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ABSTRACT: The chemistry of palladium complexes has no limits. Many domino processes (even multicomponent) are
continuously appearing in the literature. Carbocyclic and heterocyclic molecules are efficiently prepared under the atom
economy principle using the smallest amount of the catalyst. The importance of the applications in many scientific areas

of all these cyclic skeletons made this general methodology much more attractive.

INTRODUCTION

The reactivity of organometallic compounds allows to
promote exclusive organic transformations. The initial co-
ordination of the metal complex modifies the electronic ar-
rangement of the organic substrate favoring next interac-
tions/attacks by other reagents. Palladium complexes have
been widely used for decades in organic synthetic transfor-
mations being the subject of books, reviews, etc., and the
most prestigious Nobel award in 2010.! Palladium chemis-
try is characterized by versatility, wide scope and high tol-
erance to many functional groups present in the organic
skeleton. Additionally, this type of reactivity is combined
in multistep or domino processes in which a complex
structure is easily build with the highest atom economy. In
this review, we intend to continue the coverage to these
cascade reactions? focusing our attention on the direct ap-
plication of the resulting products in biomedical areas.

The classical overall process is generally divided in the
initiation step — relay system — termination step (Scheme
1). To trigger the domino sequence a direct oxidative addi-
tion onto electrophilic alkenes or alkynes, or a C-H activa-
tion, or a nucleo-palladation are three common alterna-
tives. The relay system (constituted by alkenes, allenes, al-
kynes, carbon monoxide, carbenes, etc.) allows the elonga-
tion of the structure intra- or intermolecularly and it is the
faster step in the sequence. Finally, a nucleophilic attack or
a C-H activation, followed by the regeneration of the active
catalytic species complete the cascade. This standard se-
quence is frequently complemented by the new types of

bonds activations emerging in the literature and recorded
in this compilation work.
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Scheme 1. General reaction course of a Pd-catalyzed cascade.

In this short review the domino (no tandem) processes?
catalyzed by palladium species will be covered paying spe-
cial attention to the biological interest of each generated
carbo- or heterocyclic scaffold. Other different cascade re-
actions with the participation of several metals with palla-
dium aggregates (intermetallic cooperation) will not be in-
cluded.

According to these previous references,? this revision
covers from the second half of 2016 to the very early con-
tributions appeared in 2018. The contents will be classified
according to the atoms participating in the new bonds
formed, and every section divided according to the nature
of the first relay species involved in the mechanism.*



DISCUSSION

DOMINO PROCESSES INVOLVING CARBON-CARBON
BONDS FORMATION

Fused carbocyclic compounds are nowadays interest-
ing due to biological applications in degenerative illnesses
and treatment of cancer. The main goal of the synthesis of
this set of compounds is addressed to the preparation of
new materials with innovative physical, optical or mechan-
ical properties.’ The chemical versatility of the processes
allows the reaction and combination of whatever hybridi-
zation of the carbon atom.

Alkenes as first relay species

When an alkene is used as relay species in both inter-
or intramolecular sequences the structure must be care-
fully designed in order to prevent undesired B-hydride
elimination in intermediate I (Scheme 2). This intermedi-
ate offers the possibility of continue the cascade with an-
other relay processes plus capture or directly can terminate
the process by a nucleophilic attack, a coupling promoted
by a C-H activation or a cross-coupling step.
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Scheme 2. General reaction course of a Pd-catalyzed cascade
including an alkene relay system.

The intramolecular examples are frequently docu-
mented. For instance, the synthesis of fused-ring polycy-
cles was reported by Li and co-workers from 2-iodo-1-(al-
kylbutenyloxy)benzene and the corresponding aryl iodides
in the presence of non-phosphorylated [Pd(cod)CL,] cata-
lyst. The reaction proceeded via Pd-catalyzed domino in-
tramolecular process with a double C(sp*)-H activation re-
action as terminating step, which allows to form three new
C-C bonds to provide the fused rings in 32-69% yields.® An
analogous sequence took place using exclusively 2-iodo-1-
(alkylbutenyloxy)benzenes (Scheme 3). The obtained pol-
ycycles are a hybrid between the 9,10-dihydrophenan-
threne and chroman motifs, which are connected with sed-
ative-hypnotic? and antifungal drugs,® respectively.
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Scheme 3. Synthesis of fused-ring carbooxapolycycles.

An approach to isobenzofuran-1(3H)-ones was reported
by Li and co-workers using an alkene relay component.
They described the Pd-catalyzed domino C-H activation-
oxidative arylation/olefination reaction in presence of
Pd(OACc),, Cu(OAc), as co-oxidant and O, (1 atm) as termi-
nal oxidant. Final dihydrobenzofurans and 2H-chromene
derivatives were obtained, from aromatic tethered al-
kenes/alkynes, in 32-80% yields (Scheme 4). The reaction
proceeded through a 1,2-difunctionalization of C-C n-bond
with two C-H bonds.® Such as it was shown, an alkene relay
system and an alkyne relay component were simultane-
ously studied. Alternatively, a cascade Wacker/allylation
sequence of B-hydroxy ynones (selecting an alkyne relay
system revised in the next section) using simple allylic al-
cohols was published giving access to allylated dihydropy-
rones.!0

It was reported that the carbonyl B-C(sp3)-H bond hy-
drogens of ortho-acyl phenols could be substituted by in-
tramolecular phenolic hydroxyls to form O-heterocycles,
followed by dehydrogenation of the O-heterocycle into fla-
vonoids. The cascade reaction was catalyzed by Pd/C with-
out added oxidants and proton scavengers but only a new
C-O bond was generated.!
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Scheme 4. Synthesis of isobenzofuran-1(3H)-ones and 2H-
chromene derivatives.

