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Heterocycle Synthesis Based on Palladium-Catalyzed C—H Bond Functionalization

Methods
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Abstract: This Review reports recent developments in the synthesis of benzo-fused heterocycles through Pd-catalyzed carbon—carbon
and carbon—heteroatom bond forming reactions via direct C—H activation. Nitrogen-, oxygen- and sulfur-containing heterocyclic rings
can be rapidly assembled starting from precursors with minimal preactivation. Compared to classical coupling reactions (i.e. Suzuki,
Stille, Buchwald-Hartwig), these methods provide a more straightforward and economical route to various heterocyclic scaffolds, which
is of practical importance considering their role in biology and pharmaceutical industry.
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1. INTRODUCTION

Important palladium-catalyzed transformations such as cross-
coupling (i.e. Suzuki, Stille), and Buchwald-Hartwig reactions
allow to generate carbon—carbon (C—C) and carbon—heteroatom
(C-Y) bonds with high selectivity [1]. These reactions require the
use of substrates containing a carbon—X bond (X = halide, triflate
or tosylate) which can be easily transformed into a C—Pd(I1)X
bond. The subsequent reaction with a proper nucleophile R*M (M =
group containing a non transition metal) or RYYH, leads to the
formation of new C—C or C-Y bonds (Path A, Scheme 1) (Path D,
Scheme 2).
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Scheme 1. C—H bond activation in the C—C cross-coupling reaction.

Direct and selective functionalization by palladium-catalyzed
cleavage of a C—H bond is an atom economical alternative to
traditional cross-coupling reactions (Scheme 1, Path B, C; Scheme
2, Path E) [2, 3]. The use of less functionalized starting materials
shortens reaction sequence and reduces the formation of toxic by-
products.
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Scheme 2. C—H bond activation in the C—Y cross-coupling reaction.

The development of these methodologies prompted organic
chemists to re-design simpler synthetic routes to complex
molecules which attract interest as bio-active compounds or
potential pharmaceuticals. Interestingly, most of them contains
heterocyclic rings [4]. This Review describes recent progress in the
synthesis of benzo-fused heterocycles through Pd-catalyzed C-C
and C-Y coupling via C—H activation methodologies.
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2.C-H BOND ACTIVATION/C-C COUPLING REACTIONS

The articles accompanying the review regard two types of
pathways involved in the synthesis of the heterocyclic rings: direct
substitutive coupling with aryl, alkenyl, alkyl halides (Path B) and
oxidative coupling (Path C). In each case the examples reported
have been grouped considering the two molecular fragments taking
part in the C—C bond formation process.

2.1. Direct Substitutive Coupling (Path B)

Inter- and intramolecular cross-coupling reactions involving
C—H activation with organic halides R%X (R? = aryl, alkenyl, alkyl;
X = halides) as coupling partners are initiated by the oxidative
addition of organic halides to Pd(0) species followed by the
electrophilic attack of the generated Pd(ll) species to R*H. Then,
deprotonation and reductive elimination occur leading to the
coupling product and Pd(0) species, which can begin a new
catalytic cycle (Scheme 3).
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Scheme 3. General mechanism of cross-couplings of C-H bonds with
organic halides.

The selective functionalization of a specific C—H bond in a
molecule containing similar C—H bonds is a crucial point. High
regioselectivity could be achieved when C-H bond
functionalization was assisted by (a) a heteroatom (b) a directing-
group (c) a palladacycle [2, 3].

2.1.1. Aryl-Aryl Coupling

The early examples of direct arylation of heteroarenes, furan [5]
and indole [6], were reported in the mid 1980s. Over the following
two decades the intramolecular version of this methodology has
become a standard procedure to achieve a variety of poly-
heterocycles [2].

Recently, purino[8,9-a]isoquinolines were synthesized by
cyclization of 9-(2-chlorophenethyl)purine (Scheme 4a) [7]. Of
particular interest are those processes where direct heteroatom-
assisted arylation is combined with a second catalytic reaction. An
example is the synthesis of fused purines (Scheme 4b) [7]. They
were assembled from  9-(2-bromophenyl)purines and 2-
bromobenzeneboronic acid, under palladium(0) catalysis. The
reaction sequence started with a Suzuki coupling affording a
bromo-biphenyl derivative which subsequently  underwent
cyclization through purine C—H arylation, in a one-pot process.

© 2012 Bentham Science Publishers
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Scheme 4. Synthesis of purino[8,9-a]Jisoquinolines and purino[8,9-f]phenanthridines [7].

Fused indoles were synthesized from ortho-gem-dihalovinyl
anilines by tandem amination/arylation (Scheme 5) [8].
Intramolecular amination occurred first, leading to the indole ring
formation. Palladium(0) added oxidatively to the C—Br bond of the
indole ring affording the C-Pd(Il)Br complex. Subsequent

and ethyl acrylate as an additive. Its use was determining to realize
selective transformations. Later, dibenzofuran derivatives could be
obtained from diphenyl ethers, in the absence of the alkene additive
[10].
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Scheme 5. Synthesis of fused indole derivatives [8].

intramolecular thiophene arylation in the o position of the sulfur
atom generated the second ring. Modifying the linker between the
nitrogen atom and the thiophene ring led to six- and seven-
membered ring formation. Interestingly, the addition of cationic
silver, in the form of Ag,COs, had a beneficial effect on reaction
selectivity. In the absence of it, lower conversion and less clean
reactions were obtained.

In these reactions the heteroatom is supposed to coordinate the
palladium catalyst, contributing to stabilize the formation of a
carbon—Pd bond at a proximal site.

In 1982, Ames reported that 2-bromo-4-phenylaminocinnoline
underwent cyclization leading to indolo[3,2-c]cinnoline (Scheme 6)
[9]. The reaction occurred in the presence of Pd(OAC), as a catalyst

NS

Pd(OAC),

Since these seminal papers a significant progress has been made
in the C—H arylation of unactivated arenes.

