

SCHEME 100. Synthesis of indolyl-substituted cyclopentenones from 1,3-dien-5-ynes containing a

trime thylsilyl enol ether moiety in their structure and indole derivatives
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4. SYNTHESIS OF FOUR-, SEVEN- AND EIGHT-MEMBERED RINGS
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Most of the synthetic applications of 1,3-dien-5-ynes are based on the construction of either benzene
derivatives or diverse five-membered carbocycles, as shown above. However, scarce examples of their use
in the synthesis of other-size rings have been reported.

In this regard, Esteruelas and Sad have described a ruthenum-catalyzed [2+2+2] cyclization of o-
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(ethynyl)styrenes and terminal acetylenes leading to dihydrobiphenylenes in moderate to good yields (Scheme
101).2°! The authors propose a mechanism, supported by deuterium-labelling experiments, in which both the
alkene and the alkyne of the conjugated dienyne and the external acetylene are mitially coordnated to the
metal center. Then, an oxidative coupling, either between the two alkyne moieties or between the alkene and
the alkyne from the o-(ethynyl)styrene, takes place. In any case, a further insertion into a Ru—C bond
generates a seven-membered metallacycle ntermediate that, after reductive coupling, yields the corresponding
dihydrobiphenylenes. The reaction is imited to o-(ethynyl)styrenes, as starting material is recovered when an
o-(alkkynyl)styrene with an internal acetylene is used. Moreover, a 1,3-dien-5-yne in which the central double
bond is not forming part of an aromatic ring is not a suitable substrate for this transformation, and only the
corresponding classical cycloaromatized product is formed, albeit in low yield, when it is subjected to the
optimized reaction conditions.

SCHEME 101. Synthesis of dihydrobiphenylenes by ruthenium-catalyzed [2+2+2] cyclization of o-

(alkynyl)styrenes and acetylenes
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Regarding seven-membered rings, Green has reported the synthesis of benzocycloheptynes complexed to a
dicobalt moiety through an intramolecular Lewis-acid-mediated Nicholas reaction of 1-aryl- 1-en-3-ynes with
an acetate group at the propargylic position (Scheme 102, eq. 1, 2). Both neutral and electron-rich arenes,

including heteroaryls, are cyclized under the reaction conditions in moderate to good yields, but mixtures of
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regioisomers are obtained for arenes having non-equivalent nucleophilic positions.?*?> This methodology has
been later extended to the cyclization of o-(alkynyl)biphenyls, (Scheme 102, eq. 3), and applied to the
synthesis of diverse allocolchicine derivatives.?>-2% The use of'a basic additive to scavenge the acid liberated
during the reaction proved to be in this case beneficial for the product yields.

SCHEME 102. Synthesis of cobalt-coordinated benzocycloheptynes by intramolecular Nicholas

reaction
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Moreover, [3-nitro-o-(alkynyl)styrenes have been used as precursors for the synthesis of tetracyclic indole
derivatives containing a seven-membered ring (Scheme 103).2052% Thus, reaction of these substrates with
indoles in the presence of a gold catalyst and TFA in water under microwave irradiation affords the
corresponding tetracyclic compounds in good yields, and with broad scope. The reaction proceeds via an
mitial Michael addition of the indole to the nitroalkene moiety followed by a cyclization over the gold-
coordinated triple bond. It is worth to note that only five of the six carbon atoms of the dienyne moiety are

forming part of the final seven-membered ring, that is generated by a formal [5+2] cycloaddition.
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SCHEME 103. Synthesis of tetracyclic indole derivatives with a seven-membered ring by gold-

catalyzed reaction of B -nitro-o-(alkynyl)styrenes and indoles
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RS (10 mol %)

/ / TFA 20mo|% e
N HZO Mw
» H 120 °C

R
35-90%
R'=H, Me, F R®=H, Me, CN, F, Cl, Br, OMe

R2 = n-Pr, c-Pent, aryl, 3-thieny!

[Au] = P(t-Bu),(o-biphenyl)Au(NCMe)SbFg

[Au]

Finally, eight-membered rings can also be prepared from appropriate 1,3-dien-5-ynes. Thus, Schreiner,
Muller and Suffert have reported a synthesis of complex tricyclic compounds containing a cyclooctatriene ring
from 1,3,7-trien-5-ynes through a hydrogenation/8m-electrocyclization cascade process.?’’2% By using a
nickel-catalyst in the presence of H, the corresponding products are formed in high yields and with complete
stereoselectvity in most of the cases (Scheme 104, eq. 1).

Interestingly, analogous substrates having the terminal bond of the dienyne system included in a cyclohexene
moiety react at room temperature to yield a bicyclo[4.2.0]octane instead of the eight-membered ring, thus
obtaining final products with fenestradiene structure (Scheme 104, eq. 2).2°7-2% This result can be explained
by a further 6m-electrocyclization of the initially formed cyclooctatriene. Noteworthy, it has been
demonstrated for a single example that the reaction at 70 °C gives rise to the corresponding cyclooctatriene
derivative also for this kind of substrates, with analogous stereoselectivity to that obtained for other 1,3,7-
trien-5-ynes, which is opposed to that observed in the fenestradiene derivatives. Moreover, the isolated

fenestradiene furnishes the cyclooctatriene under microwave irradiation, which suggest a series of selective
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electrocyclizations-retro electrocyclizations occurring in the reaction media. DFT calculations have been
perfomed to account for the observed products and stereoselectivities in each case.
SCHEME 104. Synthesis of cyclooctatrienes and fenestradienes by nickel-catalyzed reductive

cyclization of 1,3,7-trien-5-ynes
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5. SYNTHESIS OF HETEROCYCLES
5.1. Six-membered rings

The synthesis of six-membered heterocyclic rings from 1,3-dien-5-ynes implies that not all carbon atoms of
the conjugated system will be included into the newly formed ring in the final product. However, among all the
possibilities, only examples of formal [5+1] or [4+2] cycloadditions, involving five or four carbon atoms of the
conjugated system, have been reported so far.

5.1.1. Six-membered N-heterocycles. Push-pull 1,3-dien-5-ynes have proved to be appropriate

substrates for the synthesis of heterocycles by metal-catalyzed transformations. Thus, tetrasubstituted
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pyridines are regioselectively prepared when these dienynes are treated with nitriles in DCE at 85 °C in the
presence of catalytic amounts of a cationic gold-complex (Scheme 105).2'° Overall, the formal [4+2]
cycloaddition can be considered as a hetero-dehydro-Diels- Alder-reaction. It works perfectly for non-
activated nitriles and, regarding the conjugated dienyne, a variety of substituents at position 3 are allowed: aryl
(bearing electron-donating or electron-withdrawing groups), alkyl (1°, 2°, 3°), and alkenyl groups. Alkynyl
groups are also tolerated and, in fact, alkynyl-substituted dienynes bearing two triple bonds of different
electronic nature provide some insights about dienyne electronic requirements for the reaction to occur, as
only the electron-rich triple bond takes part in the cycloaddition reaction yielding 4-alkynylpyridines: the
presence of the donating group is crucial for the reaction outcome. The proposed mechanism would start by
an initial coordination of the alkyne moiety of the dienyne to the gold catalyst to form a complex, which
presents a highly-contributing resonance structure due to electron-donating methoxy group linked to the triple
bond. Then, a regioselective nucleophilic attack from nitrile would take place, facilitated by the push-pull
substitution on the dienyne, leading to a metallated intermediate, which cyclizes to form a dihydropyridine
species. Finally, a proto-deauration step would render the observed pyridines and allow the incorporation of

the catalytic species into a new cycle.
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SCHEME 105. Gold-catalyzed intermolecular hetero-dehydro-Diels-Alder between push-pull

dienynes and nitriles
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This type of reactivity has been extended to the employment of other unsaturated N-nucleophiles such as
aldimines (Scheme 106).2!" On one hand, N-substituted 5,6-dihydropyridin-2-ones are synthesized in
moderate yields and in a regio- and diastereoselective manner by mixing push-pull 1,3-dien-5-ynes with
aldimines under the same reaction conditions employed in their reaction with nitriles (Scheme 106, eq. 1). In
all cases, only the trans-diastereoisomer is observed. Moreover, AgSbFs may itself catalyze this
transformation although slightly lower yields are reached. The process works nicely for electron-withdrawing
or electron-donating substituted aryl aldimines, being the substitution pattern at the N atom of wider scope.
On the other hand, N-unsubstituted 5,6-dihydropyridin-2-ones are prepared in moderate yields when N-
silylaldimmes are used under gold-catalysis conditions (Scheme 106, eq. 2). This cycloaddition reaction
requires an additional hydrolysis step to reach the reported yields; it is also completely regio-,
diastereoselective and of wide scope regarding both the dienyne and the N-silylaldimine. Thus, several aryl
groups bearing different substitution patterns and/or electronic properties, as well as heteroaryl and tertiary

alkyl groups are placed at position 6 of dihydropiridones while the dienyne substituent can either be aromatic,
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alkyl, alkenyl or a silyl group. The suggested mechanism is similar to the one proposed for the reaction with
nitriles (see Scheme 105) and a favored transition state (preferred due to steric reasons) has been invoked to
account for the diastereoselectivity found.

SCHEME 106. Intermolecular hetero-dehydro-Diels-Alder reaction between push-pull dienynes

and aldimines
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In the reactions depicted so far in this section, the dienyne moiety behaves as a 4C component, reacting
through positions 3 and 6 while the remaining double bond is formally inert. However, simpler enyne
substrates, bearing different electronic properties, are not suitable substrates for these hetero-dehydro-Diels-
Alder transformations. Therefore, the use ofa 1,3-dien-5-yne as starting material is a requisite for the reaction
to proceed, which seems to indicate that the remaining olefin of the dienyne also plays some role in the
reaction outcome.

Unlike in the previous transformations, in the next examples the dienyne moiety behaves as a 5C
component and it reacts through positions 2 and 6 of the conjugated system. In this sense, the
dihydroisoquinoline skeleton is accessed from o-(ethynyl)styrene derivatives by employing ketenimine

chemistry. For example, Bolm and Chang have reported a one-pot three-component coupling between 1-
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ethynyl-2-(2-nitroethenyl)benzene, tosyl azide and methanol in the presence of Et;N and catalytic amounts of
Cul to yield a 1,2-dihydroisoquinoline adduct in a moderate 45% yield (Scheme 107, eq. 1).2'? This example
is the only case reported in the manuscript mvolving a 1,3-dien-5-yne, as it represents an intramolecular
version of a more general four-component (termmal acetylene, nitroalkene, tosyl azide and methanol)
coupling, which leads to functionalized imidates.

In a very similar transformation, Wu has prepared 1,2-dihydroisoquinolin-3(4H)-imines by a copper-
catalyzed three-component cycloaddition involving o-(ethynyl)benzylidene ketones, sulfonyl azides and
primary amines (Scheme 107, eq. 2). CuCl is the most efficient catalyst in this case and the amounts of
catalyst and base required are lower than for the previous example. Four points of diversity (R! to R?, two of
them in the chalcone derivative, one in the sulfonyl azide and one in the amine) can be introduced into the
reaction products, which are isolated in good to almost quantitative yields. Moreover, several functional
groups such as halogens (in chalcone or n amine), nitro (in all components) or ester (in amine) are tolerated,
and even hydrazines show satisfactory reactivity under the standard conditions.?!3

The mechanism proposed to account for the formation of these dihydroisoquinoline derivatives involves the
commonly accepted formation of a copper acetylide by combination of the copper salt, the base and the
terminal acetylene. This species then would undergo a [3+2]-cycloaddition with tosyl azide to form a
metallated triazole, which would evolve to a ketenimine intermediate by extruding N,. These first steps are
analogous to that proposed by the same author for the cycloaromatization of related o-(alkynyl)styrenes in the
presence of azides, a base and a copper catalyst (see Scheme 32). However, i the current example the
presence of an external nucleophile favours the evolution of the ketenimine intermediate by a nucleophilic
addition instead of the previously reported 6m-electrocyclization. Thus, on one hand, methanol attack to
ketenimine central carbon (Scheme 107, green arrows) would be followed by a Michael-type addition to the
nitroalkene moiety leading, after a final protonation, to the methoxy-functionalized observed

dihydroisoquinolines. On the other hand, a double nucleophilic attack by the amine both to the ketenimine
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central carbon and to the B position of the benzylidene ketone moiety (Scheme 107, brown arrows) followed
by protonation would give 1,2-dihydroisoquinolin-3(4H)-imines.