A rare element of high strain in molecules of natural
origin is a 1,2-trans fusion of 5-membered rings within a
[3.3.0]-bicyclic unit, which is present in (-)-presilphiperfo-
lan-8-0l, a natural insecticide. This molecule also pos-
sesses a 1,3-trans-stereochemical arrangement of substitu-
ents on one of its 5-membered rings. This is a common fea-
ture of other terpenes. In the first total synthesis of this
highly strained target, the key operation is a diastereose-
lective Pd-catalyzed domino cyclization that directly con-
trol the strained stereochemistry to get the final architec-
ture (Scheme 5)."> Here, a double alkene relay was finished
with a B-hydride elimination.
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Scheme 5. Key domino process during the synthesis of (-)-
presilphiperfolan-8-ol.

Oxindole derivatives are very important in nature and
as synthetic pharmacophores. An approach to these heter-
ocycles was described by Guo and co-workers. The synthe-
sis of 3-(4-aminobut-2-ynyl)oxindole derivatives was per-
formed in water from a variety of starting functionalized
acrylamides and terminal alkynes in the presence of
Pd(PPh,),, DBU via Pd-catalyzed domino sequence using a

Sonogashira reaction as terminating step. The desired
compounds, obtained in 92-97% yields, have a very im-
portant skeleton. For example, a bioactive molecule used
as a selective 5-HT, receptor antagonist was also reported
using this methodology (Scheme 6).3

R4
N-R® R4
=/ . R N-R®
. Pd(PPh3)4 (2 mol%) R —

- @ =

DBU, H,0, 90 °C

R! [
0 NS
)HTRZ 90-97% s
N R
3

N N Cl
/
F
N™~o
H

5-HT; receptor antagonist

Scheme 6. Synthesis of 3-(4-aminobut-2-ynyl)oxindole deriv-
atives.

Indoles can also act as interesting relay systems, espe-
cially for the preparation of natural and biologically active
products. For example, in the palladium-catalyzed enanti-
oselective dearomative arylalkynylation of N-substituted
indoles, they acted as it through a Mizoroki-Heck reaction.
At the end, again the Sonogashira coupling complete the
terminating step. In this sequence, the employment of a
new BINOL-based phosphoramidite, as chiral ligand, en-
sured both high enantio- (up to 97 % ee) and diastereose-
lectivities (>20:1) in the formed 2,3-disubstituted indolines.
These products have vicinal quaternary and tertiary stere-
ocenters, efficiently constructed in only one step (Scheme

7).14
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Scheme 7. Efficient synthesis of 2,3-disubstituted indolines.

A microwave-assisted synthesis of the indolinone-het-
erocycle framework was described by Sharma and co-
workers from halogenated acrylamides and the corre-
sponding heterocycles in the presence of [Pd(PPh,),] and
Cs,CO; in MeCN under microwave irradiation at 1o °C
(Scheme 8). This domino process involved a known Pd-cat-
alyzed intramolecular carbopalladation (alkene relay sys-
tem), followed by a C-H activation of reactive heterocycles,
and final C-C coupling as terminating step, providing a
range of very interesting combined heterocyclic frame-
works in 50-98% yields.’> In addition, the expansion and
application of this methodology to a specifically designed
tetrahydroquinoline derivative, allowed to access a tricy-
clic product (Scheme 8) in 78% yield, whose skeleton is
also present in many natural alkaloids.
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Scheme 8. Synthesis of oxindole derivatives using a C-H acti-
vation of a series of heterocycles as terminating step.

The 5-exo-trig cyclization-capture process, employing
an identical relay system, introduced a boronic acid as ter-
minating agent. Here, the preparation of substituted 3,3-
azaindolines (not frequently obtained) was achieved utiliz-
ing a domino palladium-catalyzed Heck cyclization/Su-
zuki coupling. The approach is amenable for the construc-
tion of another azole heterocycles (Scheme g). A range of
functional groups such as esters, amides, ketones, sulfones,
amines, and nitriles are all tolerated under these reaction
conditions.'¢
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Scheme 9. Synthesis of 3,3-azaindolines.

An alternative route to achieve spiro-oxindole was
based in a novel palladium-catalyzed cascade process in-
volving an alkene relay step followed by remote C-H acti-
vation performed by o-alkyl-Pd" species. This intermediate
was generated in situ via intramolecular carbopalladation.
The own palladium catalyst allowed the generation and
further insertion of a carbenoid obtained from decomposi-
tion of a-diazoesters (Scheme 10). This terminating step
was very interesting due to the introduction of up to two
extra functional groups. This new methodology allowed
the construction of complex molecular architectures such
as poly-spirocyclic oxindoles containing two all-carbon
stereocentres in a straightforward manner."”
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Scheme 10. Synthesis of indole-fused polycyclic ring system.

An example of intramolecular domino alkene-alkyne
relay system was shown during the preparation of polycy-
clic dihydrophenanthrenes, described by Yao and He from
1-iodo-2-[(2-methylallyl)oxy]benzene and 2-(trimethylsi-
lyl)phenyltrifluoromethanesulfonate. This innovative se-
quence, proceeded by intramolecular Mizoroki-Heck/ar-
yne carbopalladation/C-H functionalization. Three new
C-C bonds and a carbon quaternary center were built giv-
ing access to a range of polycyclic dihydrophenanthrene
derivatives in 40-94 % yields (Scheme 11)."® The most plau-
sible mechanism would take place via intermediate arene-



palladium(II) species originated after the benzyne perfor-
mance as relay system. A direct C-H activation was the ter-
minating step.
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Scheme 11. Synthesis of polycyclic dihydrophenanthrenes.
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Using the same strategic concept the synthesis of spiro-
oxindoles and spirodihydrobenzofurans were described by
Lautens and co-worker from specific acrylamides or aryl
iodides and in situ generated benzynes through a spirocy-
clization, in good yields. The reaction proceeded via Pd-
catalyzed sequential carbopalladation, alkene relay system,
carbopalladation, alkyne realay system (benzyne) and the
final C-H activation capture.® The intermediate pal-
ladacycle, drawn in Scheme 12, was the real intermediate
(isolated and characterized) in this process. As well as oc-
curred in all these type of processes isotope test provided
evidence that C-H activation is not the rate-limiting step
in the catalytic cycle. Interestingly, in accordance with the
last two mechanisms it was possible to direct the synthesis
of the fused or spiranic carbocyles through a similar mech-
anistic pathway. The intramolecular C-H activation and
a highly regioselective alkyne insertion to afford spi-
rooxindoles and spirodihydrobenzofura was also reported
by the same group.?’
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Scheme 12. Spirocyclization-aryne coupling cascade affording
spirooxindoles and spirodihydrobenzofurans.