A number of benzo-condensed heterocycles could be
synthesized using reactive iodo and bromoarenes(heteroarenes), as
starting halides [2]. Interestingly, coupling direct intramolecular
arylation and C-N bond forming reactions (Buchwald-Hartwig)
allowed to generate significant molecular complexity from simple
precursors. In 2002, Bedford developed a sequential synthesis of
carbazoles from 2-chloroanilines and arylbromides
[(Pd(OAC),/PtBu; and NaOtBu, toluene] [11]. Later, Zhu reported
the synthesis of dihydroazaphenanthrenes fused with a
benzodiazepine ring by double cyclization of a substrate bearing
two diiodide functions, using [PdCl,(dppf)], as catalyst, KOAc, as
base, in DMSO [12].

Scheme 6. Synthesis of indolo[3,2-c]cinnoline [9].
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Scheme 7. Synthesis of dibenzopyrane [13].

Recently, some trialkylphosphines such as tricyclohexyl-
phosphine (PCyz) and di-tert-butylmethylphosphine [PMe(t-Bu),]
turned out to be highly efficient and robust catalysts in the synthesis
of a variety of tricyclic heterocycles from aromatic halides [13].
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Scheme 8. Synthesis of Mukonine [13].

With aryl iodides the addition of silver salts as additives (AgOTf
and Ag,COs) allowed to obtain complete conversion, accumulation
of iodide anion being responsible for catalyst poisoning (Scheme
7).

In the presence of such catalytic systems, also less reactive aryl
chlorides could be successfully used [14]. An example is the
synthesis of the alkaloid Mukonine, achieved through a sequence
where the key-step was the cyclization of a properly substituted
chlorodiarylamine (Scheme 8) [13].

Likewise, naturally occurring Murrayafoline A (72%) was
assembled through a domino process by reacting 2-methoxy-4-
methylaniline and inexpensive 1,2-dichlorobenzene, using
Pd(OAC),/PCy; as a catalytic system, KiPO, as base in N-
methylpyrrolidinone [15].

Interestingly, Maes and coworkers reported that Pd-catalyzed
intramolecular direct arylation reaction leading to 5H-8-carbolines
from the corresponding 2-chloropyridin-3-amine derivatives
occurred faster when it was carried out at high temperature
(180-200 °C) (Scheme 9). A low catalyst loading (0.2 mol%) was
necessary to achieve complete conversion. The developed high
temperature protocol proved to be general for the synthesis of a
variety of azaheteroaromatic ring systems such as indolo-fused
quinoline and pyridazino-fused benzo[b]furane [16].
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Scheme 9. Synthesis of 5H-3-carbolines [16].

It is well known that the nature of the substrates, palladium
catalysts, solvents and additives can strongly affect the mechanism
of a reaction. However, recent experimental and theoretical studies
suggested that C—H arylation proceeded through a concerted
metallation/deprotonation process (Scheme 10) [13, 17].

Accordingly, the initially formed oxidative addition complex
coordinated to the arene to be arylated through a n,nzf or
n,nlfbond. Subsequently, intramolecular electrophilic palladation
occurred where an external base (Sg3) or a ligand (c-bond
metathesis) bonded to the metal deprotonated the arene as the Pd—-C

K2CO3, Ag2C03, DMA

I o

99%

bond was forming. Significant kinetic isotope effect (KIE) as well
as the finding that substrate electronic properties (R = electron-
withdrawing and electron-donating groups) did not affect reaction
rate were consistent with the mechanism proposed [17].
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75% overall yield

In 1984, Tremont described the palladium-catalyzed ortho
alkylation of anilides by reaction with alkyl iodides in the presence
of a Pd(Il) salt which conserved its oxidation state during the
catalytic cycle [18]. This reaction proved that C—H activation could
be directed by chelation through heteroatom-containing groups.
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Scheme 10. Proposed pathway for direct intramolecular arylation [13].

Recently, Daugulis discovered that also anilides, pyridines,
benzylamines, benzamides and benzoic acids could be
functionalized in the ortho-position using aryl iodides, a catalytic
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Scheme 11. Synthesis of phenanthridines [20].

amount of Pd(OAc),, Ag” salts, in trifluoroacetic acid as a solvent
[19].

An interesting application was the one-pot synthesis of
phenanthridines combining Pd-—catalyzed ortho-arylation of N-
substituted anilides and successive cyclization upon addition of
(CF3C0),0 and heating (Scheme 11) [20]. Anilide underwent
cyclometalation, favoured by the initial coordination of palladium
to the chelating heteroatom. In this case the formation of a five-
membered palladacycle [21] represented the driving-force which
directed the reactivity in the ortho position. Oxidative addition of
aryl iodide to Pd(Il) species afforded a high-energy Pd(IV)
intermediate [22]. Fast reductive elimination and anion exchange
(Ag® salt) provided the product and regenerated the catalyst.
Electron-rich as well as electron-poor anilides were equally
reactive. While aryl iodides of all electronic properties could be
used, ortho-substitution was not tolerated.

In 1992, Dyker described the unusual synthesis of a
dibenzopyran derivative starting from three molecules of o-
iodoanisole (Scheme 12) [23]. According to the proposed
mechanism, the initial aryl-Pd(ll) iodide species transformed into
the five-membered ring palladacycle by C—H activation of the MeO
group [21 b]. This type of palladacycle promoted successive C—H
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arylation with two molecules of 2-iodoanisole, according to a
Pd(I)/Pd(IVV) mechanism. The resulting 0-0’-disubstituted
arylpalladium(Il) iodide complex underwent six-membered ring
cyclization leading to the pyran ring.

Pd(0)/Norbornene-catalyzed synthesis of 6-phenanthridinones
is a further example of metallacycle-directed C—H arylation
(Scheme 13) [24, 25]. Aryl-aryl cross-coupling occurred at the
stage of a palladacycle generated by the insertion of o-substituted
aryl-Pd(Il) iodide to norbornene and subsequent ring closure by
C-H activation. The reaction with the bromoamide probably
occurred through a Pd(ll)/Pd(IV) mechanism. Subsequently,
norbornene deinsertion led to a biphenylylpalladium bromide
complex. Intramolecular amidation completed the catalytic cycle.