SCHEME 107. Copper-catalyzed multicomponent synthesis of dihydroisoquinoline derivatives
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In a metal-free transformation employing closely related starting materials, the 1,3-dien-5-yne system
partakes in the formation of two fused cycles: a six-membered one by reacting through positions 2 and 6, and
a triazole involving positions 1 and 2. Thus, the treatment of o-alkynylaryl nitro olefins with sodium azide leads
to formation of triazolo isoquinolines in high yields (Scheme 108).2!4 The scope of the reaction, involving two
points of diversity, has been determined: R! in the aromatic ring may have either electron-donating or
electron-withdrawing properties, while the alkyne may be terminal or have aromatic, alkenyl or aliphatic
substituents. However, formation ofthe expected triazolo isoquinoline is not observed when a relatively strong
electron-withdrawing group, such as cyano, is present in R2. Mechanistically, the reaction would be initiated
by an aza-Michael addition of sodium azide to the nitroolefin moiety to give an azide-attached ntermediate,
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which would evolve to a dihydrotriazole intermediate. This one would undergo extrusion of nitrous acid to
afford an N-H triazole containing species, which upon tautomerization followed by an intramolecular 6-endo-
dig cyclization would lead to the observed triazolo isoquinolines.

SCHEME 108. Transition-metal free synthesis of triazolo isoquinolines
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A synthesis of tetrahydroisoquinoline frameworks n a chemo- and regioselective manner from o-
(alkynyl)styrene derivatives has been reported by Barrett, Hill and coworkers employing an heteroleptic
anilido-imine supported alkaline earth catalysts (Scheme 109).2!5 After screening, a strontium complex was
selected as optimal to explore the reaction scope due to its acceptable high activity and greater ease of
synthesis than its barium analogue, even though the latter one provides higher activity. In this transformation,
starting dienynes undergo heterofunctionalization at positions 1 and 5 of the conjugated system by sequential
hydroamination steps. The reaction is limited to dienynes bearing an aromatic group at the acetylene, tolerates
a variety or primary and particular secondary amines and the cycloadducts are obtained as mixtures of Z and
E isomers in conversions that fluctuate from very low to excellent. Nevertheless, increasing the temperature to
140 °C 1s required to obtain good yields for bulky amines, and for substituted benzyl amines the catalytic
turnover depends on the position of the aromatic substitution. Hydrolytically sensitive arylmethylidene
tetrahydroisoquinolines have to be reduced to therr corresponding saturated derivatives to allow
characterization and purification.

The mechanism suggested by the authors involves two catalytic cycles. Indeed, it may be considered a case

of self-relay or auto-tandem catalysis. An amine-ligand exchange would mnitially occur to form an amino-
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strontium species, which enters in the first catalytic cycle giving rise to the hydroamination of the double bond,
presumably through a four-membered metalla-heterocyclic transition state, and a final protonolysis step. This
protonolysis can be effected either by the starting amine or, as the reaction proceeds, by the homobenzylic
amine generated in this first catalytic cycle. In the latter case, a strontium amide species is formed, that enters
in the second catalytic cycle. Then, a cyclization occurs followed by another protonolysis step that releases
the Z-stibene tetrahydroisoquinoline product, which may isomerize to its E-isomer under the reaction
conditions.

SCHEME 109. Strontium-catalyzed synthesis of tetrahydroisoquinolines by reaction of o-

(alkynyl)styrenes and amines
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Moreover, pyrido[2,3-d]pyrimidines have been synthesized by silver trifluoroacetate catalyzed cyclization
of 6-N, N-di-Boc-amino-5-(but-3’-yn- 1 ’-enyl)-2-methylpyrimidin-4-ol derivatives in good to excellent yields
(Scheme 110). The Boc protecting group has a relevant role n guiding this tandem reaction. In the ring-
closing reaction, the Boc group is removed i the presence of TFA and a 6-exo cyclization takes place by
nucleophilic attack of the free amino group to the silver activated triple bond. Then, an aromatization step

would account for the formation of pyrido[2,3-d]pyrimidines. When R? = TMS, desilylation at the alkyne
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terminal position under the cyclization reaction conditions leads to 2-methyl-3-trimethylsilyl-pyridine fused
aromatic compounds. Besides pyrimidines, the scope of this transformation includes also benzene and
pyridine derivatives.?!6

SCHEME 110. Synthesis of functionalized pyrido|2,3-d]pyrimidines and related compounds by

cyclization of pyrimidine enynes
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5.1.2. Other six-membered heterocycles. A copper-catalyzed thiolation/cyclization protocol has been
developed to stereoselectively prepare triftuoromethyl-containing 1H-isothiochromenes in moderate to very
high yields by addition of sodium hydrosulfide to [3-chloro-3-trifluoromethyl-o-(alkynyl)styrenes (Scheme
111).2!7 A wide range of aromatic and heteroaromatic groups as well as ¢-butyl can be located as substituents
onto the triple bond and a variety of substitution patterns are tolerated in the benzene ring. The employment of
two equivalents of base (z-BuONa) enhances the reaction yields.

A plausible mechanism for this transformation implies an initial copper-catalyzed coupling between the
thiolate and the vinyl chloride moiety. Then, copper iodide would act as a m-acid by complexing to the alkyne
moiety and activating it towards the intramolecular attack of the sulfur nucleophile by a stereoselective 6-exo
cyclization leading to a bicyclic intermediate. Then a protodemetallation step would afford (Z)-1-methylene-

3-trifluoromethyl- 1 H-isothiochromenes and regenerate again the catalyst species.
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SCHEME 111. Copper-catalyzed synthesis of CF;-containing 1H-isothiochromenes
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5.2. Five- and seven-membered rings

Reports regarding the formation of five- and seven-membered heterocycles from 1,3-dien-5-ynes are
scarce in the literature.

One of the few examples is the synthesis of benzofurans fused to an N-heterocycle by gold(III)-catalyzed
cycloisomerization of alkynylfurans with a pendant triple bond described by Hashmi (Scheme 112).2!8 This
transformation is initiated by the phenol synthesis previously described by the same author.?'® This well
stablished reaction gives in this particular case an o-(alkynyl)phenol that cyclizes in situ in the presence of the
gold-catalyst to yield the corresponding benzofurans in moderate to good yields. Intermediate o-
(alkynyl)phenols are observed as minor products in these reactions, which is attributed to the deactivation of
the catalyst before the cyclization is completed. In fact, it was demonstrated that further addition of catalyst to
the reaction mixture provides complete conversion to the corresponding benzofurans. It is worth to note that
in the overall transformation both a five-membered heterocycle and a benzene ring are formed along the
dienyne skeleton. However, the synthesis of the phenol occurs in the first step without participation of the
alkyne from the dienyne system. The reported scope for this transformation is quite limited, as only variations
in the substituent of the triple bond of the alkynylfuran moiety are performed. Moroever, substrates having in
this position a trimethylsilyl group or alkyl chains with pendant hydroxy groups, as well as terminal alkynes,

failed to give the benzofuran products i significant amounts.
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SCHEME 112. Gold-catalyzed synthesis of benzofurans
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Furthermore, a silver triflate-catalyzed reaction between o-(alkynyl)styrenes in which the olefin belongs to a
methylenecyclopropane moiety and o-(alkynyl)benzaldoxime derivatives leads to the formation of 1-[(1,3-
dihydroisobenzofuran- 1-yl)methylJisoquinolines n good to excellent yields by a cascade reaction sequence
(Scheme 113).2%0 This transformation, as in previous examples using this kind of 1,3-dien-5-ynes (see
Schemes 32, 33 and 82), takes advantage of the highly active sites of the conjugated system, that is, the
alkynyl moiety and the methylenecyclopropane. Moreover, in this case the ease of o-(alkynyl)benzaldoxime
to undergo 6-endo-dig cyclization in the presence of an electrophile or a catalytic amount of a Lewis acid is
fundamental for the reaction to proceed.

In the overall transformation four new bonds are formed involving three carbons of the conjugated dienynic
system. Thus, positions 2 and 5 are oxygenated while a new C—C bond is formed at position 1. The reaction
is proposed to be initiated with the creation of a C—N bond by a silver triflate-catalyzed 6-endo cyclization to
produce an isoquinoline N-oxide, which then undergoes a regioselective [3+2]-cycloaddition with the highly
reactive methylenecylopropane moiety to form a dihydroisoxazole adduct. Then, a homolytic cleavage of the
N-O bond would take place to generate a di-radical species, which would evolve by regioselective
mtramolecular 5-exo radical addition of the oxygen atom to the triple bond to furnish, after a final radical
migration, the isoquinoline reaction products.

The scope of the reaction has been established: a variety of substitutions in the o-(alkynylaryl)
methylenecyclopropane as well as functional groups such as fluoro, chloro, methoxy and ester as substitutents

in the o-(alkkynyl)benzaldoxime component are all compatible with the reaction conditions, and even a
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pyridinyl-substituted oxime leads to the corresponding 6-azaisoquinoline derivative. Additionally, not only aryl
but also primary, secondary or tertiary alkyl groups can be attached onto the triple bond of benzaldoxime
component.

SCHEME 113. Synthesis of 1-[(1,3-dihydrois obe nzofuran-1-yl)me thyl]isoquinolines
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On the other hand, the classical pyrazole synthesis by treating a,[3-unsaturated carbonyl compounds with
hydrazine hydrochloride has been applied to prepare fused pyrazoles by employing o-(alkynyl)chalcones as
o, -unsaturated carbonyl compounds (Scheme 114, eq. 1). The use of triethylamine as base in refluxing
methanol proved to be the best reaction conditions. The nature of the substituent R! in the o-(alkynyl)chalcone
is determinant for the reaction yield: alkyl and electron-rich aromatic substituents provide good yields of fused
pyrazoles, while only moderate yields are reached for heteroaromatic substituents. The reaction has been
extended to cyclic o-(alkynyl)chalcones, although low yields of polycyclic pyrazoles are generally obtained

(Scheme 114, eq. 2).2%!

123



SCHEME 114. Synthesis of fused pyrazoles by cyclization of o-(alkynyl)chalcones with hydrazine

O R!
2 2
R N R Et,N, MeOH R 4 N
+ NpHy2HCl ———— N7 (1)
flux
N re
N g3 R

R = alkyl (Me, i-Bu), c-Pr, aryl, heteroaryl 27-84%
R2=H, F, OH
R3=aryl

o]
n

~N
O )n Et;N, MeOH 4

. + NpHz2HCl —————— N-N @)

N reflux

Ph
3

s Ph
n=1 11-47%

Regarding the formation of seven-membered heterocyclic rings, a straightforward and amenable method for
the construction of azepino-perilenebisimides without the use of any metals has been developed by Sankar
and coworkers (Scheme 115).%22 The most important features of this formal [6+1] cyclization rely in the
reaction products due to the properties they exhibited, as they are panchromatic absorbing chromophores
with exceptional photophysical characteristics and promising dyes. Such properties can be electronically
modulated as starting alkynyl-perylenebisimides tolerate different aryl substituents onto the triple bond, giving
rise to the final products in yields that range from moderate to good.

The azepine-perylenebisimides would be formed by an initial nucleophilic attack of DBU 8-nitrogen via a
formal 1,10-conjugate addition onto the alkyne moiety, placed in a sterically congested bay position of the
highly electron-deficient peylenebisimide core. Then, ring opening of DBU due to the attack of a water
molecule occurs, and a second C—N bond is created by a formal mtramolecular 1,8-conjugate addition of the
nitrogen of the secondary amine. Finally, single electron transfer would lead to the formation of an iminium ion
mtermediate, which aromatizes to the final products by an iminium-enamine tautomerization. Therefore, the
complete carbonated skeleton of the 1,3-dien-5-yne is included into the new ring and new bonds are created

between N and positions 1 and 6 of'the conjugated system.
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SCHEME 115. Synthesis of azepino-perylenebisimides

toluene, 120 °C

R'=aryl

6. CONCLUSIONS

The work compiled in this review highlights the great potential of 1,3-dien-5-ynes in organic synthesis, as
precursors of a wide number of different carbo- and heterocycles.