A mechanistically uncommon synthesis of indoles was
promoted by palladium(o) under microwave heating via
domino allylic isomerization-furan Diels-Alder reaction.
This cascade reaction allowed the synthesis of 5-, 6-, and 7-
substituted indoles with alkyl-, alkynyl-, aryl-, and heteroa-
tom- substituents in moderate to good yields (Scheme 13).
In this process, the authors proposed that a m-allyl com-
plex, which was generated by Pd°-catalyzed elimination of
an allylic acetate (masked intramolecular alkene relay sys-
tem), acted as dienophile and lead a novel intramolecular
Diels-Alder cycloaddition with the/its tethered furan.
However, a Friedel-Crafts type intramolecular attack on
the electron-rich furan ring could generate a palladium-
complex that provided the same product than the Diels-
Alder reaction after reductive elimination.?!
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Scheme 13. Microwave-assisted synthesis of indole deriva-

tives.

The intermolecular version of this alkene relay system
is exemplified with many examples. Thus, the synthesis of
fused-indole polycyclic ring skeleton was reported by
Abele and co-workers from 2-methylindoles and 2-iodo-
benzyl bromide in the presence of Pd(OAc)./Xantphos and
t-BuOK in toluene or dioxane. Here, double intermolecular
alkene relay process was terminated by a fascinating dou-
ble C-H activation in the methyl group affording very com-
plex skeletons in modest yields (29-35%). The first activa-
tion was observed in the methyl group (pseudobenzylic
character) and, the second one, was an activation of the
hydrogen placed in a double benzylic position (Scheme
14).22 An overall number of four carbon-carbon atoms were
generated, two C(sp?)-C(sp3) and another two C(sp3)-

C(sp3).
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Scheme 14. Synthesis of fused-indole polycyclic ring system.

B,B-Disubstituted indanone subunits are common in
many natural products. Hou and coworkers studied the re-
actions of boronic acids with unsaturated compounds cat-
alyzed by palladium and observed the unexpected f3,B-di-
substituted indanones as products, instead of the expected
conjugated addition product. Then, they evaluated differ-
ent palladium salts, ligands and solvents in this reaction
being the optimal conditions that shown in Scheme 15.
This process proceeded well for a variety of o,f-unsatu-
rated esters and arylboronic acids with either electron-do-
nating or electron-withdrawing substituents. The plausible
mechanism, inspired by experiments performed by using
deuterium-labeled phenylboronic acid, involved a domino
conjugate addition (intermolecular alkene relay) an un-
common 1,4-Pd shift, followed by an intramolecular addi-
tion to the ester group giving the corresponding ketone in
high yields (Scheme 15). Finally, they studied the enanti-
oselective version of this process employing some chiral
ligands obtaining up to 65% ee.?
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Scheme 15. Synthesis of indanone derivatives.
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It has been reported a method where two adjacent
C(sp?)-C(sp?) bonds were formed through a consecutive
formal activation of four C-H bonds in the reaction of ma-
leimides or maleic anhydride with styrenes to yield naph-
thoheterocycles in a single step. A novel intermolecular
coupling of external alkenes (first relay system) generated
a vinyl-palladium intermediate ready to be coordinated to
electron-deficient alkenes (second alkene relay system)
driving the reaction in a pseudo-Diels-Alder mode in good
yields (Scheme 16).24
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Scheme 16. Synthesis of naphthoheterocycles.

The process regarding a domino intermolecular alkene
relay-intramolecular alkyne relay sequence was reported.
Palladium-catalyzed dearomatizative [2+2+1] carboannula-
tion of 1,7-enynes with aryl diazonium salts and water was
reported by Li’s group. The reaction enabled the construc-
tion of spirocyclohexadienone-fused cyclopenta[c]quino-
lin-4(5H)-ones through a sequence of Matsuda-Heck-type
addition (intermolecular alkene relay step), 6-exo-dig cy-
clization (intramolecular alkyne relay switch), ipso-cy-
clization, dearomatization and hydrolysis as terminating
steps (Scheme 17).>5 Quinolinones, themselves or belong-
ing to a more complex alkaloid natural product, are found
to exhibit a broad spectrum of biological activities, as for
example, antioxidant, anti-inflammatory, antithrombotic
and antihyperplastic agents.?
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Scheme 17. Synthesis of spirocyclohexadienone-fused cyclo-
penta[c]quinolin-4(5H)-ones.

A more sophisticated intermolecular alkene relay-in-
tramolecular alkyne relay switch-intermolecular alkene
switch-intramolecular alkene relay-ring expansion-Suzuki
coupling sequence was observed during the domino car-
bopalladation reaction of haloalkynes, boronic acids and
norbornene derivatives. Four carbopalladation processes
converted the carbon-carbon triple bonds into carbon-car-
bon double bonds, and finally to carbon-carbon single
bonds stepwise. The stable vinyl palladium intermediates
were transformed into carbon-carbon single bonds with
the generation of unstable alkyl palladium intermediates,
which afforded a ring expansion forming m-allylpalladium
species. Last intermediates could be independently
quenched by boronic acids as terminating step (Scheme
18), or N-tosylhydrazones, or B,(pin), in a highly diastere-
oselective manner and very good yields (47-73%).>” Nor-
bornene also participated in an efficient, highly regio- and
stereoselective protocol for the synthesis of tetrasubsti-
tuted olefins. The process was developed through a palla-
dium(o)-catalyzed triple domino process involving an al-
kene relay-intramolecular alkyne relay system. Here, three
new C-C bonds using a double carbopalladation and C-H
activation across 2-bromoaryl alkynyl biaryls/heteroaryls
with norbornene was achieved. The products bearing 9gH-
pyrrolo[1,2-alindole motifs constituted a new class of ag-
gregation induced emission (AIE) fluorophores.?®
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Scheme 18. Synthesis of quasi-dimeric polycyclic carbon skel-
etons.