6H-Dibenzopyrans [26] and phenanthridines [27] were also
synthesized through Pd(0)/norbornene catalyzed unsymmetrical
arylation of o-substituted iodoarenes. A recent example is the
synthesis of the antibiotic Carbazomicin A (Scheme 14) [28].

2.1.2. Aryl=Alkenyl Coupling

In 1997, Rawal reported the synthesis of indole and benzofuran
derivatives through intramolecular coupling of vinyl halides with
phenols in the presence of Hermann’s palladacycle catalyst

l DMF

o
[
O
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Scheme 12. Synthesis of dibenzopyran derivative through catalytic domino arylation [23].
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Scheme 13. Synthesis of 6-phenanthridinones [25].
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Scheme 14. Synthesis of Carbazomycin A [28].

(Scheme 15) [29]. An excess of base was necessary to promote the
attack of the aromatic ring on to the metal centre of the vinyl-Pd(I1)
bromide complex.

More recently, aryl—alkenyl coupling was used in combination
with other catalytic transformations to develop domino and tandem
synthesis of highly-fused heterocyclic systems.

4,5-Naphtho[3,2,1-cd]indole was built up through sequential
activation of the vinyl and aryl bromides present in the substrate
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Scheme 15. Synthesis of indole and benzofuran derivatives [29].
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(Scheme 16) [30]. The most reactive vinyl-Pd(ll) bromide complex
initially underwent C—H activation leading to the five-membered
aza-heterocyclic ring. The aromatic bromide took part in the second
cyclization leading to the product.

Pyrrolo[1,2-a]quinolines were synthesized through a tandem
Suzuki reaction/direct alkenylation sequence using gem-
dibromoolefins and boronic acids, as precursors (Scheme 17) [31].
Trans vinylbromide was initially involved in a Suzuki coupling
with arylboronic acids. The subsequent oxidative addition of the cis

OH
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N HO N

COzMe COzMe
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NTs

H Dioxane, reflux
Br 81% yield

Scheme 16. Zipper-mode synthesis of 4,5-naphtho[3,2,1-cd]indole [30].
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Scheme 17. Synthesis of pyrrolo[1,2-a]quinolines [31].

vinylbromide to Pd(0) triggered the cyclization leading to the final
compound.

A further, interesting example is the synthesis of oxindoles
from N-(aryl)-N-alkyl-3-phenylpropiolamides and aryl iodides
(Scheme 18) [32]. Carbopalladation of an electrophilic Ar—Pd(ll)
iodide complex to the triple bond generated in situ a vinyl-Pd(Il)
iodide complex which underwent electrophilic palladation.
Palladacycle reductively eliminated the desired product. The
regioselective syn insertion of the arylpalladium species to the triple
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Scheme 18. Synthesis of 3-(diarylmethylenyl) oxindoles [32].

bond of the propiolamide accounted for the observed double bond
geometry.

2.1.3. Aryl—=Alkyl Coupling

In 2003, Buchwald reported that a-chloroacetanilides
underwent cyclization affording oxindoles, under mild conditions
(Scheme 19) [33]. The reaction is a valuable alternative to the
Friedel-Crafts reaction. Both anilides bearing electron-rich and
electron—poor substituents (i.e. OMe, CF3;, TMS) reacted smoothly.
The reaction was believed to proceed by the initial oxidative
addition of the alkyl halide to Pd(0), leading to the alkyl-Pd(I1)CI
complex. Three alternative pathways (electrophilic substitution,
carbopalladation, o-bond-methatesis) were then proposed to

Pd(OAc),, NaOAc
_—
DMF
59-92%

OMe

rationalize the formation of the six-membered palladacycle, which
reductively eliminated the product.

Analogously, pyrrolo[1,2-a]indoles were synthesized from N-
(2-halobenzyl)pyrroles through intramolecular pyrrole C-H
alkylation (Scheme 20) [34]. The use of Pd(OAc),/2-(di-tert-
bythylphosphino)biphenyl as a catalyst gave the best results in
terms of selectivity, with a broad range of N-(2-chlorobenzyl)
pyrroles, included those bearing electron-withdrawing substituents
on the pyrrole ring.
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Scheme 20. Synthesis of 9H-pyrrolo[1,2-a]indoles [34].

An alternative route to heterocycle synthesis based on aromatic
C—H bond alkylation is to employ a Heck coupling of an aryl halide
with an alkene in a domino sequence with a direct arylation step

ISes
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Scheme 19. Synthesis of indolin-2-ones [33].
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Scheme 21. Synthesis of spiro-fused indane-oxindoles [36].

[35]. Such a strategy has been recently applied to synthesize spiro-
fused indane-oxindoles (Scheme 21) [36]. Intramolecular
carbopalladation of the Ar-Pd(Il) bromide complex to the alkene
led to the formation of a reactive alkyl-Pd(I)Br complex.
Intramolecular alkylation of the unactivated, aromatic C—H bond
generated the second ring, thus completing the catalytic cycle. The
transformation was effective over a range of electronic properties

The pioneering paper of Tremont (1984) [18] inspired recent
advances in the field of directing-group assisted intermolecular
aromatic alkylation. In 2009, Yu reported that benzolactones were
synthesized by reacting benzoic acids in dichloromethane or
dibromomethane as the solvent, in the presence of a catalytic
amount of Pd(OAc), and a stoichiometric amount of base (Scheme
23) [39]. Coordination of palladium with a carboxylate group

Br | O
@[ Me Pd(OAC),/L Me S g P(Cy)
oﬁ( K,COs Ol i-Pr
PiVOH ! ‘
+ —_— |
DMA :
S 0 |
@/ 41-92% ! I-Pr
L: X-Phos

Scheme 22. Synthesis of dihydrobenzofurans [37].

on the phenyl ring to be C—H functionalized, from electron-
donating to electron-deficient.