Early contributions mainly focused in cycloaromatizations, and this field has notably advanced from low-
yielding photochemical or thermal processes performed under harsh conditions and with limited scope to
highly efficient metal-catalyzed reactions carried out under mild conditions. Noteworthy, the metal-catalyzed
cycloaromatization of 1,3-dien-5-ynes has found numerous applications in the preparation of PAHs, which is
a clear indicator of the advantages that this methodology provides over other aromatic ring forming strategies.
These advantages encompass the ease of synthesis of the precursors of the cyclization, which are usually
prepared in few steps from commercially available substrates through classical transformations such as Wittig

reactions, Sonogashira or Suzuki couplings and aldol condensations, as well as the mildness of the conditions
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used and the high yields generally obtained. Moreover, it is worth to note that the regioselective synthesis of
polysubstituted aromatic rings is a challenging task in organic synthesis. In this sense, the cycloaromatization of
1,3-dien-5-ynes in the presence of additional appropriate reagents provides a usefull tool for preparing
aromatic rings with a wide number of substitution patterns not easily accesible through other methodologies.

Nevertheless, the cycloaromatization of 1,3-dien-5-ynes is an already mature area and, although significant
contributions have been recently made and are still expected, the area that has attracted a higher number of
contributions in the last years is the use of 1,3-dien-5-ynes in the synthesis of five-membered rings. Mainly
based on metal-catalyzed processes, different methodologies have been developed for the efficient and
selective synthesis of indene, cyclopentenone and fulvene derivatives, among others. The possibility of
accesing a number of different substitution patterns through the judicious selection of the precursors and the
use of appropriate additional reagents, together with the previously commented ease of synthesis of 1,3-dien-
5-ynes and the mildness of the conditions makes the cyclization of 1,3-dien-5-ynes an appealing alternative
for the synthesis of five membered-rings.

Although less explored, some examples describing the use of 1,3-dien-5-ynes in the synthesis of other-size
carbocycles and diverse heterocycles have also started to appear in the last years.

The already demonstrated versatility of 1,3-dien-5-ynes and the vast amount of related literature that has
appeared during the last few years make us foresee that significant contributions in the field are still to come.
Thus, PAHs are very relevant molecules for the design of new materials, and cycloaromatization of 1,3-dien-
5-ynes will continue to be a method of choice in their synthesis. In this regard, although the state of the art in
the cycloaromatization of 1,3-dien-5-ynes is quite advanced, the development of new methodologies that
employ cheaper catalysts or lower catalyst loadings would be highly desirable from a practical pomt of view.
Particularly appealing would be the development of a metal-free method that could overcome the narrow
scope so far described for the acid-catalyzed procedure. Moreover, the use of 1,3-dien-5-ynes for the

synthesis of 7- and 8-membered rings and heterocycles is clearly underdeveloped compared to their
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utilization in the preparation of 5- and 6- membered rings, despite its potential has already been demostrated.
Thus, it is expected that in the next years a thoughtful choice of appropriate 1,3-dien-5-ynes and additional
reagents would allow a blooming of new methodologies for the regioselective synthesis of higher rings and

heterocycles with various substitution patterns.
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ABREVIATIONS LIST

AIBN azobisisobutyronitrile

BARF [B[3,5-(CF3),CsHs]4]”

BIPHEP 2,2'-bis(diphenylphosphino)- 1,1'-biphenyl

BPO benzoyl peroxide

BrettPhos 2-(dicyclohexylphosphino)3,6-dimethoxy-2',4',6'- triisopropyl- 1, 1'-biphenyl

COD 1,5-cyclooctadiene

Cp* pentamethylcyclopentadienyl
DABCO 1,4-diazabicyclo[2.2.2]octane

DBU 1,5-diazabicyclo[5.4.0]undec-5-ene

DIBAL-H diisobutylaluminum hydride

Dipp 2,6-diisopropylphenyl

d-i-Prpf 1,1°-bis(diisopropylphosphino)ferrocene

Dppp 1,3-bis(diphenylphosphino)propane

esp a,0,0/,0'-tetramethyl- 1,3-benzenedipropionic acid
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Hex hexyl

IPr N,N’-bis(2,6-diisopropylphenyl)imidazol-2-ylidene
Ms methanesulfonyl

MS molecular sieve

NBS N-bromosuccinimide

NIS N-iodosuccmnimide

NMP N-methyl-2-pyrrolidone

Ns p-nitrobenzenesulfonyl

PAHs polycyclic aromatic hydrocarbons

Piv trimethylacetyl

TBAI tetrabutylammonium iodide

TBDMS tert-butyldimethylsilyl

TC thiophene-2-carboxylate
Tf trifluoromethanesulfonyl
TFA trifluoroacetic acid

TIPS triisopropylsilyl

TosMIC p-toluenesulfonylmethyl isocyanide

Tp trispyrazolylborate

Ts p-toluenesulfonyl

XPhos 2-dicyclohexylphosphino-2',4’,6"-triisopropylbiphenyl
REFERENCES

(1) Hitt, D. M.; O’Connor, J. M. Acceleration of Conjugated Dienyne Cycloaromatization. Chem. Rev. 2011,
111,7904-7922.

(2) Zimmermann, G. Cycloaromatization of Open and Masked 1,3-Hexadien-5-ynes—Mechanistic and Synthetic
Aspects. Eur. J. Org. 2001, 457-471.

128



(3) Hopf, H.; Musso, H. Preparation of Benzene by Pyrolysis of cis- and trans-1,3-Hexadien-5-yne. Angew.
Chem. Int. Ed. 1969, 8, 680—680.

(4) Kaplan, L.; Walch, S. P.; Wilzbach, K. E. Photolysis of Benzene Vapor at 1849 A. Formation of cis-1,3-
Hexadien-5-yne. J. Am. Chem. Soc. 1968, 90, 5646—5647.

(5 Merlic, C. A.; Pauly, M. E. Ruthenium-Catalyzed Cyclizations of Dienylalkynes via Vinylidene
Intermediates. J. Am. Chem. Soc. 1996, 118, 11319—11320.

(6) Shen, H.-C.; Pal, S.; Lian, J.-J.; Liu, R.-S. Ruthenium-Catalyzed Aromatization of Aromatic Enynes via the
1,2-Migration of Halo and Aryl Groups: A New Process Involving Electrocyclization and Skeletal

Rearrangement. J. Am. Chem. Soc. 2003, 125, 15762—-15763.

(7) Maeyama, K.; Iwasawa, N. W(CO)s- THF-Catalyzed Endo-Selective Cyclization of w-Acetylenic Silyl Enol
Ethers. J. Am. Chem. Soc. 1998, 120, 1928—1929.

(8) Maeyama, K.; Iwasawa, N. W(CO)s- THF-Catalyzed Electrocyclizations of Aromatic Enynes via Vinylidene
Intermediates. J. Org. Chem. 1999, 64, 1344—1346.

(9) For a preliminary example reporting the synthesis of phenanthrene from o-(alkynyl)biphenyl and the
application of this methodology for the synthesis of polycyclic aromatic compounds: Shen, H.-C.; Tang, J.-M;
Chang, H.-K_; Yang, C.-W.; L, R.-S. Short and Efficient Synthesis of Coronene Derivatives via Ruthenium-
Catalyzed Benzannulation Protocol. J. Org. Chem. 2005, 70, 10113—10116.

(10) Yamamoto, Y.; Matsui, K.; Shibuya, M. A Combined Experimental and Computational Study on the
Cycloisomerization of 2-Ethynylbiaryls Catalyzed by Dicationic Arene Ruthenium Complexes. Chem. Eur. J.
2015, 21, 7245-7255.

(11) Donovan, P. M.; Scott, L. T. Elaboration of Diaryl Ketones into Naphthalenes Fused on Two or Four Sides:
A Naphthoannulation Procedure. J. Am. Chem. Soc. 2004, 126,3108-3112.

(12) Watanabe, M.; Mataka, S.; Thiemann, T. Benzothieno and Benzofurano Annelated Estranes. Steroids
2005, 70, 856—866.

(13) Chen, T.-A.; Lee, T.-J.; Lin, M.-Y.; Sohel, S. M. A.; Diau, E. W.-G.; Lush, S.-F.; L, R.-S.
Regiocontrolled Synthesis of Ethene-Bridged para-Phenylene Oligomers Based on Pt~ and Rul-Catalyzed
Aromatization. Chem. Eur. J. 2010, 16, 1826—1833.

(14) Shaibu, B. S.; Lin, S.-H.; Lin, C.-Y.; Wong, K.-T.; Liu, R.-S. Ph,N-Substituted Ethylene-Bridged p-
Phenylene Oligomers: Synthesis and Photophysical and Redox Properties. J. Org. Chem. 2011, 76, 1054—-1061.

(15) Hertz, V. M.; Lerner, H.-W.; Wagner, M. Ru-Catalyzed Benzannulation Leads to Luminescent Boron-
Containing Polycyclic Aromatic Hydrocarbons. Org. Lett. 2015, 17, 5240-5243.

(16) For a single example using stoichiometric amounts of EtAICl, as promoter see: Imamura, K.-i.; Yoshikawa,
E.; Gevorgyan, V.; Yamamoto, Y. The First Addition of Silyl Enol Ethers to Internal Unactivated Alkynes.

Tetrahedron Lett. 1999, 40, 4081-4084.

(17) Dankwardt, J. W. Transition-Metal-Promoted 6-endo-dig Cyclization of Aromatic Enynes: Rapid Synthesis
of Functionalized Naphthalenes. Tetrahedron Lett. 2001, 42, 5809-5812.

129



(18) Shibata, T.; Ueno, Y; Kanda, K. Cationic Au(I)-Catalyzed Cycloisomerization of Aromatic Enynes for the
Synthesis of Substituted Naphthalenes. Synlett 2006, 411-414.

(19) Aziz, J.; Frison, G.; Le Menez, P.; Brion, J.-D.; Hamze, A.; Alami, M. Gold versus Palladium: A
Regioselective Cycloisomerization of Aromatic Enynes. Adv. Synth. Catal. 2013, 355, 3425-3436.

(20) Belmont, P.; Andrez, J.-C.; Allan, C. S. M. New Methodology for Acridine Synthesis Using a Rhodium-
Catalyzed Benzannulation. Tetrahedron Lett. 2004, 45, 2783-2786.

(21) Godet, T.; Belmont, P. Silver(I) versus Gold(I) Catalysis in Benzannulation Reaction: A Versatile Access to
Acridines. Synlett 2008, 2513-2517.

(22) Michon, C.; Liu, S.; Hiragushi, S.; Uenishi, J.; Uemura, M. Gold(I)-Catalyzed Cycloisomerization of
(Arene)chromium Complexes with Enyne Bonds Directed Towards Axially Chiral Biaryls. Synlett 2008,
1321-1324.

(23) Michon, C.; L, S.; Hiragushi, S.; Uenishi, J.; Uemura, M. Cycloisomerization of (Arene)chromium
Complexes with Enyne by Gold(I) Catalyst for Axially Chiral Biaryls. Tetrahedron 2008, 64, 11756—11762.

(24) Kadoya, N.; Murai, M.; Ishiguro, M.; Uenishi, J.; Uemura, M. Palladium(I)-Catalyzed Asymmetric
Cycloisomerization of Enynes for Axially Chiral Biaryl Construction. Tetrahedron Lett. 2013, 54, 512-514.

(25) Fiirstner, A.; Mamane, V. Flexible Synthesis of Phenanthrenes by a PtCl,-Catalyzed Cycloisomerization
Reaction. J. Org. Chem. 2002, 67, 6264—6267.

(26) Mamane, V.; Hannen, P.; Fiirstner, A. Synthesis of Phenanthrenes and Polycyclic Heteroarenes by
Transition-Metal Catalyzed Cycloisomerization Reactions. Chem. Eur. J. 2004, 10, 4556-4575.

(27) Shibata also reported a single example of a gold-catalyzed synthesis of phenanthrenes from o-
(alkkynyl)biphenyls, although with moderate yield and selectivity 6-endo vs 5-exo. See reference 18.

(28) For a computational mechanistic study: Soriano, E.; Marco-Contelles, J. Mechanisms of the Transition
Metal-Mediated Hydroarylation of Alkynes and Allenes. Organometallics 2006, 25, 4542—4553.

(29) Fiirstner, A.; Kennedy, J. W. J. Total Syntheses of the Tylophora Alkaloids Cryptopleurine, (—)-Antofine,
(-)-Tylophorine, and (—)-Ficuseptine C. Chem. Eur. J. 2006, 12, 7398—7410.