Intermolecular alkene relay working in an allylic mode
using a terminating formal C-H aromatic activation-allene
coupling was reported. This process really started with an
allylic rearrangement (pseudo alkene relay), intramolecu-
lar decarboxylative coupling, propargyl-allene rearrange-
ment and diradical 1,3-dien-5-yne cycloaromatization. Par-
ticularly, these aryl propiolates, belonging to the family of
Baylis-Hillman adducts, reacted in the presence of catalytic
Pd(PPh,), and DBU leading to the formation of 4-ben-

zylnaphthoates. Interestingly, the meta-substituted propi-
olates provided sterically hindered cyclization products via
the unusual ortho-selective cycloaromatization, while the
meta-alkoxy group furnished predominantly the ortho-se-
lective 1,3-dien-5-yne cycloaromatization products; meta-
Me group gave products formed both by ortho-selective cy-
clization and para-selective cyclization products in compa-
rable ratio. A novel mechanism involving diradical species
has been designed in order to explain the unusual ortho-
selectivity in 1,3-dien-5-yne cycloaromatization (Scheme
19). The authors suggested that preference for sterically
hindered ortho-selective cyclization may be attributed to
the formation of a radical transition state possessing more
stable ortho-methoxy cyclohexadiene radical moiety,
which can be considered as the real driving force of this

selectivity.?®
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Scheme 19. Selective synthesis of benzylnaphthoates.

In the presence of Pd(dba)., KBr, K;PO,, and 18-crown-
6 in DMF, tertiary N-allylarylacetamides underwent dia-
stereoselective domino Mizoroki-Heck arylation and eno-
late-promoted cyclization reactions with aryl iodides to
yield trans-(arylmethyl)arylpyrrolidinones in 52-98%
yields (Scheme 20). In this work, non-steroidal anti-in-
flammatory drugs, such as N-allyl-N-phenylamides of in-
domethacin and tolmetin, and three aryl iodides were used
to prepare six arylmethylpyrrolidinones using this method
in 62-72% yields.>® This process can be considered equiva-
lent (no real) to a domino sequence incorporating an inter-
molecular alkene relay system and enolate capture. It was
also demonstrated that palladium catalyst did not partici-
pate in the cyclization step.
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Synthesis of trans-(arylmethyl)arylpyrroli-

Alkynes as first relay species

In a similar transformation, the classical alkyne relay
system occurred in a cis-manner, as shown in intermediate
II, facilitating many processes, especially the cyclizations
(Scheme 21).%! In fact, the analogous reaction depicted in
Scheme 8 could be successfully implemented in a Pd-cata-
lyzed intramolecular carbopalladation (intramolecular al-
kyne relay system type intermediate II), followed by a C-H
activation of reactive heterocycles, and final C-C coupling
as terminating step, giving a range of very interesting com-
bined heterocyclic frameworks in 52-92% yields (Scheme
22).5
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Scheme 21. General reaction course of a Pd-catalyzed cascade.
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Scheme 22. Synthesis of 3-alkylideneoxindole derivatives us-
ing a C-H activation of a series of heterocycles as terminating
step.

Synthesis of (E)-bisindole-2-ones were reported by
Huang and co-workers from a previously designed diaryl-
but-2-ynediamides in the presence of Pd(OAc)., NaOAc
and air as green oxidant. The reaction proceeded via Pd-
catalyzed domino reaction involving an intramolecular C-
H functionalization and C-C bond formation (using the al-
kyne as relay system) and the final capture was done by a
new C-C bond formed, again after a second aromatic C-H
activation protocol to access a series of bisindole-2-ones
derivatives in 23-91% yields (Scheme 23).32 Here, the cou-
pling to the alkyne occurred in a trans-mode due, presum-
ably, to the generation of palladium enolate. The reaction
took place under mild conditions and can be run on a
gram-scale. The final products have important applications
as pharmaceuticals, dyes and electronic devices. A series of
dimeric  2-[2-(1H-indol-3-yl)-3-oxoindolin-2-yl]acetoni-
triles were prepared in good yields (using the same mech-
anistic pathway) by Liu and co-workers from indoles em-
ploying a TEMPO/Pd-catalyzed oxidative homo dimeriza-
tion and cyanomethylation of free indole derivatives in the
presence of Pd(OAc), (5 mol%).3

NaOAc DMF, r.t
air, 4-18 h

23-91%

I \O R2 Pd(OAc), Smol%)

(o] 3
R
XPd R? XPdO, N
7 N 7f “Ar
Ar ;
Rwi‘\ le) — N
= N RL o
R Z >N
R4

Scheme 23. Synthesis of functionalized bisindole-2-ones.

Alkynyl thioethers also cyclized in the cis-mode. The
initial cyclizing carbometallation step gave a vinyl-palla-
dium intermediate (relay step) which was captured by the
four most common cross-coupling reactions, that means,
Stille, Suzuki-Miyaura, Sonogashira, and Mizoroki-Heck
reactions.’**

Silicon-containing heterocycles are highly valuable
scaffolds because they have shown specific properties in
very different areas such as materials, fragrances and phar-
maceuticals.’ A stereoselective synthesis of substituted ex-
ocyclic carbon-carbon double bond, to access a range of
cyclic vinylsilanes via palladium-catalyzed domino reac-
tion, was reported by Donnard and co-workers as indicated
in Scheme 24.%” The reaction proceeded through a conven-



tional cyclocarbopalladation-cross coupling of vinyl and al-
kynylsilanes (according to Scheme 21) in the presence of
Pd/Ligand complex, aryl boronic acid and tetrabu-
tylammonium iodide (TBAI) as additive (TBAI increased
the yield in an average of 15 %), obtaining products in 42-
75% vyields.