Highly functionalized indolines and dihydrobenzofurans
(Scheme  22) were synthesized through a domino
Heck/intermolecular direct arylation at an alkyl-Pd(ll) intermediate
[37]. The reaction of the bromoarene derivative and thiophene
occurred selectively using X-Phos as aligand, K,CO, as the base,
and PivOH as an additive [38].

forced the Pd(Il) center to chelate in the proximity of the ortho
C—H bond and to cleave it. The reaction with alkyl halides probably
occurred through a Pd(11)/Pd(1V) or a o-bond metathesis path. Final
cyclization through an intramolecular nucleophilic substitution led
to the product.

In the last decade Pd(0)/norbornene—catalyzed C—H alkylation
[24] turned out to be a useful tool for the synthesis of a variety of
benzo-fused heterocycles. 4-Benzoxepine was the first heterocyclic
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Scheme 23. Synthesis of benzolactones [39].
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Scheme 24. Synthesis of 4-benzoxepines [40].

scaffold built up taking advantage of this methodology (Scheme 24,
L = TFP) [40]. According to the mechanism proposed, the o-
substituted aryl iodide was involved in the formation of the
palladacyle, promoting aromatic alkylation through a Pd(I1)/Pd(1V)
mechanism. Norbornene de-insertion afforded o,0-substituted aryl-
Pd(ll) bromide complex which underwent intramolecular Heck

CO,Et
R! \
Pd(OAC),/TFP, Ab 5
Cs,CO3, MeCN
75-85%
T— PA(O)L,

Rl
o/\/\cogEt

(Scheme 25) [42, 43]. In the first case the catalytic cycle was
completed by a C—N bond forming reaction. In the second one,
heteroatom-directed C—H arylation was the terminating step.

A further, original application was the synthesis of polycyclic
benzonitriles (Scheme 26) [44]. lodoarenes meta-substituted by an
alkyl chain bearing a primary halide, and Zn(CN), were reacted

a 1
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R2 | HN /
. j & N
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R RS 24-86%
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H N + | R N | —R2
Brd H = V4
59-91%

Scheme 25. Synthesis of: (a) indolines [42], (b) 5,6-dihydro-pyrrolo[2,1-a]isoquinoline [43].

reaction, as a terminating step. Noteworthy, the use of
monophosphines as ligands was crucial to develop selective
transformations [41].

Despite the complexity of the catalytic cycle, a variety of
heterocyclic molecules could be synthesized starting from simple
precursors. Indolines and pyrrolo[2,1-a]isoquinolines were achieved
using alkyl halides bearing a NH-Ar substituent or a pyrrole ring

under Pd/norbornene catalysis. Intramolecular C—H alkylation
occurred first, generating a new heterocyclic ring and an aryl-Pd(ll)
bromide complex. Transmetallation and subsequent reductive
elimination delivered cyano-heterocycles.

Three-component synthesis of tetrahydroisoquinoline deriva-
tives was developed combining aromatic alkylation/vinylation and
addition reactions (Scheme 27) [45].
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. Cs,CO3, DME, uW irradiation

- z
Z=0,NTs 62-91%
Scheme 26. Synthesis of polycyclic benzonitriles [44].
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Scheme 27. Synthesis of tetrahydroisoquinolin-2-ones [45].
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Aryl-alkyl coupling could be accomplished using aryl halides
and alkanes, as coupling partners. The domino coupling reactions
of o-iodoanisole (Scheme 12) [23] or o-tert- butyllodobenzene [46]
discovered by Dyker, are the first examples where C(sp®)~H bond
activation has been evidenced.

In 2006, Knochel reported that N-(2-haloaryl)pyrroles
underwent ring closure providing 9H-pyrrolo[1,2-a]indoles
(Scheme 28a) [47]. The reaction was further extended to N-acyl-
2,5-pyrrole substrates which were successfully converted into
pyrrolo[1,2-b]isoquinolines (Scheme 28c).

Intramolecular arylations occurring at unactivated C(sp®)-H
bonds are less easy than those at C(sp?)—H bonds, described in
previous sections. Interestingly, when one of the two substituents in
the 2,5-position of the pyrrole ring was a benzyl group, C-H
activation preferentially occurred on the phenyl ring of the benzyl
substituent, leading to a seven-membered ring formation (Scheme
28b).

(I)
T 65-83%
(b)

MeO,C MeO,C
(I)
NN 62%
© Br O o)
Rl RS
N () N
N - N 75-81%
— =
R2 R2
R3 R!

(i): Pd(OAC),/p-TolsP, Cs,CO3, Toluene, 110°C, 12h

Scheme 28. Synthesis of 9H-pyrrolo[1,2-a]indoles and pyrrolo[1,2-
blisoquinolines [47].

Direct, intramolecular alkane arylation was also involved in the
synthesis of 2,2-dialkyldihydrobenzofurans from haloaryl alkyl
ethers, developed by Fagnou in 2007 (Scheme 29) [48]. The
reaction has been carried out in mesitylene using pivalic acid as an
additive. The presence of both an inorganic base and a catalytic
amount of an organic, soluble carboxylate allowed complete
conversion. Mechanistic studies pointed to the involvement of a
concerted palladation-deprotonation pathway.

\E Pd(OAC),, PCys-HBF, @[())L
H Cs,COs, tBUCO,H, Mesitylene

Br(CI) 97% (77%) /4
(;( \k -PivOH @
Pd(OPlv)
PR3 PR3

Scheme 29. Synthesis of dihydrobenzofurans [48].
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Later, Fujii and Ohno reported that indolines could be
synthesized from N-alkyl-2-bromoanilines, under similar conditions
(Scheme 30) [49]. Interestingly, they showed that C—H activation
of a methyl group occurred selectively even without the assistance
of an a-quaternary carbon atom (R’ = H).

COzMe

oot

R', R"=H, Me, Et

CO,Me

I
| A N
R R
=

76-100% yield

Pd(OAC)Z, F’Cy3-HBF4

CSz(:Og, tBUCOzH
Xylene

Scheme 30. Synthesis of indolines [49].