(30) Buchgraber, P.; Domostoj, M. M.; Scheiper, B.; Wirtz, C.; Mynott, R.; Rust, J.; Flirstner, A. Synthesis-
Driven Mapping of the Dictyodendrin Alkaloids. Tetrahedron 2009, 65, 6519-6534.

(31) For a related synthesis of an alkaloid using a gold(I)-catalyst: Stoye, A.; Opatz, T. Synthesis of (-)-
Cryptopleurine by Combining Gold(I) Catalysis with a Free Radical Cyclization. Eur. J. Org. Chem. 2015,
2149-2156.

(32) Sharma, H.; Sanchez, T. W.; Neamati, N.; Detorio, M.; Schinazi, R. F.; Cheng, X.; Buolamwini, J. K.
Synthesis, Docking, and Biological Studies of Phenanthrene B-Diketo Acids as Novel HIV-1 Integrase
Inhibitors. Bioorg. Med. Chem. Lett. 2013, 23, 6146—6151.

(33) For a revision on metal-catalyzed synthesis of PAHs, including cycloisomerization of 1,3-dien-5-ynes: Jin,
T.; Zhao, J.; Asao, N.; Yamamoto, Y. Metal-Catalyzed Annulation Reactions for m-Conjugated Polycycles.

Chem. Eur. J. 2014, 20, 3554-3576.
130



(34) Yamamoto, K.; Oyamada, N.; Xia, S.; Kobayashi, Y.; Yamaguchi, M.; Maeda, H.; Nishihara, H.;
Uchimaru, T.; Kwon, E. Equatorenes: Synthesis and Properties of Chiral Naphthalene, Phenanthrene, Chrysene,
and Pyrene Possessing Bis(l-adamantyl) Groups at the Peri-position. J. Am. Chem. Soc. 2013, 135,
16526—16532.

(35) Wu, T.-L.; Chou, H.-H.; Huang, P.-Y.; Cheng, C.-H.; Liu, R.-S. 3,6,9,12-Tetrasubstituted Chrysenes:
Synthesis, Photophysical Properties, and Application as Blue Fluorescent OLED. J. Org. Chem. 2014, 79,
267-274.

(36) Walker, D. B.; Howgego, J.; Davis, A. P. Synthesis of Regioselectively Functionalized Pyrenes via
Transition-Metal-Catalyzed Electrocyclization. Synthesis 2010, 3686—3692.

(37) Machuy, M. M.; Wiirtele, C.; Schreiner, P. R. 2,6-Bis(phenylethynyl)biphenyls and Their Cyclization to
Pyrenes. Synthesis 2012, 44, 1405—-1409.

(38) Wu, A.; Xu, D.; Lu, D.; Penning, T. M.; Blair, I. A.; Harvey, R. G. Synthesis of 3C4-Labelled Oxidized
Metabolites of the Carcinogenic Polycyclic Aromatic Hydrocarbon Benzo[a]pyrene. Tetrahedron 2012, 68,
7217-7233.

(39) For a related synthesis of pyrenes using a gold-catalyst: Matsuda, T.; Moriya, T.; Goya, T.; Murakami, M.
Synthesis of Pyrenes by Twofold Hydroarylation of 2,6-Dialkynylbiphenyls. Chem. Lett. 2011, 40, 40—41.

(40) Eversloh, C. L.; Li, C.; Miillen, K. Core-Extended Perylene Tetracarboxdiimides: The Homologous Series
of Coronene Tetracarboxdiimides. Org. Lett. 2011, 13, 4148—4150.

(41) Wu, D.; Zhang, H.; Liang, J.; Ge, H.; Chi, C.; Wu, J.; L, S. H.; Yin, J. Functionalized Coronenes:
Synthesis, Solid Structure, and Properties. J. Org. Chem. 2012, 77, 11319-11324.

(42) Storch, J.; Sykora, J.; Cermak, J.; Karban, J.; Cisatova, I.; RiZicka, A. Synthesis of Hexahelicene and 1-
Methoxyhexahelicene via Cycloisomerization of Biphenylyl-Naphthalene Derivatives. J. Org. Chem. 2009, 74,
3090-3093.

(43) Storch, J.; Cermak, J.; Karban, J.; Cisafova, 1.; Sykora, J. Synthesis of 2-Aza[6]helicene and Attempts To
Synthesize 2,14-Diaza[6]helicene Utilizing Metal-Catalyzed Cycloisomerization. J. Org. Chem. 2010, 75,
3137-3140.

(44) Weimar, M.; Correa da Costa, R.; Lee, F.-H.; Fuchter, M. J. A Scalable and Expedient Route to
1-Aza[6]helicene Derivatives and Its Subsequent Application to a Chiral-Relay Asymmetric Strategy. Org. Lett.
2013, 75, 1706—1709.

(45) Yamamoto, K.; Okazumi, M.; Suemune, H.; Usui, K. Synthesis of [S]Helicenes with a Substituent
Exclusively on the Interior Side of the Helix by Metal-catalyzed Cycloisomerization. Org. Lett. 2013, 15,
1806—1809.

(46) Oyama, H.; Nakano, K.; Harada, T.; Kuroda, R.; Naito, M.; Nobusawa, K.; Nozaki, K. Facile Synthetic
Route to Highly Luminescent Sila[7]helicene. Org. Lett. 2013, 15, 2104-2107.

(47) Usui, K.; Yamamoto, K.; Shimizu, T.; Okazumi, M.; Mei, B.; Demizu, Y.; Kurihara, M.; Suemune, H.
Synthesis and Resolution of Substituted [5]Carbohelicenes. J. Org. Chem. 2015, 80, 6502—6508.

131



(48) Wang, C.-H.; Hu, R.-R.; Liang, S.; Chen, J.-H.; Yang, Z.; Pei, J. Linear C>-Symmetric Polycyclic
Benzodithiophene: Efficient, Highly Diversified Approaches and the Optical Properties. Tetrahedron Lett.
2005, 46, 8153-8157.

(49) Storch, J.; Cermak, J.; Karban, J. Synthesis of 1-(2-Ethynyl-6-methylphenyl)- and 1-(2-Ethynyl-6-
methoxyphenyl)-Naphthalene and their Cyclization. Tetrahedron Lett. 2007, 48, 6814—6816.

(50) Bosdet, M. J. D.; Piers, W. E.; Sorensen, T. S.; Parvez, M. 10a-Aza-10b-borapyrenes: Heterocyclic
Analogues of Pyrene with Internalized BN Moieties. Angew. Chem. Int. Ed. 2007, 46, 4940-4943.

(51) Chen, T.-A.; Liu, R.-S. Synthesis of Polyaromatic Hydrocarbons from Bis(biaryl)diynes: Large PAHs with
Low Clar Sextets. Chem. Eur. J. 2011, 17, 8023-8027.

(52) Kitazawa, K.; Kochi, T.; Nitani M.; le, Y.; Aso, Y.; Kakiuchi, F. Convenient Synthesis of
Dibenzo[a,h]anthracenes and Picenes via C—H Arylation of Acetophenones with Arenediboronates. Chem.
Lett. 2011, 40, 300-302.

(53) Shao, J.; Zhao, X.; Wang, L.; Tang, Q.; Li, W.; Yu, H.; Tian, H.; Zhang, X.; Geng, Y.; Wang, F. Synthesis
and Characterization of n-Extended Thienoacenes with up to 13 Fused Aromatic Rings. Tetrahedron Lett.
2014, 55, 5663—-5666.

(54) Thomson, P. F.; Parrish, D.; Pradhan, P.; Lakshman, M. K. Modular, Metal-Catalyzed Cycloisomerization
Approach to Angularly Fused Polycyclic Aromatic Hydrocarbons and Their Oxidized Derivatives. J. Org.
Chem. 2015, 80, 7435-7446.

(55) Liu, J.; Ravat, P.; Wagner, M.; Baumgarten, M.; Feng, X.; Miillen, K. Tetrabenzo[a,f,j,0]perylene: A
Polycyclic Aromatic Hydrocarbon With An Open-Shell Singlet Biradical Ground State. Angew. Chem. Int. Ed.
2015, 54, 12442—12446.

(56) Ly, J.; Li, B.-W.; Tan, Y.-Z.; Giannakopoulos, A.; Sanchez-Sanchez, C.; Beljonne, D.; Ruffieux, P.; Fasel,
R.; Feng, X.; Miillen, K. Toward Cove-Edged Low Band Gap Graphene Nanoribbons. J. Am. Chem. Soc.
2015, 137, 6097-6103.

(57) Fiirstner, A.; Mamane, V. Concise Total Synthesis of the Aporphine Alkaloid 7,7'-Bisdehydro-O-
methylisopiline by an InCl; Mediated Cycloisomerization Reaction. Chem. Commun. 2003,2112-2113.

(58) Delcamp, J. H.; Yella, A.; Holcombe, T. W.; Nazeeruddin, M. K.; Gritzel, M. The Molecular Engineering
of Organic Sensitizers for Solar-Cell Applications. Angew. Chem. Int. Ed. 2013, 52, 376-380.

(59) Komeyama, K.; Igawa, R.; Takaki, K. Cationic Iron-Catalyzed Intramolecular Alkyne-Hydroarylation with
Electron-Deficient Arenes. Chem. Commun. 2010, 46, 1748—1750.

(60) Carreras, J.; Patil, M.; Thiel, W.; Alcarazo, M. Exploiting the m-Acceptor Properties of Carbene-Stabilized
Phosphorus Centered Trications [L3;P]3*: Applications in Pt(II) Catalysis. J. Am. Chem. Soc. 2012, 134,
16753-16758.

(61) Kozma, A.; Deden, T.; Carreras, J.; Wille, C.; Petuskova, J.; Rust, J.; Alcarazo, M. Coordination
Chemistry of Cyclopropenylidene-Stabilized Phosphenium Cations: Synthesis and Reactivity of Pd and Pt
Complexes. Chem. Eur. J. 2014, 20, 2208-2214.

132



(62) Carreras, J.; Gopakumar, G.; Gu, L.; Gimeno, A.; Linowski, P.; Petuskova, J.; Thiel, W.; Alcarazo, M.
Polycationic Ligands in Gold Catalysis: Synthesis and Applications of Extremely n-Acidic Catalysts. J. Am.
Chem. Soc. 2013, 135, 18815—18823.

(63) Byers, P. M.; Rashid, J. I.; Mohamed, R. K.; Alabugin, I. V. Polyaromatic Ribbon/Benzofuran Fusion via
Consecutive Endo Cyclizations of Enediynes. Org. Lett. 2012, 14, 6032—6035.

(64) Jung, Y.; Kim, I. Deformylative Intramolecular Hydroarylation: Synthesis of Benzo[ e]pyrido[1,2-a]indoles.
Org. Lett. 2015, 17, 4600—4603.

(65) Mandadapu, A. K.; Dathi M. D.; Arigela, R. K.; Kundu, B. Synthesis of 8-Aryl Substituted
Benzo[a]phenanthridine Derivatives by Consecutive Three Component Tandem Reaction and 6-endo
Carbocyclization. Tetrahedron 2012, 68, 8207—-8215.

(66) For a single example reported by Fiirstner see references 25 and 26.

(67) Praveen, C.; Perumal, P. T. Synthesis of Carbazoles by Gold(I)-Catalyzed Carbocyclization of 2-
(Enynyl)indoles. Synlett 2011, 521-524.

(68) Kang, D.; Kim, J.; Oh, S.; Lee, P. H. Synthesis of Naphthalenes via Platinum-Catalyzed Hydroarylation of
Aryl Enynes. Org. Lett. 2012, 14, 5636—5639.

(69) Kinoshita, H.; Tohjima, T.; Miura, K. Hydroalumination-Triggered Cyclization of Silylated 1,3-Dien-5-ynes
to Polysubstituted Benzenes. Org. Lett. 2014, 16, 4762-4765.

(70) Goldfinger, M. B.; Swager, T. M. Fused Polycyclic Aromatics via Electrophile-Induced Cyclization
Reactions: Application to the Synthesis of Graphite Ribbons. J. Am. Chem. Soc. 1994, 116, 7895-7896.

(71) Goldfinger, M. B.; Crawford, K. B.; Swager, T. M. Directed Electrophilic Cyclizations: Efficient
Methodology for the Synthesis of Fused Polycyclic Aromatics. J. Am. Chem. Soc. 1997, 119, 4578—4593.

(72) Goldfinger, M. B.; Crawford, K. B.; Swager, T. M. Synthesis of Ethynyl-Substituted Quinquephenyls and
Conversion to Extended Fused-Ring Structures. J. Org. Chem. 1998, 63, 1676—1686.