RZ R3
N/

R*  Pd(OAc), (10 mol%)

LS PPhs (20 mol%) S\ e
R'5— _ —_— Ny
Na,COj3, TBAI R-- P Ar
* 70-130 °C, 18 h

Ar—BH(OH), 42-75%

Scheme 24. Synthesis of cyclic vinylsilanes.

Benzosultams are heterocycles of immense medicinal
and pharmaceutical value.?® Synthesis of 1,2-benzothia-
zine-1,1-dioxides (benzosultams) were described by Swamy
and co-workers by the reaction of functionalized ynamide
precursors with carbon nucleophiles/sulfona-
mides/amines/phenols as nucleophilic terminating spe-
cies. These transformations occurred in the presence of
PdCL,(PPh;),, K,CO;, NaOH or t-BuOK in DMSO via Pd-
catalyzed 6-endo-dig-cyclization, which involved a
[PA(IT)]-[Pd(0)]-[Pd(II)] with an alkyne relay system. The
functionalized benzosultam derivatives were obtained as
stable molecules in 52-96% yields (Scheme 25).39 Although
all new bonds are of carbon-carbon nature, in this work
many carbon-nitrogen and carbon-oxygen bonds (see next
sections) are combined with carbon-carbon bonds de-
pending on the nucleophile employed. The same group
also reported the similar version but using benzotriazoles
or azoles as nucleophiles in the terminating step.4 The
other approach to the synthesis of seven-membered sul-
tams consisted in having the alkynyl moiety in ortho-posi-
tion with respect of the sulfonamido group meanwhile 1-
bromo-2-(cyclopropylidenemethyl)benzenes were the re-
lay-terminating component in the domino reaction.#

R5
i
H,C 0
2,‘;4 O‘\S//\ _R®
— N
R ANR
R? R4 52-86%
. R o P
0 o  PICIPPhs), (5 mol%) |y ST g3

K,CO; or t-BuOK ‘R4 N~

N
N-R® N\ RO
R1C[x DMSO, 70°C,12 h R! N

\
R? R 64-96%

R? o}
¢ Re
Ar-OH N~
= A
R! o'
R? 56-86%

Scheme 25. Synthesis of functionalized benzosultam deriva-
tives.

A new synthesis of 3-(diarylmethylene)oxindoles was
reported by Seo and co-workers from propiolamides, aryl
iodides and arylboronic acids via an efficient multicompo-
nent palladium-catalyzed domino reaction under ther-
mal/microwave irradiation conditions. The reaction pro-
ceeded with combination of Sonogashira/alkyne relay
step/Suzuki-Miyaura capture. This cis-mode of the relay
step allowed a total control of the final configuration of the
alkene. The addition of a silver salt was crucial to access a
good yield and better stereoselectivities of series of sym-
metric and non-symmetric compounds (E/Z isomers) in
35-98 yield (Scheme 26).* The same group also reported
the same methodology but employing vinylboronates in-
stead of arylboronic acids.®

@ti e

Pd(PPhs),, Cul
NaOAc, Ag3F’O4

DMF, MW, 150 °C

R1 10 min
‘ 7 35-98%
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=
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Scheme 26. Synthesis of 3-(diarylmethylene)oxindoles.

Electrocyclizations* occurred in specifically designed
dipropargylic ethers. The result of this cascade reaction
was the preparation of new polycycles containing five-, six-
, and seven-membered rings (Scheme 27). The process
worked via a twofold cyclocarbopalladation followed by
C(sp?)-H or C(sp3)-H activation.” The overall mechanism
operated by a double alkyne relay system creating at the
end the C-C bond after an aromatic C-H activation.

3 <

o ~ Pd(PPhs)4 (5 mol %) Q
o= iProNH (1 equiv) .
Br o
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Scheme 27. Domino synthesis of 5-membered polycyclic
ethers.

A very interesting alkyne relay-alkene relay sequence
was reported. The syntheses of scaffolds containing small
strained rings worked selectively via 4-exo-dig/5- or 6-exo-
trig/3-exo-trig cyclocarbopalladations followed by a (-hy-
dride elimination. During this cascade, the palladium
moved along the carbon structure for the creation of three
new C-C bonds and three new rings with final isomeriza-
tion of the double bond (Scheme 28).4¢

o, "1 R
SN X 10 mal
o o Pd(PPhg), (10 mol %)
PhH, MeOH, Et;N
nl 100 °C, MW, 30 min

45-85%

R!

Scheme 28. Synthesis polycyclic carbon skeletons.

Intermolecular alkyne relay systems were also fre-
quents during this literature covered period. Benzofurans
are a ubiquitous class of heterocycles, whose skeleton is
embedded in pharmaceuticals, natural molecules, bioac-
tive synthetic compounds and materials.*’ The synthesis of
substituted benzofuran derivatives were reported by Wang
et al. from 1-phenyl-2-[2-(phenylethynyl)phenoxy]ethan-1-
ones and an aryl iodide in the presence of Pd(OAc),/PPh,
and NaOAc in DMF. The reaction proceeded via Pd-cata-
lyzed domino reaction involving intermolecular carbopal-
ladation (alkyne relay) to afford vinyl palladium species,
which acted as intermediates in the intramolecular C(sp3)-
H functionalization followed by isomerization to access a
series of benzofuran derivatives in 55-81% yields (Scheme

29).48

RZ
= Pd(OAc),/ PPhs R?
4
R ~ NaOAc R®
/YR1 RY R
o DMF, 80 °C, 20 h N
o 55-81 % O ©

I—R I J
\ &[Pd]x
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Scheme 29. Synthesis of benzofuran derivatives.