2.2. Oxidative Coupling (Path C)

R'H substrates bearing a C(sp?)~H bond can react with
Pd(I1)X, species via C—H bond cleavage, generating R*-Pd(I1)X
complex (Scheme 31). The reaction with a carbon-nucleophile
(R?H) followed by reductive elimination leads to the coupling
product and Pd(0) species. Reoxidation to Pd(ll) complex is
necessary to close the catalytic cycle.

Pd"'X 2.
RAH ——2 - RLPA'X S RLPIR? —» RLRZ

, -HX -Pd
Oxidant 41

Scheme 31. Cross-coupling mechanism of C-H bonds with carbon-
nucleophiles.

In this type of reactions the advantage is that halogenation of
the substrates is not required. However, an oxidant reagent has to be
added to make the reaction catalytic [50].

2.2.1. Arene—Arene Coupling

Oxidative intermolecular coupling of diphenyl ethers,
diphenylamines and benzanilides in acetic acid, using a
stoichiometric amount of Pd(OAc),, was reported in the mid-
seventies [51]. A key problem in developing catalytic
transformations was the reoxidation of the catalyst. Only recently,
such reactions were made catalytic by using appropriate co-
oxidants [52].

In 2007, DeBoef reported that indole-based polyheterocycles
were synthesized through an aerobic, intramolecular oxidative
cyclization of N-benzoyl and N-(3-methoxy)benzoyl indole. In the
last case, ring closure occurred at the less hindered aromatic carbon
atom (Scheme 32) [53].

(i): Pd(OAc), (20 mol%), Cu(OAc), (1 equiv), AcOH, O,, 120°C.

Scheme 32. Synthesis of indole derivatives [53].

Contemporarily, Fujii and Ohno described a selective one-pot
synthesis of carbazoles starting from aryl triflates and anilines
(Scheme 33) [54]. Intermolecular Pd-catalyzed N-arylation
quantitatively led to substituted diarylamines. Subsequent oxidative
aryl—aryl coupling occurred intramolecularly after the addition of
acetic acid, under oxygen or air atmosphere. The best results in
terms of selectivity, were obtained by reacting diarylamines
deriving from electron-rich aryl triflates and electron-poor anilines.
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Scheme 33. One-pot synthesis of carbazoles [54].

Intramolecular C—C coupling proceeded through a double C-H
bond activation process (Scheme 34). The reaction of diarylamine

Unfunctionalized arene coupling was further developed and
successfully extended to obtain diphenyl ether and electron-rich

PdOAc
Pd(OAc),
—_— —_—
H — AcOH NH + AcOH

0 —

+0,
R e

Pd(0)
Scheme 34. Proposed mechanism of biaryl oxidative coupling [54].

with Pd(OAc), led to the aryl-Pd complex which underwent the
second C-H bond activation. The palladacycle reductively
eliminated carbazole and Pd(0).

Aerobic reoxidation of Pd(0) occurred through an nz-peroxido
Pd(lIl) species, protonolysis with acetic acid to afford Pd(ll)
hydroperoxide. Ligand exchange with acetate led to H,O, and

Pd(ll) species.
: o :

® \eo Me
OV
H
OMe
(© N
N fo
\
N

o
g AcO
(|3/ PAIl) ————

oo

N
H
HO—O0_ AcOH
Pd) s
AcO

Pd(OAC),

diarylamines, such as Clausenine (Scheme 35a,b) [55]. The
reactions were performed using a catalytic amount of K,COj3 and
pivalic acid as a solvent. The pivalate ligand probably played a key
role in the C—H bond cleavage favoring aryl-Pd complex formation
[56].

Recently, intramolecular dehydrogenative direct arylation of
1,2,3-triazole derivatives was developed (Scheme 35c) [57]. The

o (g

75%
MeO Me
. )
—_—
79%
N
H OMe
Clausenine
0) N//NI 0
—_—
93% N

(i): Pd(OAC), (3-10 mol%), K,CO5 (10 mol%), PivOH, air, 110-120°C
(i1): Pd(OAc), (5 mol%), Cu(OAc), (1 equiv), Toluene/PivOH, air, 140°C

Scheme 35. Heterocycle syntheses by dehydrogenative aryl-aryl coupling: (a) and (b) [55], (c) [57].
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Scheme 36. Synthesis of benzofuran derivatives [59].

use of Cu(OAc), as a terminal oxidant at ambient pressure of air
allowed to achieve more effective cyclizations.

2.2.2. Arene—Alkene(Alkyne) Coupling

Intermolecular oxidative coupling of unfunctionalized arenes
with olefins in the presence of a stoichiometric amount of highly
electrophilic palladium cationic species, generated in situ in an acid
medium [Pd(OAc),, in refluxing AcOH] was discovered by
Fujiwara and Moritani, in 1967 [58]. A few years later, Stoltz
reported that allyl phenyl ethers underwent catalytic, oxidative
cyclization leading to electron-rich benzofurans (oxidative Heck
reaction) (Scheme 36) [59]. The reaction took place in the presence
of Pd(OAc), as a catalyst and 1,4-benzoquinone (BQ) as an
oxidant. The scope is limited to the use of electron-rich arenes,
which easily underwent C—H bond activation. Subsequent olefin
insertion, followed by p-hydride elimination provided the
heteroaromatic product, after double bond isomerization.

In 2008, Glorius reported that N-aryl enamine carboxylates
were directly converted into indoles (Scheme 37) [60]. As the
reaction was conducted under basic conditions which lowered the
electrophilicity of the cationic [PdX]" species, initial palladation of
the nucleophilic enamine and deprotonation took place. The
resulting Pd(Il) complex underwent a second aromatic activation
through o-bond metathesis or base-assisted deprotonation, as
suggested by significant KIE. A variety of electron-poor and
electron-rich anilines could be used in the reaction.

R Co,Me
N
@\ PA(OAC),, Cu(OAC), |\ NN

= NN K,CO3, DMF ~N

CO,Me 53-85% H
Pd(OAC), Pd0)
K,CO5
AcOPd

O\ COzMe (I CO,Me
Scheme 37. Synthesis of indoles [60].