(73) Tovar, J. D.; Swager, T. M. Exploiting the Versatility of Organometallic Cross-Coupling Reactions for
Entry into Extended Aromatic Systems. J. Organomet. Chem. 2002, 653,215-222.

(74) For a related HOTf mediated synthesis of PAHs see: Mukherjee, A.; Pati, K.; Liu, R.-S. A Convenient
Synthesis of Tetrabenzo[de,himn,grinaphthacene from Readily Available 1,2-Di(phenanthren-4-yl)ethyne. J.

Org. Chem. 2009, 74, 6311-6314.

(75) Xu, J; Wang, Y.; Burton, D. J. Site-Specific Preparation of 3-Fluoro- 1-substituted-naphthalenes via a Novel
Base-Catalyzed Cyclization Reaction from (£)-Monofluoroenynes. Org. Lett. 2006, 8, 2555-2558.

(76) Wang, Y.; Xu, J; Burton, D. J. A Simple, Two-Step, Site-Specific Preparation of Fluorinated Naphthalene
and Phenanthrene Derivatives from Fluorobromo-Substituted Alkenes. J. Org. Chem. 2006, 71, 7780-7784.

(77) Wang, Y.; Burton, D. J. Site-Specific Preparation of 2-Carboalkoxy-4-substituted Naphthalenes and 9-
Alkylphenanthrenes and Evidence for an Allene Intermediate in the Novel Base-Catalyzed Cyclization of 2-
Alkynylbiphenyls. Org. Lett. 2006, 8, 5295-5298.

133



(78) Wang, Y.; Burton, D. J. Site-specific Preparation of 4-substituted-6-Fluoro(carboalkoxyl)benzo[b]furans
and Benzo[b]thiophenes via Base-catalyzed Cyclization of Enyne Derivatives. J. Fluorine Chem. 2007, 128,
1052-1057.

(79) Lin, Q.-X.; Ho, T.-L. Concise Synthesis of Tylophorine. Tetrahedron 2013, 69, 2996-3001.

(80) Franceschin, M.; Alvino, A.; Casagrande, V.; Mauriello, C.; Pascucci, E.; Savino, M.; Ortaggi, G.; Bianco,
A. Specific Interactions with Intra- and Intermolecular G-Quadruplex DNA Structures by Hydrosoluble
Coronene Derivatives: A New Class of Telomerase Inhibitors. Bioorg. Med. Chem. 2007, 15, 1848—1858.

(81) Lai, Y.-Y.; Chang, H.-H.; Lai, Y.-Y.; Liang, W.-W.; Tsai, C.-E.; Cheng, Y.-J. Angular-Shaped 4,10-
Dialkylanthradiselenophene and Its Donor—Acceptor Conjugated Polymers: Synthesis, Physical, Transistor, and
Photovoltaic Properties. Macromolecules 2015, 48, 6994-70006.

(82) Cheng, S.-W.; Chiou, D.-Y.; Lai, Y.-Y.; Yu, R.-H.; Lee, C.-H.; Cheng, Y.-J. Synthesis and Molecular
Properties of Four Isomeric Dialkylated Angular-Shaped Naphthodithiophenes. Org. Lett. 2013, 15,
5338-5341.

(83) Mitsudo, K.; Sato, H.; Yamasaki, A.; Kamimoto, N.; Goto, J.; Mandai, H.; Suga, S. Synthesis and
Properties of Ethene-Bridged Terthiophenes. Org. Lett. 2015, 17, 4858—4861.

(84) Zhou, H.; Xing, Y.; Yao, J.; Chen, J. Sulfur-Assisted Propargyl-Allenyl Isomerizations and
Electrocyclizations for the Convenient and Efficient Synthesis of Polyfunctionalized Benzenes and
Naphthalenes. Org. Lett. 2010, 12, 3674-3677.

(85) Zhou, H.; Xing, Y.; Yao, J.; Lu, Y. Heteroatom as a Promotor: Synthesis of Polyfunctionalized Benzenes
and Naphthalenes. J. Org. Chem. 2011, 76, 4582-4590.

(86) Zhao, G.; Zhang, Q.; Zhou, H. Propargyl-Allenyl Isomerizations and Electrocyclizations for the
Functionalization of Phosphonium Salts: One-Pot Synthesis of Polysubstituted Vinylbenzenes and Naphthalenes.
Adv. Synth. Catal. 2013, 355, 3492-3496.

(87) Yao, T.; Campo, M. A.; Larock, R. C. Synthesis of Polycyclic Aromatic lodides via ICl-Induced
Intramolecular Cyclization. Org. Lett. 2004, 6, 2677-2680.

(88) Yao, T.; Campo, M. A.; Larock, R. C. Synthesis of Polycyclic Aromatics and Heteroaromatics via
Electrophilic Cyclization. J. Org. Chem. 2005, 70, 3511-3517.

(89) Martins, G. M.; Zeni, G.; Back, D. F.; Kaufman, T. S.; Silveira, C. C. Expedient lodocyclization Approach
Toward Polysubstituted 3H-Benzo[e]indoles. Adv. Synth. Catal. 2015, 357, 3255-3261.

(90) Crone, B.; Kirsch, S. F.; Umland, K.-D. Electrophilic Cyclization of 1,5-Enynes. Angew. Chem. Int. Ed.
2010, 49, 4661-4664.

(91) Brookes, P. A.; Barrett, A. G. M. lodoaromatization Reactions of Enyne—Dioxinones: Syntheses of 4H-1,3-
Benzodioxin-4-ones, Masked Pentasubstituted Arenes J. Org. Chem. 2014, 79, 8706—8714.

(92) Feng, X.; Pisula, W.; Miillen, K. From Helical to Staggered Stacking of Zigzag Nanographenes. J. Am.
Chem. Soc. 2007, 129, 14116-14117.

134



(93) Chaudhuri, R.; Hsu, M.-Y.; Li, C.-W.; Wang, C.-1.; Chen, C.-J.; Lai, C. K.; Chen, L.-Y.; L, S.-H.; Wu,
C.-C.; Liu, R.-S. Functionalized Dibenzo[gp]chrysenes:Variable Photophysical and Electronic Properties and
Liquid-Crystal Chemistry. Org. Lett. 2008, 10, 3053-3056.

(94) Chen, H.-B.; Yin, J.; Wang, Y.; Pei, J. Unsaturated Strained Cyclophanes Based on Dibenz[ a j]anthracene
by an Intramolecular McMurry Olefination. Org. Lett. 2008, 10, 3113-3116.

(95) Hseuh, H.-H.; Hsu, M.-Y.; Wu, T.-L.; Liu, R.-S. Efficient Synthesis and Characterization of
Dibenzo[a,m]rubicenes and Tetrabenzo-[a f»m|rubicenes. J. Org. Chem. 2009, 74, 8448—-8451.

(96) Chan, J. M. W.; Kooi, S. E.; Swager, T. M. Synthesis of Stair-Stepped Polymers Containing
Dibenz[a s ]anthracene Subunits. Macromolecules 2010, 43, 2789-2793.

(97) Chen, T.-A.; Liu, R.-S. Synthesis of Large Polycyclic Aromatic Hydrocarbons from Bis(biaryl)acetylenes:
Large Planar PAHs with Low nt-Sextets. Org. Lett. 2011, 13, 4644—-4647.

(98) Yan, Q.; Cai, K.; Zhang, C.; Zhao, D. Coronenediimides Synthesized via ICl-Induced Cyclization of
Diethynyl Perylenediimides. Org. Lett. 2012, 14, 4654-4657.

(99) Zhang, Z.; Lei, T.; Yan, Q.; Pei, J.; Zhao, D. Electron-transporting PAHs with Dual Perylenediimides:
Syntheses and Semiconductive Characterizations. Chem. Commun. 2013, 49, 2882—-2884.

(100) Matsumoto, S.; Takase, K.; Ogura, K. Novel Formation of lodobenzene Derivatives from 1-(Methylthio)-
3-tosylhexa-1,3-dien-5-ynes via lodine-Induced Intramolecular Cyclization. J. Org. Chem. 2008, 73,
1726-1731.

(101) Feng, C.; Loh, T.-P. Palladium-Catalyzed Bisolefination of C—C Triple Bonds: A Facile Method for the
Synthesis of Naphthalene Derivatives. J. Am. Chem. Soc. 2010, 132, 17710-17712.

(102) Saito, K.; Sogou, H.; Suga, T.; Kusama, H.; Iwasawa, N. Platinum(II)-Catalyzed Generation and [3+2]
Cycloaddition Reaction of o,f-Unsaturated Carbene Complex Intermediates for the Preparation of Polycyclic
Compounds. J. Am. Chem. Soc. 2011, 133, 689-691.

(103) Dou, C.; Saito, S.; Gao, L.; Matsumoto, N.; Karasawa, T.; Zhang, H.; Fukazawa, A.; Yamaguchi, S.
Sequential ~ Electrophilic and  Photochemical Cyclizations from  Bis(bithienyl)acetylene to a
Tetrathienonaphthalene Core. Org. Lett. 2013, 15, 80—83.

(104) Roy, S.; Anoop, A.; Biradha, K.; Basak, A. Synthesis of Angularly Fused Aromatic Compounds from
Alkenyl Enediynes by a Tandem Radical Cyclization Process. Angew. Chem. Int. Ed. 2011, 50, 8316-8319.

(105) Roy, S.; Basak, A. Exploring the Scope of Bergman Cyclization Mediated Cascade Reaction of Alkenyl
Enediynes: Synthesis of [5]Helicene and Amino Acid Appended [4]Helicenes. Tetrahedron 2013, 69,
2184-2192.

(106) Yamaguchi, S.; Swager, T. M. Oxidative Cyclization of Bis(biaryl)acetylenes: Synthesis and Photophysics
of Dibenzo[ g p]chrysene-Based Fluorescent Polymers. J. Am. Chem. Soc. 2001, 123, 12087—-12088.

(107) Yasuhara, A.; Takeda, Y.; Suzuki, N.; Sakamoto, T. Synthesis of 2,3-Disubstituted Indole Using
Palladium(IT)-Catalyzed Cyclization with Alkenylation Reaction. Chem. Pharm. Bull. 2002, 50, 235-238.

(108) Joo, J. M.; Yuan, Y.; Lee, C. Tandem Cyclization of Alkynes via Rhodium Alkynyl and Alkenylidene
Catalysis. J. Am. Chem. Soc. 2006, 128, 14818-14819.

135



(109) Mohamed, R. K.; Mondal, S.; Gold, B.; Evoniuk, C. J.; Banerjee, T.; Hanson, K.; Alabugin, I. V. Alkenes
as Alkyne Equivalents in Radical Cascades Terminated by Fragmentations: Overcoming Stereoelectronic
Restrictions on Ring Expansions for the Preparation of Expanded Polyaromatics. J. Am. Chem. Soc. 2015, 137,
6335-6349.

(110) Mondal, S.; Gold, B.; Mohamed, R. K.; Phan, H.; Alabugin, I. V. Rerouting Radical Cascades:
Intercepting the Homoallyl Ring Expansion in Enyne Cyclizations via C—S Scission. J. Org. Chem. 2014, 79,
7491-7501.

(111) Mondal, S.; Gold, B.; Mohamed, R. K.; Alabugin, I. V. Design of Leaving Groups in Radical C—C
Fragmentations: Through-Bond 2c—3e Interactions in Self-Terminating Radical Cascades. Chem. Eur. J. 2014,
20, 8664—86609.

(112) Pati, K.; Michas, C.; Allenger, D.; Piskun, I.; Coutros, P. S.; dos Passos Gomes, G.; Alabugin, 1. V.
Synthesis of Functionalized Phenanthrenes via Regioselective Oxidative Radical Cyclization. J. Org. Chem.

2015, 80, 11706-11717.

(113) Huang, X.-C.; Wang, F.; Liang, Y.; Li, J.-H. Halopalladation/Decarboxylation/Carbon—Carbon Forming
Domino Process: Synthesis of 5-Halo-6-substituted Benzo[b]naphtho[2,1-d]furans. Org. Lett. 2009, 11,
1139-1142.

(114) Hu, B.-L.; Pi, S.-S.; Qian, P.-C.; Li, J.-H.; Zhang, X.-G. Palladium-Catalyzed lodine-Mediated
Electrophilic Annulation of 2-(1-Alkynyl)biphenyls with Disulfides. J. Org. Chem. 2013, 78, 1300-1305.