In this sense, a range of novel fused tetracyclic dihy-
droindeno-indenes were described by Ramesh and Satya-
narayana from a diverse internal alkyne (acting as intermo-
lecular relay component) and o-bromostyrenes in the pres-
ence of Pd(OAc)./(rac)-Binap with benzyltriethylammo-
nium chloride (TEBAC) as additive and K,CO; as base via
one-pot palladium-catalyzed domino reaction. The reac-
tion proceeded through a carbopalladation followed by an
alkyne relay system plus annulation reaction, which al-
lowed the formation of three new C-C bonds and to access
a series of tetracyclic skeleton products in 52-73 % yields
(Scheme 30).4° The terminating step consisted in a C(sp?)-
H activation by C(sp3)-Pd"-Br intermediate species.

A similar 5+5 fused ring framework was prepared
through a palladium-catalyzed cascade reaction for the
synthesis of a dianthraceno[a,e]pentalene framework was
developed giving a series of adducts in 9-16% yields. 2,3-
Dibromo anthracene and alkynyl-tin compounds were al-
lowed to react at 140 °C with good functional group toler-
ance. These final products possess interesting photophysi-
cal and electrochemical properties.>

Pd(OAc),/BINAP
TEBAC 1
- s+ R
K,COj3, toluene
140 °C, 36-40h

52-73%

Scheme 30. Synthesis of fused tetracyclic dihydroindeno-in-
denes.

An unprecedented Pd°-catalyzed norbornene-medi-
ated dearomatizing [2+2+1] spiroannulation of bromo-
naphthols with aryl iodides and alkynes provided spiro[in-
dene-1,1'-naphthalen]-2"-ones in good yields. This three-
component cascade reaction was carried out through con-
secutive Catellani-type C-H activation,’’ unsymmetrical
biaryl coupling, alkyne migratory insertion (intermolecu-
lar alkyne relay system), and arene dearomatization
(Scheme 31). The interest of this method was focused on
the construction of the polycyclic skeletons of dalesconols
A and B. With NBE as a transient mediator (in fact, can be
consider as catalyst), this three-component method repre-
sented a rare example of transition-metal-catalyzed pro-
cesses for the rapid assembly of spirocarbocycles in an in-
termolecular fashion.>
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| Ph Pd(OAc), (5 mol %)
‘ ‘ DavePhos(12 mol %)
norbornene (1 equiv)
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DMF, 100 °C, 10 h

o X
OO 46-84% T

norbornene
OH e Ph
NG o

Me,N

DavePhos = Q_@

P(Cy),

Scheme 31. Synthesis of spiro[indene-1,1'-naphthalen]-2'-

ones.

Accurate pinpoint fluorinated polyaromatic hydrocar-
bons were prepared by electrophilic cyclization using tri-
fluorovinylzinc(II) reagents catalyzed by cationic Pd(II)
species, starting from the corresponding polyaromatic
compounds. The terminating step was promoted by a f3-
fluoride elimination. The resulting products, obtained in
10-86% overall yields (Scheme 32), exhibited characteristic
YF NMR shifts at the bay region and p-type semiconduct-
ing behavior. These trifluorovinylzinc(Il) species can be
defined as an equivalent of difluoroacetylene, and conse-
quently this process was promoted through a masked al-
kyne relay step.

PAIRN F 7N

<7 F.e=( <Y
S ZnCl-TMEDA ==
(1.2-2.0 equiv)

Pd,(dba);-CHCl5 (5 mol%)
PPh; (20 mol%), F2C
THF, reflux, 8 h

\Q/QI Ar 7?\ \\Q,QI/
Y
X N PdCl, (15 mol%)
P

AgX (30 mol%)
BF3-OEt; (1.0 equiv)
(CF3),CHOH, 60°C, 12 h

10-86% overall yields

Scheme 32. Mild synthesis of pinpoint fluorinated polyaro-
matic hydrocarbons.

Allenes as first relay species

Allenes are very reactive substrates and the normal
trend in palladium chemistry is the carbopalladation at the
central carbon. With this idea, polyfunctionalized 3-meth-
ylene-5-phenyl-1,2,3,4-tetrahydropyridine derivatives were
synthesized. These herterocycles represent a privileged
structure present in many natural products and pharma-
ceuticals such as (z)-preclamol (an autoreceptor-selective
agonist), mesulergine (used for the treatment of hyperpro-
lactinemia, acromegaly, and Parkinson’s disease), dexe-
timide (employed for the control of extrapyramidal symp-
toms induced by pipothiazine palmitate), etc.53 Liu and Co-
workers synthesized efficiently this type of systems (in 47-
88% yields) from allenamides and aryl/vinyl halides via
one-pot Pd-catalyzed insertion at the central carbon-allene
relay system-cyclization-Heck reaction. Two new C-C
bonds were formed in one pot, mediated by a Pd-m-allyl
intermediate in the presence of Pd(PPh;), (10 mol%),
Cy.NMe (2.0 equiv), in dioxane for 8 h

Scheme 33).54
L
R+ =
|
N
EWG

47-889
Pd(PPhs), &
‘ f/ (10 mol %)
R- Pd
L Cy,NMe
N 2.0
WG di(()xanfzqgl(\)l)"c Ar\/\Br : - ‘
, .
63-80% N

\ 5h, Ny

¢ "%y PdBr

/\/\ﬁ J/ . X/\/\[U/\PdBr - Products

n-Allylpalladium complex

Scheme 33. Synthesis of 3-methylene-5-phenyl-1,2,3,4-tetra-
hydropyridine derivatives.