Very recently, Nagasawa described the synthesis of 3-
alkylidenoxindoles from N-cinnamoylaniline bearing alkyl, alkoxy

CO,Me CO,Me
NH2 pg0Ac), 0
X (OAc),, O, X N\
\ l +RA ———— CO,Me
_ DMA/PIVOH (4/1) PN
CO,Me 38-99% H
lPd(II) T —~Pd(0)

XPd
CO,Me COo,M
N 2 oMie
R
H CO,Me CO,Me

Scheme 38. Synthesis of indoles [62].

and halogen substituents, by intramolecular oxidative coupling, in
chlorobenzene using PdCI,MeCN, as a catalyst and AgOCOCF; as
an oxidant [61].

Indole derivatives were also synthesized by oxidative coupling
of anilines or N-alkyl monosubstituted anilines and internal alkynes
using Pd(OAC), as a catalyst and O, as the oxidant, in acidic media
(Scheme 38) [62]. An enamido—Pd(I1)X complex has been
proposed as the key intermediate, which could be generated
through: (a) aminopalladation of the alkyne or (b) electrophilic
palladation of the enamide.

Anilines having electron-withdrawing or electron-donating
groups could be efficiently coupled with electron-deficient alkynes.

Very recently, B— and y—carbolines were synthesized through a
catalytic oxidative iminoannulation of internal alkynes and tert-
butylimines of N-substituted 2- or 3-indolecarboxaldehydes
(Scheme 39) [63]. Notably, ortho aromatic palladation leading to
the key heteroarylPd(Il) complex was assisted by chelation of the
imino group. Alkyne insertion afforded the seven-membered
palladacyclic immonium salt which reductively eliminated tert-
butylcarbolinium salt. Pd(0) was reoxidized using dioxygen, as a
clean oxidant. Final tert-butyl group fragmentation produced
carbolines.

Rl
Pd(OAC),,
NaHCO;3
* \ Y/ N\'[Bu
TBAB, Oy,
|

DMF, MS
37-69%
Base
PdX R!
\ ~I
Z ; < N— +
N Y/ tBu \ /N\tBu
l X
RL———R! ‘-Pd(o)
1
Fl’d
—N
tBu
Scheme 39. Synthesis of carbolines [63].
Aromatic compounds bearing  heteroatom  containing

substituents with acidic hydrogen atoms (phenolic, hydroxyl,
sulfonylamino, carboxyl groups) easy coupled with alkenes via
direct palladation on their ortho positions [64]. Five- or six-
membered ring palladacycle formation represents the driving force
enabling C—H activation.

In the late 1990s, Miura reported that 2-phenylphenols and 2-
sulfonylaminobiphenyls underwent intermolecular coupling with
acrylate esters giving 6H-dibenzo[b,d]pyrans and dihydro-
phenanthridines, respectively. In both cases final cyclization
occurred through a nucleophilic addition (Scheme 40) [65, 66].
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Scheme 40. Synthesis of 6H-dibenzo[b,d]pyran [66].
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Scheme 41. Synthesis of tetrahydroisoquinolines [67].

These reactions proceeded in the presence of Cu(OAc),/air as
reoxidizing system.

Interestingly, the triflamide of phenylalanine turned out to be a
chiral building block for the diastereoselective synthesis of
tetrahydroisoquinoline, obtained by tandem oxidative C-H
alkenylation and Michael addition (Scheme 41) [67]. The acidity of
the TfN—H bond was crucial to initially promote the N—Pd bond.

An efficient route to indolines from N-aryl ureas and electron-
deficient dienes, was developed by Lloyd-Jones and Booker-

CO,Et

~~COMe

Milburn, in 2008 (Scheme 42) [68]. N-aryl ureas underwent
aromatic C—H activation in the ortho position, under relatively
acidic conditions. Highly electrophilic Pd(OTs), or the
monotosylated species, generated in situ using Pd(OAc), as a pre-
catalyst, were the active catalysts promoting aromatic activation.
The resulting aryl-Pd(I1) complex inserted the diene leading to an
ns—allyl Pd(1l) complex, as an intermediate. Intramolecular carbon
diamination led to the tricyclic product, as a single diastereomer.
The generated Pd(0) species was reoxidized in the presence of
benzoquinone.

o ] CO,Et
JJ\ + Pd(OAC),, BQ, TSOH.H,0
N~ > NHMe
H |

THF, Ac,0
43%
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Pd(O)
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Scheme 42. Synthesis of indoline derivatives [68].
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Scheme 43. Synthesis of azoles [69].
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Scheme 44. Benzolactam synthesis [70].

2.2.3. Arene—Alkane Coupling

In 2008, Fagnou and Liegault reported that N-pivalylpyrrole
derivatives underwent an intramolecular oxidative coupling leading
to azoles (Scheme 43) [69]. This is a rare example of an
arene—alkane coupling. Air was employed as the terminal oxidant.
KIE studies pointed out that the reaction proceeded by a reversible
pyrrole palladation followed by an irreversible and slower alkane
C—H activation. Apparently, the presence of both an aromatic and a
resonance electron-withdrawing group on the pyrrole ring favored
the reaction, which was extended to various substituted amides.

2.2.4. Arene—CO Coupling

Heterocyclic scaffolds of biologically and medicinally useful
molecules are characterized by the presence of the Ar-CO-Y
moiety (Y = heteroatom), as a common motif [4]. The finding that
an arene could undergo selective palladation in the ortho position of
a directing group disclosed the possibility of developing C-H

CO (1 atm), Toluene

24-86%

3. C-H BOND ACTIVATION/C-Y COUPLING REACTION
(Path E)

The construction of heterocycles through direct intramolecular
C-heteroaromatic (C-Y) bond forming reactions represents an
important objective. This type of coupling has been less studied, so
far. The examples reported regard heterocycle synthesis based on
direct C-N and C-S bond forming reactions.

3.1. C-N Coupling Reaction

Simple arenes bearing a nitrogen-containing group capable of
directing Pd(ll)-catalyzed C-H bond activation in the ortho-
position are used as precursors in most of the examples reported
3.