(115) Yang, Z.-J.; Hu, B.-L.; Deng, C.-L.; Zhang, X.-G. Iron-Promoted Electrophilic Annulation of Aryl Enynes
with Disulfides or Diselenides Leading to Polysubstituted Naphthalenes. Adv. Synth. Catal. 2014, 356,
1962—1966.

(116) L, Y.; Guo, J.; L, Y.; Wang, X.; Wang, Y.; Jia, X.; Wei, G.; Chen, L.; Xiao, J.; Cheng, M. Au(l)-
Catalyzed Triple Bond Alkoxylation/Dienolether Aromaticity-driven Cascade Cyclization to Naphthalenes.
Chem. Commun. 2014, 50, 6243-6245.

(117) Hossain, M. L.; Ye, F.; L, Z.; Xia, Y.; Shi, Y.; Zhou, L.; Zhang, Y.; Wang, J. Synthesis of
Phenanthrenes through Copper-Catalyzed Cross-Coupling of N-Tosylhydrazones with Terminal Alkynes. J.
Org. Chem. 2014, 79, 8689—-8699.

(118) Li, S.; Luo, Y.; Wu, J. An Efficient Approach to Fused Indolines via a Copper(I)-Catalyzed Reaction of
Sulfonyl Azide with 2-Ethynylaryl Methylenecyclopropane. Org. Lett. 2011, 13,3190-3193.

(119) Li, S.; Li, Z.; Wu, J. Synthesis of Benzoindolines via a Copper-Catalyzed Reaction of 1-Bromoethynyl-2-
(cyclopropylidenemethyl)arenes with N-Allylsulfonamide. Adv. Synth. Catal. 2012, 354, 3087-3094.

(120) Akbar, S.; Srinivasan, K. A Tandem Strategy for the Synthesis of 1H-Benzo[g]indazoles and
Naphtho[2,1-d]isoxazoles from o-Alkynylarene Chalcones. Eur. J. Org. Chem. 2013, 1663—1666.

(121) Miura, T.; Iwasawa, N. Reactions of lodinated Vinylidene Complexes Generated from 1-lodo-1-alkynes
and W(CO)s(thf). J. Am. Chem. Soc. 2002, 124, 518-519.

(122) Miura, T; Murata, H.; Kiyota, K.; Kusama, H.; Iwasawa, N. W(CO)s(L)-Promoted Cyclization of 1-Iodo-
1-alkynes via Todovinylidene Tungsten Complexes. J. Mol. Catal. A: Chem 2004, 213, 59-71.

136



(123) For the application of this methodology to the synthesis of picene and dibenzo[ a,i]anthracene derivatives:
Nakae, T.; Ohnishi, R.; Kitahata, Y.; Soukawa, T.; Sato, H.; Mori, S.; Okujima, T.; Uno, H.; Sakaguchi, H.
Effective Synthesis of Diiodinated Picene and Dibenzo[a 4 ]anthracene by AuCl-Catalyzed Double Cyclization.
Tetrahedron Lett. 2012, 53, 1617—-1619.

(124) Huang, G.; Cheng, B.; Xu, L.; Li Y.; Xia, Y. Mechanism of the Transition-Metal-Catalyzed
Hydroarylation of Bromo-Alkynes Revisited: Hydrogen versus Bromine Migration. Chem. Eur. J. 2012, 18,
5401-5415.

(125) Lim, W.; Rhee, Y. H. A Flexible Metal-Catalyzed Synthesis of Highly Substituted Aryl Phenanthrenyl
Selenides. Fur. J. Org. Chem. 2013, 460—464.

(126) Lian, J.-J.; Odedra, A.; Wu, C.-J.; Liu, R.-S. Ruthenium-Catalyzed Regioselective 1,3-Methylene
Transfer by Cleavage of Two Adjacent 6-Carbon—Carbon Bonds: An Easy and Selective Synthesis of Highly
Subsituted Benzenes. J. Am. Chem. Soc. 2005, 127, 4186—4187.

(127) Garcia-Garcia, P; Martinez, A.; Sanjuan, A. M.; Fernandez-Rodriguez, M. A.; Sanz, R. Gold(I)-Catalyzed
Tandem Cyclization—Selective Migration Reaction of 1,3-Dien-5-ynes: Regioselective Synthesis of Highly
Substituted Benzenes. Org. Lett. 2011, 13, 4970-4973.

(128) Lian, J.-J.; Lin, C.-C.; Chang, H.-K.; Chen, P.-C.; L, R.-S. Thermal and Metal-Catalyzed Cyclization of
1-Substituted  3,5-Dien-1-ynes via a [1,7]-Hydrogen Shift: Development of a Tandem Aldol
Condensation—Dehydration and Aromatization Catalysis between 3-En-1-yn-5-al Units and Cyclic Ketones. J.

Am. Chem. Soc. 2006, 128, 9661-9667.

(129) Garcia-Garcia, P; Fernandez-Rodriguez, M. A.; Aguilar, E. Gold-Catalyzed Cycloaromatization of 2,4-
Dien-6-yne Carboxylic Acids: Synthesis of 2,3-Disubstituted Phenols and Unsymmetrical Bi- and Terphenyls.

Angew. Chem. Int. Ed. 2009, 48, 5534-5537.

(130) Bera, K.; Sarkar, S.; Jalal, S.; Jana, U. Synthesis of Substituted Phenanthrene by Iron(IlI)-Catalyzed
Intramolecular Alkyne-Carbonyl Metathesis. J. Org. Chem. 2012, 77, 8780—8786.

(131) L, L.; Wei, L.; Zhang, J. A Facile Route to Polysubstituted Naphthalenes and Benzofluorenols via
Scandium Triflate- and Triflic Acid-Catalyzed Benzannulation of 2-(2-Alkynylarylidene)-1,3-Dicarbonyl

Compounds. Adv. Synth. Catal. 2010, 352, 1920-1924.

(132) L, L.; Zhang, J. Product Selectivity Control in the Domino Cyclization of 2-(2-Alkynylarylidene)-1,3-
dicarbonyl Compounds Catalyzed by Metal Lewis Acids. Synthesis 2014, 46, 2133-2142.

(133) Liu, L.; Zhang, J. Selectivity Control in Lewis Acid Catalyzed Regiodivergent Tandem Cationic
Cyclization/Ring Expansion Terminated by Pinacol Rearrangement. Angew. Chem. Int. Ed. 2009, 48,
6093-6096.

(134) Matsuda, T.; Goya, T.; L, L.; Sakurai, Y.; Watanuki, S.; Ishida, N.; Murakami, M.
Azulenophenanthrenes from 2,2'-Di(arylethynyl)biphenyls through C—C Bond Cleavage of a Benzene Ring.
Angew. Chem. Int. Ed. 2013, 52, 6492—6495.

137



(135) Kondoh, A.; Aoki, T.; Terada, M. Synthesis of Phenanthrene Derivatives by Intramolecular Cyclization
Utilizing the [1,2]-Phospha-Brook Rearrangement Catalyzed by a Brensted Base. Chem. Eur. J. 2015, 21,
12577-12580.

(136) Herndon, J. W.; Hayford, A. Reaction of (2)-(Phenylvinyl)acetylenes and (2)-
(Cyclopropylvinyl)acetylenes with Fischer Carbene-Chromium Complexes: An Alternative Approach to
Benzannulation and Cyclopentannulation. Organometallics 1995, 14, 1556—1558.

(137) Herndon, J. W.; Zhang, Y.; Wang, H.; Wang, K. Synthesis of Benzofuran Derivatives through the
Coupling of Conjugated Dienynes with Fischer Carbene Complexes. Tetrahedron Lett. 2000, 41, 8687—-8690.

(138) Zhang, Y.; Candelaria, D.; Herndon, J. W. Benzannulation of Heterocyclic Ring Systems through
Coupling of Fischer Carbene Complexes and Heterocycle-bridged Enynes. Tetrahedron Lett. 2005, 46,
2211-2214.

(139) Roy, P.; Ghorai, B. K. One-Pot Synthesis of Furo[2,3-/]quinoline and Furo[2,3-%]isoquinoline Derivatives
Using Fischer Carbene Complex. Tetrahedron Lett. 2011, 52, 251-253.

(140) Jackson, T. J.; Herndon, J. W. Annulation Selectivity in the Coupling of Fischer Carbene Complexes with
o-Alkynylbiphenyl and o-Alkynylstyrene Derivatives. Tetrahedron 2001, 57, 3859-3868.

(141) Barluenga, J.; Andina, F.; Aznar, F.; Valdés, C. New Cascade Processes on Group 6 Fischer-Type
Carbene Complexes: Cyclopropanation and Metathesis Reactions. Org. Lett. 2007, 9, 4143—-4146.

(142) Zhang, X.; Feng, C.; Jiang, T.; Li, Y.; Pan, L.; Xu, X. Expedient and Divergent Tandem One-Pot
Synthesis of Benz[e]indole and Spiro[indene-1,3"-pyrrole] Derivatives from Alkyne-Tethered
Chalcones/Cinnamates and TosMIC. Org. Lett. 2015, 17, 3576-3579.

(143) Gao, K.; Wu, J. Sc(OTf);-Catalyzed or BuOK Promoted Tandem Reaction of 2-(2-
(Alkynyl)benzylidene)malonate with Indole. Org. Lett. 2008, 10, 2251-2254.

(144) Qiu, G.; Ding, Q.; Gao, K.; Peng, Y.; Wu, J. Efficient Assembly of 1-(1H-Imidazol-1-yl)-3-methylene-1H-
indenes via Tandem Reaction of (2-(Alkynyl)benzylidene)malonates with Imidazoles. ACS Comb. Sci. 2011,
13,13-18.

(145) Shi, Y.; Huang, J.; Yang, Y.-F.; Wu, L.-Y.; Niu, Y.-N.; Huo, P.-F.; L, X.-Y.; Liang, Y.-M. One-Pot
Synthesis of Highly Substituted Allenylidene Derivatives via Palladium- or Nickel-Catalyzed Tandem Michael
Addition—Cyclization Reaction. Adv. Synth. Catal. 2009, 351, 141-146.

(146) Joo, J. H.; Youn, S. W. Domino Hydroarylation—Cyclization Reaction: One-Pot Synthesis of Indane-Fused
3,4-Dihydrocoumarins. Adv. Synth. Catal. 2013, 355, 559—-568.

(147) Liu, L; Wei, L.; Lu, Y.; Zhang, J. One-Pot Tandem Catalysis: A Concise Route to Fused Bicyclic
Scaffolds from Acyclic B-Ketoesters and Alkynyl Aldehydes. Chem. Eur. J. 2010, 16, 11813—-11817.

(148) Sanjuan, A. M.; Virumbrales, C.; Garcia-Garcia, P.; Fernandez-Rodriguez, M. A.; Sanz, R. Formal [4+1]
Cycloadditions of B,B-Diaryl-Substituted ortho-(Alkynyl)styrenes through Gold(T)-Catalyzed Cycloisomerization
Reactions. Org. Lett. 2016, 18, 1072—1075.

138



(149) Zheng, D.; Li, S.; Luo, Y.; Wu, J. An Efficient Route to Tetrahydroindeno[2,1-b]pyrroles via a Base-
Promoted Reaction of (E)-2-Alkynylphenylchalcone with 2-Isocyanoacetate. Org. Lett. 2011, 13, 6402—6405.

(150) Martinez, A.; Garcia-Garcia, P.; Fernandez-Rodriguez, M. A.; Rodriguez, F.; Sanz, R. Gold(I)-Catalyzed
Enantioselective Synthesis of Functionalized Indenes. Angew. Chem. Int. Ed. 2010, 49, 4633—-4637.

(151) Sanjuan, A. M.; Rashid, M. A.; Garcia-Garcia, P.; Martinez-Cuezva, A.; Fernandez-Rodriguez, M. A.;
Rodriguez, F.; Sanz, R. Gold(I)-Catalyzed Cycloisomerizations and Alkoxycyclizations of ortho-
(Alkkynyl)styrenes. Chem. Eur. J. 2015, 21, 3042-3052.

(152) Yeh, M.-C. P.; Liang, C.-J.; Chen, H.-F.; Weng, Y.-T. Indium(IIT)-Catalyzed Cyclization of Aromatic 5-
Enynamides: Facile Synthesis of 2-Aminonaphthalenes, 2-Amino-1H-indenes, and 2,3-Dihydro-1H-indeno[2,1-
blpyridines. Adv. Synth. Catal. 2015, 357, 3242-3254.