Selective synthesis of a series of functionalized cyclo-
hexadiene derivatives were described by Volla and Backvall
from previously prepared bisallenes and arylboronic acids
in the presence of Pd(OAc),, in toluene. The reaction pro-
ceeded via Pd-catalyzed domino reaction of oxidative pal-
ladation at the central carbon atom of the most substituted
allene. The nucleophilic attack of this allene moiety on the
palladium center followed by rate-determining allylic C-H
bond cleavage afforded dienylpalladium(II) species coordi-
nated with 1,4-benzoquinone (BQ). This intermediate un-
derwent intramolecular carbopalladation (first allene rea-
lay system) of the Ci-C2 double bond of the second allene
(second allene relay switch) followed by the Suzuki cou-
pling as terminating step. Next, the carbocyclization-aryla-
tion methodology afforded the corresponding cyclohexa-
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dienes in 57-81% yields (Scheme 34).55 Several studies pro-
posed that Pd(OAc), formed a m-complex, in which both
allene units are coordinated to palladium(II).

Me0,C.__CO,Me

=7 * MeO,C.__CO,Me
Pd(OAc), (5 mol%)

i
AR benzoquinone N
- T

toluene, 50 °C, 1d N NPl
B(OH) 57-81% l
| AN R!
S
R1

MeO,C.__CO,Me

n-Allylpalladium complex

Scheme 34. Synthesis of polysubstituted cyclohexadienes
from bisallenes.

Carbon monoxide or carbenes as relay species

Carbon monoxide insertion is a very fast process and
participated in the simple synthesis of xanthones. The ring
closure of 2-iodoaryl aryl ethers occurred in the presence
of a palladium catalyst. After oxidative addition and carbon
monoxide insertion, the resulting acyl palladium interme-
diate (carbon moxoxide acted as relay step) formed intra-
molecularly the C-C bond taking advantage of a new aro-
matic C-H activation. A series of products could be suc-
cessfully obtained through this protocol, with Pd(OAc), as
catalyst, P(Cy); as ligand, PivONa-H,O as base, and PivOH
and tetrabutylammonium bromide as additives in DMSO,
in moderate to good yields (Scheme 35).>° Apart from their
presence in many natural products other bioactive hetero-
cyclic xanthones are very useful as organic markers in med-
icine.

Pd(OAc), (5 mol %)
P(Cy)s (20 mol %)

R’ \' H PivONa-H,0 RY o
‘\ N\ 0.4 MPa CO X X
! | [ R
A 0"\ R? = »
PivOH, TBAB o

DMSO, 90 °C, 15-24 h

35-70%
o b=, D

Scheme 35. Synthesis of xanthones.

(Bromoalkenyl)aryl bromides underwent cascade cou-
pling and Heck reactions with ketone N-tosylhydrazones
in the presence of Pd,(dba), (dba = dibenzylideneacetone)
and X-Phos mediated by t-BuOLi in 1,4-dioxane to yield
alkenylindenes in 30-70% yields (Scheme 36). 1,1-Disubsti-
tuted naphthalenes were prepared by an analogous
method from 2-bromophenylacetaldehyde.’” The key for
this modular synthesis took advantage of the different re-
activity of the three bromides present in the initial precur-
sor. Thus, the Suzuki cross-coupling took place in a stere-
oselective manner at the less hindered trans-bromine po-
sition. The generation of the diazocompound from the cor-
responding hydrazine in basic media, generated a plausible
palladium carbene intermediate, which acted as relay spe-
cies, affording the insertion and final cross-coupling as ter-
minating step.

1

Y BrBr 1. Pdy(dba)z  P(2-furyl)s
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Br  65°C,15h ‘\\ B
¥
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R3 | _ R?
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4
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P(Cy),

Scheme 36. Synthesis of alkenylindenes.

A similar mechanism can be translated to the palladium-
catalyzed domino reaction through the cross-coupling of a
benzyl bromide with an N-tosylhydrazone. The authors
proposed (as terminating step) an intramolecular Mizo-
roki-Heck reaction between the aryl bromide and the in-
termediate aromatic alkene, which was generated by the
fleeting palladium carbene as relay component. During
this sequence, a single and a double C-C bond was formed
on the same carbon atom giving 9-methylene-gH-fluo-
renes (Scheme 37). The same strategy led to, 9-methylene-
9H-xanthenes, 9-methylene-9,10-dihydroacridines, and
also dihydropyrroloisoquinoline and dihydroindoloiso-
quinoline derivatives.
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Scheme 37. Synthesis of g-methylene-gH-fluorenes.

In an intramolecular version of this last mechanism
dealing with transition metal catalysts, including palla-
dium(o and II) species, resulted to be effective for reactions
that proceed through dinitrogen extrusion, carbene/al-
kyne cyclopropanation, and aromatic substitution to form
fused indenofuranones (Scheme 38).° The overall set of
mechanistic steps was constituted by a double carbene re-
lay species control.

PdCI,(PhCN), Q
(5 mol A)

o]
Nz 0H2(3|2 20 °C O‘ ’
48h

76 %

O Y4
Ph Pd™ “ph

Scheme 38. Synthesis of fused indenofuranones.

Processes without relay species

Many domino reactions were reported in which there
is not a properly relay system such as occurred in the pre-
vious sections. For example, multiple C-H activation was
found very useful to bond aryl groups to aromatic systems.
A palladium-catalyzed one-step synthesis of functionalized
triphenylene frameworks was disclosed, which proceeded
by 2- or 4-fold C-H arylation of non-activated benzene de-
rivatives. Here, the pyrrolidinone and the X group acted as
directing groups. Pd,(dba); catalytic system and cyclic dia-

ryliodonium salts as m-extending agents, led to site-selec-
tive inter- and intramolecular domino arylation sequences
(Scheme 39).°° It is known that N-substituted tri-
phenylenes are applied to a field-effect transistor sensor for
rapid, sensitive, and reversible alcohol vapor detection.

R? R2 R2
{ (o=
NS0 O Pd(dba)s (5 mol %) O O
+ NaOAc (5 eq) OO‘
+ | _ NaOAc(5eq)
O 150 °C, 24 h
TOTf
X 25-40%
R? R2 R2
RZ
I l
TfOPd l

RZ

X =H, Cl, Me

Scheme 39. Synthesis of triphenylene frameworks.