In 2005, Buchwald described the synthesis of carbazoles from
2-acetamidobiphenyls in toluene, using Pd(OAc), as a catalyst and
Cu(OAc), as a terminal oxidant under an atmosphere of air or

activation/CO  insertion sequences leading to interesting oxygen (Scheme 47) [73]. Coordination of Pd(OAc), to the
heterocycles.
o}
H (MeCN),Pd(OTs),, BQ o]
©: TsOH, CO (1 atm), CH,Cl, N//I\ NRR"
NHCONRR' 34-85%

Scheme 45. Synthesis of cyclic imidates [71].

In 2004, Orito described the synthesis of five- and six-
membered  ring  benzolactams  through  Pd(ll)-catalyzed
carbonylation/amidation starting from N-alkyl-e-arylalkylamines
(Scheme 44) [70]. Reaction selectivity was not substantially
affected by the electronic properties of the substituents on the
phenyl ring (RY). Noteworthy, bromo-, and chloro-arylbenzyl-
amines were converted to lactams without compromission of the
halide substituent.

N-Aryl ureas have been reported to undergo ortho C-H
palladation under relatively acidic conditions [68]. Carbonylation of
the aryl-Pd complex was immediately followed by cyclization to
cyclic imidates, at ambient temperature (Scheme 45) [71]. The
process has been made catalytic by using benzoquinone as an
oxidant.

Benzoxazinones were synthesized through a one-pot procedure
from N-benzoylanthranilic acids by cyclization in the presence of
Ac,O (Scheme 46) [72]. Anthranilic acid derivatives were
generated by selective ortho carbonylation of benzanilides, under
mild acidic conditions. p-TsOH exerted a crucial effect in the C—H
bond cleavage of the substrate.

nitrogen atom promoted ortho-palladation with the release of acetic
acid. The resulting six-membered palladacycle reductively
eliminated the product. The reaction was tolerant for a variety of
electron-withdrawing and electron-donating substituents on both
the aromatic rings.

In 2008, Shi and coworkers reported that 4-Deoxycarbazomycin
B could be synthesized simply starting from a proper aniline
derivative and benzene through multiple oxidative C-H
functionalization (Scheme 48) [74]. Remarkably, halogenated and
organometallic reagents were completely avoided. The initially
formed aryl-Pd complex probably underwent Ph—H activation
through proton abstraction assisted by the carboxylate of the
EtCO,H [56]. Reductive elimination led to the ortho-phenylated
acetanilide, which was subsequently transformed into the desidered
product under Buchwald C—N bond-forming conditions.

In 2008, Gaunt developed an interesting, alternative approach to
carbazole synthesis (Scheme 49) [75]. Ortho-phenylarylamines, N-
substituted with an electron-donating group were converted into the
products, using Pd(OAc), as a catalyst, and PhI(OAc),, in toluene.
Nitrogen—directed C-H activation led to the cyclopalladium(ll)
complex, which underwent oxidation with PhI(OAc),, an

=
= - 1. Pd(OAC),, p-TsOH.H,0O :_Rl
H m CO /1 atm), BQ, NaOAc N N
N N ; N X
ol AN Dioxane R _: !
L o 2.Ac,0 =
72-94% O

Scheme 46. One-pot synthesis of benzoxazinones [72].
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Scheme 47. Buckwald synthesis of carbazoles [73].
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Scheme 48. Synthesis of 4-Deoxycarbazomicin through multiple C-H activation steps [74].
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Scheme 49. Gaunt synthesis of carbazoles [75].

established oxidant for Pd(I1)/Pd(IV) redox chemistry [3b]. The
resulting Pd(IV) species reductively eliminated carbazole derivative
and Pd(OAc),. The reaction was tolerant for a wide range of
substituents on the aniline ring.

In 2007, Inamoto and Hiroya described the synthesis of
indazole derivatives from benzophenone hydrazones (Scheme 50)
[76]. Cyclization was controlled by both steric and electronic
factors. The presence of an electron-donating group at the meta

PhI(OAC),, Toluene, r.t.

60-96%

,/’ C’f
ey 120, ”"’FLd(i{})
/7
, \OAc) N 7 A
/
Rl

l
RL G

lﬁ Pd(OAC),

OAC)

position accelerated cyclization at the less hindered C-6 atom. With
substrates bearing two different meta-substituents, ring formation
took place on the more electron-rich arene. Apparently,
regioselectivity observed was independent on the E/Z isomer ratio
of the substrate.

Both Cu(OAc), and AgOCOCF; are believed to be involved in
the Pd(0) re-oxidation, although the mechanism of this step needs to
be further elucidated.
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Scheme 50. Synthesis of indazoles [76].

The corresponding tosyl enamides were also converted into
indoles (Scheme 51) [77]. When Rt and R? were different a mixture
of isomers was obtained, suggesting that E/Z enamine isomerization
occurred rapidly in the course of the reaction.

RZ
Pd(OAC),,
Cu(OAc),
-y ————— RN
all ~ omso U
NHTs  30-68% SN

Scheme 51. Synthesis of indoles [77].

In 2008, Yu discovered that N-methoxyhydroxamic acids were
converted into benzo-lactams. The reaction presumably involved a
Pd(I)/Pd(IV) catalysis using CuCl,/AgOAc as the oxidants
(Scheme 52) [78]. The presence of two alkyl groups adiacent to the
directing group turned out to be necessary to favor initial arene o-
palladation (Thorpe—Ingold effect).

Pd(OAC),,
CuCl,, AgOACc

—_—

(jﬁf
RL R2
N
“OMe
o}

Scheme 52. Synthesis of lactams [78].

58-91% R?
o

Later, Murakami reported that also N-tosyl-2-methyl-2-
phenylpropanamides underwent oxidative cyclization leading to

3,3-disubstituted oxindoles. The reaction occurred under
Pd(I1)/Pd(0) catalysis [79].