(153) Wang, J.; Huang, K.; Liu, L.; Chang, W.; Li, J. Gold(I)-Catalyzed Cyclization of o-(Alkynyl)styrene Ether
Mediated by MeOH for the Construction of 2-Aryl-1H-indene Acetal. Tetrahedron Lett. 2015, 56, 2659-2663.

(154) Sanjuan, A. M.; Garcia-Garcia, P.; Fernandez-Rodriguez, M. A.; Sanz, R. Enantioselective Synthesis of
Cyclopentadienes by Gold(I)-Catalyzed Cyclization of 1,3-Dien-5-ynes. Adv. Synth. Catal. 2013, 355,
1955—-1962.

(155) Garcia-Garcia, P.; Rashid, M. A.; Sanjuan, A. M.; Fernandez-Rodriguez, M. A.; Sanz, R. Straightforward
Synthesis of Dihydrobenzo[a]fluorenes through Au(I)-Catalyzed Formal [3+3] Cycloadditions. Org. Lett. 2012,
14,4778-4781.

(156) Lopez-Carrillo, V.; Huguet, N.; Mosquera, A.; Echavarren, A. M. Nature of the Intermediates in Gold(I)-
Catalyzed Cyclizations of 1,5-Enynes. Chem. Eur. J. 2011, 17, 10972—-10978.

(157) Kinoshita, H.; Hirai, N.; Miura, K. Diisobutylaluminum Hydride Promoted Cyclization of
o-(Trimethylsilylethynyl)styrenes to Indenes. J. Org. Chem. 2014, 79, 8171-8181.

(158) Sanz, R.; Martinez, A.; Garcia-Garcia, P.; Fernandez-Rodriguez, M. A.; Rashid, M. A.; Rodriguez, F.
Halocyclization of o-(Alkynyl)styrenes. Synthesis of 3-Halo-1H-indenes. Chem. Commun. 2010, 46,
7427-7429.

(159) Li, C.-W.; Wang, C.-1.; Liao, H.-Y.; Chaudhuri, R.; Liu, R.-S. Synthesis of Dibenzo[gp]chrysenes from
Bis(biaryl)acetylenes via Sequential ICI-Induced Cyclization and Mizoroki-Heck Coupling. J. Org. Chem. 2007,
72,9203-9207.

(160) Zhou, F.; Han, X.; Lu, X. Palladium(Il)-Catalyzed Synthesis of Functionalized Indenes from o-
Alkynylbenzylidene Ketones. J. Org. Chem. 2011, 76, 1491-1494.

(161) Akbar, S.; Srinivasan, K. Iron(IIl) Halide or Iodine-Promoted Synthesis of 3-Haloindene Derivatives from
o-Alkynylarene Chalcones. RSC Adv. 2015, 5, 5542-5545.

(162) Mondal, S.; Mohamed, R. K.; Manoharan, M.; Phan, H.; Alabugin, . V. Drawing from a Pool of Radicals
for the Design of Selective Enyne Cyclizations. Org. Lett. 2013, 15, 5650-5653.

139



(163) Arif, T.; Borie, C.; Tintaru, A.; Naubron, J.-V.; Vanthuyne, N.; Bertrand, M. P.; Nechab, M.
Organocopper-Triggered Cyclisation of Conjugated Diene-ynes: Diastereo- and Enantioselective Synthesis of
Indenes. Adv. Synth. Catal. 2015, 357,3611-3616.

(164) Sajpa, K. V.; Swamy, K. C. K. Alenylphosphonates/Allenylphosphine Oxides as
Intermediates/Precursors for Intramolecular Cyclization Leading to Phosphorus-Based Indenes, Indenones,

Benzofurans, and Isochromenes. J. Org. Chem. 2012, 77, 5345-5356.

(165) Srinivas, V.; Sajna, K. V.; Swamy, K. C. K. To Stay as Allene or Go Further? Synthesis of Novel
Phosphono-Heterocycles and Polycyclics via Propargyl Alcohols. Chem. Commun. 2011, 47, 5629-5631.

(166) Zhang, L.; Herndon, J. W. Synthesis of Indanes through Coupling of Ethynylstyrene Derivatives with
Carbene Complexes. Organometallics 2004, 23, 1231-1235.

(167) Vasu, D.; Hung, H.-H.; Bhunia, S.; Gawade, S. A.; Das, A.; Liu, R.-S. Gold-Catalyzed Oxidative
Cyclization of 1,5-Enynes Using External Oxidants. Angew. Chem. Int. Ed. 2011, 50, 6911-6914.

(168) Pan, F.; L, S.; Shu, C.; Lin, R.-K.; Yu, Y.-F.; Zhou, J.-M.; Ye, L.-W. Gold-Catalyzed Intermolecular
Oxidation of o-Alkynylbiaryls: An Easy and Practical Access to Functionalized Fluorenes. Chem. Commun.
2014, 50, 10726—-10729.

(169) Hung, H.-H.; Liao, Y.-C.; L, R.-S. Oxidant-Dependent Chemoselectivity in the Gold-Catalyzed
Oxidative Cyclizations of 3,4,6,6-Tetrasubstituted 3,5-Dien-1-ynes. J. Org. Chem. 2013, 78, 7970-7976.

(170) Chen, Z.-Z.; L, S.; Hao, W.-J.; Xu, G.; Wu, S.; Miao, J.-N.; Jiang, B.; Wang, S.-L.; Tu, S.-].; Li, G.
Catalytic Arylsulfonyl Radical-Triggered 1,5-Enyne-Bicyclizations and Hydrosulfonylation of a,3-Conjugates.
Chem. Sci. 2015, 6, 6654—6658.

(171) Madhushaw, R. J.; Lo, C.-Y.; Hwang, C.-W.; Su, M.-D.; Shen, H.-C.; Pal, S.; Shaikh, I. R.; Liu, R.-S.
Rutheniun-Catalyzed Cycloisomerization of o-(Ethynyl)phenylalkenes to Diene Derivatives via Skeletal
Rearrangement. J. Am. Chem. Soc. 2004, 126, 15560—-15565.

(172) Chernyak, N.; Gevorgyan, V. Exclusive 5-exo-dig Hydroarylation of o-Alkynyl Biaryls Proceeding via
C—H Activation Pathway. J. Am. Chem. Soc. 2008, 130, 5636-5637.

(173) Chernyak, N.; Gevorgyan, V. Synthesis of Fluorenes via the Palladium-Catalyzed 5-exo-dig Annulation of
o-Alkynylbiaryls. Adv. Synth. Catal. 2009, 351, 1101-1114.

(174) Hwang, J. H.; Jung, Y. H.; Hong, Y. Y.; Jeon, S. L.; Jeong, I. H. Synthesis of Novel 2-Trifluoromethyl-1-
methylene-3-phenylindene Derivatives via Carbocyclization Reaction of 2-Trifluoromethyl-1,1-diphenyl-1,3-

enynes. J. Fluorine Chem. 2011, 132, 1227-1231.

(175) Shibata, T.; Takayasu, S.; Yuzawa, S.; Otani, T. Rh(III)-Catalyzed C—H Bond Activation Along with
“Rollover” for the Synthesis of 4-Azafluorenes. Org. Lett. 2012, 14, 5106-5109.

(176) Shibata, T.; Takayasu, S. Synthesis of Multicyclic Heterocycles Initiated by C—H Bond Activation Along
with “Rollover” Using a Rh(IIl) Catalyst. Heteroat. Chem. 2014, 25, 379-388.

140



(177) Uemura, M.; Takayama, Y.; Sato, F. Site-Selective Pd-Catalyzed Coupling of 1,4-Diiodo-1,3-alkadienes
with Grignard Reagents and Its Application to the Synthesis of Fulvenes. Org. Lett. 2004, 6, 5001-5004.

(178) Wang, W.-Y.; Sun, L.-L.; Deng, C.-L.; Tang, R.-Y.; Zhang, X.-G. Palladium-Catalyzed Tandem
Carbocyclization—Suzuki Coupling Reactions of Trifluoromethyl-Containing Building Blocks Leading to 2-

Trifluoromethyl-indenes. Synthesis 2013, 45, 118—126.

(179) Ye, S.; Yang, X.; Wu, J. Rapid Access to 1-Methyleneindenes via Palladium-Catalyzed Tandem
Reactions of 1-(2,2-Dibromovinyl)-2-alkynylbenzenes with Arylboronic Acids. Chem. Commun. 2010, 46,
2950-2952.

(180) Rivera-Fuentes, P.; von Wantoch Rekowski, M.; Schweizer, W. B.; Gisselbrecht, J.-P.; Boudon, C.;
Diederich, F. Cascade Carbopalladation Reaction between Alkynes and gem-Dibromoolefins: Facile Access to

Monoannelated Pentalenes. Org. Lett. 2012, 14, 4066—4069.

(181) London, G.; von Wantoch Rekowski, M.; Dumele, O.; Schweizer, W. B.; Gisselbrecht, J.-P.; Boudon, C.;
Diederich, F. Pentalenes with Novel Topologies: Exploiting the Cascade Carbopalladation Reaction between

Alkynes and gem-Dibromoolefins. Chem. Sci. 2014, 5, 965-972.

(182) Cao, J.; London, G.; Dumele, O.; von Wantoch Rekowski, M.; Trapp, N.; Ruhlmann, L.; Boudon, C.;
Stanger, A.; Diederich, F. The Impact of Antiaromatic Subunits in [4n+2] n-Systems: Bispentalenes with [4n+2]
n-Electron Perimeters and Antiaromatic Character. J. Am. Chem. Soc. 2015, 137, 7178-7188.

(183) Yao, B.; Li, Y.; Liang, Z.; Zhang, Y. Ni-Catalyzed Intramolecular Cycloaddition of
Methylenecyclopropanes to Alkynes. Org. Lett. 2011, 13, 640—643.

(184) Mohamed, R. K.; Mondal, S.; Jorner, K.; Delgado, T. F.; Lobodin, V. V; Ottosson, H.; Alabugin, I. V.
The Missing C;—Cs Cycloaromatization Reaction: Triplet State Antiaromaticity Relief and Self-Terminating
Photorelease of Formaldehyde for Synthesis of Fulvenes from Enynes. J. Am. Chem. Soc. 2015, 137,
15441-15450.

(185) Seo, B.; Jeon, W. H.; Kim, J.; Kim, S.; Lee, P. H. Synthesis of Fluorenes via Tandem Copper-Catalyzed
[3+2] Cycloaddition and Rhodium-Catalyzed Denitrogenative Cyclization in a 5-exo Mode from 2-Ethynylbiaryls
and N-Sulfonyl Azides in One Pot. J. Org. Chem. 2015, 80, 722-732.

(186) Liu, H.; El-Salfiti M.; Lautens, M. Expeditious Synthesis of Tetrasubstituted Helical Alkenes by a
Cascade of Palladium-Catalyzed C—H Activations. Angew. Chem. Int. Ed. 2012, 51, 9846—-9850.

(187) Naveen, K.; Muralidharan, D.; Perumal, P. T. Synthesis of Tetrasubstituted Olefins by Palladium-
Catalyzed Double Heck Cyclization of Bromoenynes. Eur. J. Org. Chem. 2014, 1172—1176.

(188) Rahman, S. M. A.; Sonoda, M.; Itahashi, K.; Tobe, Y. Efficient Synthesis of Biindenylidene Derivatives
via a Domino-Heck-Type Double Cyclization of Diaryldienynes. Org. Lett. 2003, 5, 3411-3414.

(189) Rahman, S. M. A.; Sonoda, M.; Ono, M.; Miki, K.; Tobe, Y. Novel Synthesis of Bridged
Phenylthienylethenes and  Dithienylethenes via Pd-Catalyzed Double-Cyclization Reactions  of

Diarylhexadienynes. Org. Lett. 2006, 8, 1197—1200.

141



(190) Zhao, J.; Asao, N.; Yamamoto, Y.; Jin, T. Pd-Catalyzed Synthesis of 9,9'-Bifluorenylidene Derivatives via
Dual C—H Activation of Bis-biaryl Alkynes. J. Am. Chem. Soc. 2014, 136, 9540-9543.