Triflamide protected phenylethylamines were transformed into
indolines (Scheme 53) [80]. The reaction proceeded through a
P(11)/Pd(IV) mechanism using a one-electron oxidant [Ce(OAC),],

Pd(OAC),,
Oxidant N
R_I A —_— R+
> NHTf DMF (6 equiv), = ¥f
DCM

Oxidant: Ce(OAC),, / N F

Scheme 53. Synthesis of substituted indolines [80].
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or a two-electron oxidant (N-fluoro-2,4,6-trimethylpyridinium
triflate) [3b]. The presence of DMF as an additive was crucial,
probably acting as a labile ligand. The best results in terms of
selectivity were obtained with N-fluoro-2,4,6-trimethylpyridinium
triflate. In this case the reaction tolerated a wide range of functional
groups, strong electron-withdrawing substituents included.

Very recently, Hartwig described the synthesis of indoles
involving oxime acetates, in the presence of a low loading of Pd(0)
species (Scheme 54) [81]. Interestingly, this approach did not
require the use of an external oxidant, as the reaction occurred
under redox conditions.

Oxidative addition of an oxime ester to Pd(0) followed by
tautomerization led to the formation of a palladacycle and acetic
acid. Subsequent C—N bond forming reductive elimination afforded

the product.
H
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Scheme 54. Synthesis of indoles [81].

An unusual synthesis of phenanthridinones were achieved from
two molecules of o-bromobenzamide in the presence of a catalytic
amount of palladium(0) complex, in dioxane (Scheme 55) [82].
Pd(I)/Pd(1V)-catalyzed coupling of two molecules of the substrate
gave the amido-Pd(Il) bromide complex [83]. This species
underwent C—H bond activation leading to a seven-membered
palladacycle, which reductively eliminated the product.

H RHNOC R?
RY Br Rl

PdCl,(PPhg), R!

—_—
RZ N chO3, RZ
1,4-Dioxane
43-82% o
— Pd(0)
0 R?

Scheme 55. Synthesis of phenanthridinones [82].
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3.2. C-S Coupling Reaction

The synthesis of substituted benzothiophenes is a rare example
of heterocycle synthesis based on palladium-catalyzed C-H
activation/C—S bond forming strategy (Scheme 56) [84]. The
regioselective cyclization of thioenols took pace in DMSO using
PdCl,, as a catalyst. Interestingly, the reaction occurred efficiently
in the absence of re-oxidants. The authors proposed that the key-
intermediate was a disulfide which formed by oxidation of the
starting thioenol in the presence of DMSO. Apparently, the
disulfide oxidatively added to Pd(0). Subsequent, electrophilic
attack of the aryl ring on to the metal led to a palladacycle which
reductively eliminated the expected product.

Arl
Art Ar?
Ar SH  pdcl, or PdCI,(cod) S
63-89%
H CO,R DMSO
>:< mCOZR
P SH S

70%

Scheme 56. Synthesis of benzothiophenes [84].

2-Aminobenzothiazoles were synthesized through the direct
cyclization of N-arylthioureas (Scheme 57) [85]. The use of
palladium(0) and activated MnO, as a co-oxidant under an oxygen
atmosphere was crucial to achieve successful transformations. The
reaction worked well with a variety of meta, para and ortho-
substituted ~ N-arylthiourea  precursors.  Electron-withdrawing
substituents favored cyclization. These findings and KIE studies
indicated that cyclization proceeded through a s-bond methatesis
mechanism where an anionic peroxo/peroxide-Pd-bound ligand
aided in proton abstraction. MnO2 might serve as a catalyst to
decompose hydrogen peroxide.
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Scheme 57. Synthesis of 2-aminobenzothiazoles [85].

CONCLUSION AND OUTLOOK

Synthetic application is the true test of the usefulness of a
method. In the last decade the number of benzo-fused heterocycle
syntheses accomplished by direct Pd-catalyzed functionalization
enhanced significantly.

Oxidative  coupling  reactions promoting C-C and
C—heteroatom bonds are particularly attractive, as substrate pre-
activation with halides is completely omitted. Intermolecular,
selective functionalization can be achieved using arenes bearing
groups (in most cases nitrogen containing groups) capable of
directing C—H bond cleavage. An extension to oxygen containing
groups should expand applicability.

The fact that an external oxidant is required to realize catalytic
transformations is usually considered a critical point, as preparative
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synthetic application can be hampered. However, the increasing
number of the examples where only dioxygen or air are
successfully used should prompt a greater evaluation of oxidative
coupling application in organic synthesis.

C-C Bond forming reactions based on direct substitutive
coupling with organic halides, unexpensive chlorides included,
have become versatile tools. The possibility of performing
regioselective C—H functionalization through several approaches
(by heteroatoms, by chelation, or by metallacycle) expanded
substrate scope, making possible the synthesis of a large variety of
heterocycles. Moreover, practicality of these reactions allowed their
use in combination with other parallel, catalytic transformations in
order to synthesize complex heterocyclic molecules in a single
operation.
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LIST OF ABBREVIATIONS

Ac = Acetyl

tAmylOH = 2-Methylbutan-2-ol

Ar = Aryl

atm = Atmosphere

Bn = Benzyl

BQ = 1,4-Benzoquinone

Bu = Butyl

Cy = Cyclohexyl

cod = Cyclooctadiene

dba = Dibenzylideneacetone
DCE = Dichloroethane

DCM = Dichloromethane

DMA = Dimethylacetamide

DME = Dimethoxyethane

DMF = Dimethylformamide
DMSO = Dimethyl sulfoxide

dppf = 1,I'-bis(Diphenylphosphino)ferrocene
d.r. = Diastereomeric ratio

Et = Ethyl

L = Ligand

Me = Methyl

W = Microwave

MS = Molecular sieves

Ph = Phenyl

Piv = Pivaloyl

PMB = p-Methoxybenzyl

r.t. = Room temperature

Se3 = Trimolecular electrophilic substitution
TBAB = Tetrabutylammonium bromide
tBu = tert-Butyl

Tf = Trifluoromethanesulfonyl
TFP: = Tri(2-furyl)phosphine
THF = Tetrahydrofuran
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T™MS
TPP
Ts

Trimethylsilyl

Triphenylphosphine

4-Toluenesulfonyl, tosyl
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