(191) Fukazawa, A.; Karasawa, T.; Zhang, H.; Minemura, K.; Camacho, C.; Wang, J.; Irle, S.; Yamaguchi, S.
Photochemical Double 5-exo Cyclization of Alkenyl-Substituted Dithienylacetylenes: Efficient Synthesis of
Diarylated Dithienofulvalenes. Angew. Chem. Int. Ed. 2013, 52, 10519-10523.

(192) Ye, S.; Gao, K.; Zhou, H.; Yang, X.; Wu, J. Synthesis of 1-Methyleneindenes via Palladium-Catalyzed
Tandem Reactions. Chem. Commun. 2009, 5406—5408.

(193) Usui, K.; Tanoue, K.; Yamamoto, K.; Shimizu, T.; Suemune, H. Synthesis of Substituted Azulenes via
Pt(II)-Catalyzed Ring-Expanding Cycloisomerization. Org. Lett. 2014, 16, 4662—4665.

(194) Hung, H.-H.; Liao, Y.-C.; Lwm, R.-S. Silver-Catalyzed Stereoselective [3+2] Cycloadditions of
Cyclopropyl-Indanimines with Carbonyl Compounds. Adv. Synth. Catal. 2013, 355, 1545-1552.

(195) Ji, K.; Zheng, Z.; Wang, Z.; Zhang, L. Enantioselective Oxidative Gold Catalysis Enabled by a Designed
Chiral P,N-Bidentate Ligand. Angew. Chem. Int. Ed. 2015, 54, 1245—1249.

(196) Huple, D. B.; Ghorpade, S.; Liu, R.-S. Gold-Catalyzed Oxidative Cycloadditions to Activate a Quinoline
Framework. Chem. Eur. J. 2013, 19, 12965—12969.

(197) Chen, C.-H.; Tsai, Y.-C.; Liu, R.-S. Gold-Catalyzed Cyclization/Oxidative [3+2] Cycloadditions of 1,5-
Enynes with Nitrosobenzenes without Additional Oxidants. Angew. Chem. Int. Ed. 2013, 52, 4599—-4603.

(198) Wang, L.-J.; Zhu, H.-T.; Wang, A.-Q.; Quu, Y.-F.; Liu, X.-Y.; Liang, Y.-M. Gold-Catalyzed Tandem
[3,3]-Propargyl Ester Rearrangement Leading to (£)-1H-Inden-1-ones. J. Org. Chem. 2014, 79,204-212.

(199) Zhang, J.; Wu, D.; Chen, X.; L, Y.; Xu, Z. Copper-Catalyzed Oxidative Cyclization of 1,5-Enynes with
Concomitant C—C Bond Cleavage: An Unexpected Access to 3-Formyl-1-indenone Derivatives. J. Org. Chem.
2014, 79, 4799-4808.

(200) Basak, A. K.; Tius, M. A. Interrupting the Nazarov Cyclization with Indoles. Org. Lett. 2008, 10,
4073-4076.

(201) Garcia-Rubin, S.; Gonzalez-Rodriguez, C.; Garcia-Yebra, C.; Varela, J. A.; Esteruelas, M. A.; Saa, C.
Dihydrobiphenylenes through Ruthenium-Catalyzed [2+2+2] Cycloadditions of ortho-Alkenylarylacetylenes with
Alkynes. Angew. Chem. Int. Ed. 2014, 53, 1841-1844.

(202) Ding, Y.; Green, J. R. Benzocycloheptynedicobalt Complexes by Intramolecular Nicholas Reactions.
Synlett 2005, 271-274.

(203) Djurdjevic, S.; Green, J. R. Allocolchicines via Intramolecular Nicholas Reactions: The Synthesis of NSC
51046. Org. Lett. 2007, 9, 5505-5508.

(204) Djurdjevic, S.; Yang, F.; Green, J. R. Intramolecular Nicholas Reactions in the Synthesis of
Dibenzocycloheptanes. Synthesis of Allocolchicine NSC 51046 and Analogues and the Formal Synthesis of (—)-
Allocolchicine. J. Org. Chem. 2010, 75, 8241-8251.

142



(205) Xu, S.; Zhou, Y.; Xu, J.; Jiang, H.; Liu, H. Gold-Catalyzed Michael Addition/Intramolecular Annulation
Cascade: An Effective Pathway for the Chemoselective- and Regioselective Synthesis of Tetracyclic Indole
Derivatives in Water. Green. Chem. 2013, 15, 718-726.

(206) An analogous enantioselective protocol, but performed in a sequential fashion, and therefore falling out of
the scope of this review, had been previously described: Loh, C. C. J.; Badorrek, J.; Raabe, G.; Enders, D.
Merging Organocatalysis and Gold Catalysis: Enantioselective Synthesis of Tetracyclic Indole Derivatives

through a Sequential Double Friedel-Crafts Type Reaction. Chem. Eur. J. 2011, 17, 13409-13414.

(207) Hulot, C.; Amiri, S.; Blond, G.; Schreiner, P. R.; Suffer, J. Understanding the Torquoselectivity in 8rm-
Electrocyclic Cascade Reactions: Synthesis of Fenestradienes versus Cyclooctatrienes. J. Am. Chem. Soc.
2009, 731, 13387—-13398.

(208) Hulot, C.; Peluso, J.; Blond, G.; Muller, C. D.; Suffert, J. Synthesis of Exotic Polycycles such as
Cyclooctatrienes and Fenestrenes with Differential Pro-Apoptotic Activities on Human TRAIL-Resistant
Metastatic Cell Lines, Bioorg. Med. Chem. Lett. 2010, 20, 6836-6839.

(209) Hulot, C.; Blond, G.; Suffert, J. Synthesis of [4.6.4.6]Fenestradienes and [4.6.4.6]Fenestrenes Based on
an 8n—6m-Cyclization-Oxidation Cascade. J. Am. Chem. Soc. 2008, 130, 5046—5047.

(210) Barluenga, J.; Ferndndez-Rodriguez, M. A.; Garcia-Garcia, P.; Aguilar, E. Gold-Catalyzed Intermolecular
Hetero-Dehydro-Diels—Alder Cycloaddition of Captodative Dienynes with Nitriles: A New Reaction and
Regioselective Direct Access to Pyridines. J. Am. Chem. Soc. 2008, 130, 2764-2765.

(211) Fernandez-Garcia, J. M.; Fernandez-Rodriguez, M. A.; Aguilar, E. Catalytic Intermolecular Hetero-
Dehydro-Diels—Alder Cycloadditions: Regio- and Diasteroselective Synthesis of 5,6-Dihydropyridin-2-ones.

Org. Lett. 2011, 13, 5172-5175.

(212) Husmann, R.; Na, Y. S.; Bolm, C.; Chang, S. Copper-Catalyzed One-Pot Synthesis of a-Functionalized
Imidates. Chem. Commun. 2010, 46, 5494—5496.

(213) Chen, Z.; Ye, C.; Gao, L.; Wu, J. Diversity-Oriented Approach to 1,2-Dihydroisoquinolin-3(4H)-imines via
Copper(I)-Catalyzed Reaction of (E)-2-Ethynylphenylchalcone, Sulfonyl Azide and Amine. Chem. Commun.
2011, 47, 5623-5625.

(214) Arigela, R. K.; Samala, S.; Mahar, R.; Shukla, S. K.; Kundu, B. Synthesis of Triazolo Isoquinolines and
Isochromenes from 2-Alkynylbenzaldehyde via Domino Reactions under Transition-Metal-Free Conditions J.
Org. Chem. 2013, 78, 10476—10484.

(215) Reid, S.; Barrett, A. G. M.; Hill, M. S.; Procopiou, P. A. Heavier Alkaline Earth Catalyzed Ene-yne
Cyclizations: Atom-Efficient Access to Tetrahydroisoquinoline Frameworks. Org. Lett. 2014, 16, 6016—-6019.

(216) Liu, Y.; Jin, S.; Wang, Z.; Song, L.; Hu, Y. Microwave Assisted Tandem Heck—Sonogashira Reactions of
N,N-Di-Boc-Protected 6-Amino-5-iodo-2-methyl Pyrimidin-4-ol in An Efficient Approach to Functionalized
Pyrido[2,3-d|Pyrimidines. Org. Lett. 2014, 16, 3524-3527.

(217) Shi, S.; Sun, L.-L.; Liao, Z.-Y.; Zhang, X.-G. Copper-Catalyzed Thiolation Cyclization of 1-Chloro-1,5-
enynes with Sodium Hydrosulfide: Synthesis of CF;-Containing 1H-Isothiochromenes. Synthesis 2012, 44,
966-972.

143



(218) Hashmi, A. S. K.; Enns, E.; Frost, T. M.; Schifer, S.; Frey, W.; Rominger, F. Gold-Catalysis: Reactions
of Furandialkynes. Synthesis 2008, 2707-2718.

(219) Hashmi, A. S. K.; Frost, T. M.; Bats, J. W. Highly Selective Gold-catalyzed Alkyne Synthesis. J. Am.
Chem. Soc. 2002, 122, 11553-11554.

(220) Shen, J.; Fan, C.; Ding, Y.; Fan, X.; Wu, J. A Silver(I) Triflate-Catalyzed Reaction of 1-
((Cyclopropylidenemethyl)-2-alkynyl)arene  with 2-Alkynylbenzaldoxime. Chem. Commun. 2014, 50,
4188-4191.

(221) Li, Y.; Dong, C.-E. Efficient Synthesis of Fused Pyrazoles via Simple Cyclization of o-Alkynylchalcones
with Hydrazine. Chin. Chem. Lett. 2015, 26, 623—626.

(222) Mishra, R.; Panini, P.; Sankar, J. Novel Azepino-perylenebisimides: Synthesis, Structure, and Properties.
Org. Lett. 2014, 16, 3994-3997.

BIOGRAPHIES

Enrique Aguilar received his PhD in Organic Chemistry from the Universidad de Oviedo (under the direction
of Prof. J. Barluenga and Prof. Santos Fustero) in 1991. He underwent postdoctoral research with the late Prof.
A. 1. Meyers at Colorado State University (1991-1994) working in natural product synthesis. He then returned
to Universidad de Oviedo as Researcher, being promoted to Assistant Professor in 1996, and to Associate
Professor in 2002. He has been a Visiting Scientist at the University of Colorado (1996, with Prof. Gary A.
Molander). His research work is centered in the development of synthetic organic methodology, new

asymmetric reactions, homogeneous catalysis and organometallic chemistry

Roberto Sanz received his Ph.D. degree from the Universidad de Oviedo (Spain) in 1997 under the supervision
of Prof. J. Barluenga and Prof. F. J. Fananas, working on the design of new carbometallation reactions. In 1997
he took an Assistant Professor position at Universidad de Burgos, where he became Associate Professor in
2003 starting his independent career. He has been a Visiting Scientist at ETH Ziirich (Switzerland, 2000) with
Prof. E. M. Carreira. Since 2010 he is a Full Professor in Organic Chemistry. His research interests are
focused on the development of new methods in organic synthesis in the fields of homogeneous catalysis
(including the use of gold and dioxomolybdenum complexes as well as Bronsted acids) and organolithium

chemistry for the synthesis of functionalized heterocycles.

144



Manuel Angel Fernindez-Rodriguez obtained his PhD in Organic Chemistry from the Universidad de
Oviedo in 2003 under the supervision of Prof. J. Barluenga and Prof. E. Aguilar developing new processes
involving Fischer carbene complexes. In 2004 he moved to Yale University, where he stayed two years for a
postdoctoral position as a MEC/Fullbrigth fellow, working on cross-coupling reactions with Prof. J. F. Hartwig.
Then he worked as a “Juan de la Cierva” researcher in the CSIC (2006—-2008) and as a “Ramoén y Cajal”
researcher (2009-2013) in the Universidad de Burgos where he became Associate Profesor in 2013. His current

investigation is focused on organometallic chemistry and homogeneous catalysis.

Patricia Garcia-Garcia received her Ph.D. from the Universidad de Oviedo in 2007 under the supervision of
Prof. J. Barluenga and Prof. E. Aguilar working on the development of new reactions of Fischer carbene
complexes. Then she moved to Germany as a postdoctoral researcher where she worked in the field of
organocatalysis with Prof. B. List in the Max-Planck Institut fiir Kohlenforschung (2007-2009). After that, she
joined the group of Prof. R. Sanz at the Universidad de Burgos as a “Juan de la Cierva” fellow (2009-2013) and
in 2014 she moved to the Universidad de Alcald as a “Ramoén y Cajal” researcher. Her current research

interests cover metal catalysis and its application to the synthesis of new materials.

TOC

145