Fused carbazoles are frequently found in natural prod-
ucts and biologically active compounds such as antitumor,
antiestrogenic and potential DNA intercalating drugs,
etc.%! An efficient palladium-catalyzed strategy for the syn-
thesis of dibenzo[a,c]carbazole derivatives was developed
by Liang’s group. In the presence of Pd(OAc)., 2-(2-halo-
phenyl)indoles and iodobenzenes reacted smoothly to ob-
tain the corresponding dibenzo[a,c]carbazoles in moder-
ate to good yields (

Scheme 40). This methodology allowed the construc-
tion of two new C-C bonds via palladium-catalyzed double
C-H activation/functionalization. A feasible 5-membered
palladacycle was involved in the catalytic cycle.® It is note-
worthy that the formation of the intermediate palladacycle
was faster than the oxidative addition of palladium onto
the iodoarene.

[l \ -
R N
N 17 Pd(0Ac), (5 mol%),
R PPh; (10 mol%)
N T ,
X=Br, | | cho3
DMSO, 120 °C, 12h
X
B 70-98%
,\R4
k Pd
N —
R
¢\
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Scheme 40. Synthesis of fused carbazoles.
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Zhang et al. studied a very interesting palladium-cata-
lyzed alkylation with alkyl halides and discovered an unex-
pected reaction that provided alkylated benzocyclo-
butenes as final products. Then, they also developed a cat-
alytic protocol for the reaction of the palladacycle with di-
bromomethane for the synthesis of indanes. Both C-H al-
kylation systems are initiated after the oxidative addition
of organohalides to Pd° species. The formation of pal-
ladacycles allowed to generate new C(sp3)-C(sp*) bonds.
The substrate scope to synthesize benzocyclobutenes al-
lowed a range of 1-bromo-2-tertbutylbenzene derivatives
and different alkyl chlorides with a variety of functionali-
ties. For the synthesis of indanes many 1-iodo-2-tert-bu-
tylbenzenes were tolerated but two regioisomers were ob-
tained when the substrates had substituents at the meta-
position to the tert-butyl group (Scheme 41). Finally, in
both processes when the substrates incorporated derivat-
ized tert-butyl groups the corresponding benzocyclo-
butenes and indanes were obtained in lower yields.¢?

Pd(OAc); (10 mol%), P(o-tol)3 (20 mol%)
K,COj3 (4 equiv)

Br + R2C R?
Rﬂi\ DMF, N, Rﬂi\
- 70°C, 24 h N
up to 86%
Pd R2?
R'4
Pd(OAc), (10 mol%), P(o-tol); (20 mol%)
NBuy4Br (50 mol%), K,CO3 (4 equiv)
| +CH:Br 4 MRt N
R NEt; (2 equiv), DMA, N, R
2 80°C,12h =
up to 80%
Pd
X
R
=

Scheme 41. Synthesis of fused benzocyclobutenes and in-
denes.

An elegant approach to the synthesis of quaternary car-
bon centered cyclobutanes, using a palladium(II)-
catalyzed sequential intramolecular C-H methylene activa-
tion and C-C bond formation, followed by a regiospecific
intermolecular methine C-H activation and arylation, was
detailed. The potential synthetic utility of this novel dom-
ino process was demonstrated by its application to the syn-
thesis of a guanylate cyclase activator (Scheme 42). Mech-
anistic study from 6-bromohexanamide revealed that in-
termediate cyclobutane product promoted the methine C-
H activation. The C-H activation in that position did not
occur in the starting bromide.%

R3-X
Pd(AcO), (10 mol%)
R'RZH H O Ag,CO3, 100 °C Ry o)
Br. Q sz -Q
N PhMe, 15 h N
R3 H
Q = 8-quinolyl
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R’ 1
2 H 2 R H a
—_—
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Brpd-- H H
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FsC NH CO,H

d Guanylate cyclase activator
CI—(i :)%

Scheme 42. Synthesis of quaternary carbon centered cyclobu-
tanes.

A range of fluorenone derivatives were synthesized by
Dharmara and co-workers from benzoyl chlorides and ar-
ylboronic acids in the presence of a prepared palladium(II)
complex featuring ONO pincer type ligands and KOH as
base in H,O/MeOH in an open flask in good yield. The re-
action proceeded via Pd-catalyzed domino reaction in a
good regio- and chemoselectivity. The catalyst recyclability
allowed up to six cycles with yields ranging in 62-93 %
(Scheme 43).% Two catalytic cycles were proposed, per-
haps, the most accepted one consisted in the initial for-
mation of the acylpalladium species. Then, it was followed
by a Suzuki-Miyaura coupling, and the second step was
composed by a double C(sp*)-H activation and the palla-
dium-mediated coupling affording benzophenone. The in-
terest of fluorenone skeleton in pharmacology® and or-
ganoelectronic® is very important nowadays.

Palladium-catalyzed base-selective annulation of dibro-
monaphthalimide to different aryl boronate esters by com-
bination of a Suzuki-Miyaura cross-coupling and a direct
C-H arylation afforded a series of new five- and six-mem-
bered ring annulated electron-poor polycyclic aromatic hy-
drocarbons in low chemical yields. Cesium carbonate
(Cs.CO;), as auxiliary base in these C-C coupling cascade
reactions, led exclusively to six-membered ring annulation,
while the use of an organic base such as diazabicyclounde-
cene (DBU) afforded the corresponding five-membered
ring annulated products in low yields.®’
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Scheme 43. Synthesis of fused fluorenone derivatives.

Fluorenes are one of the simplest polyaromatic hydro-
carbons (PAHs) with a planar rigid biphenyl core. Apart
from their use as protecting group or as building blocks in
synthesis, they have many biological and medicinal appli-
cations.® A palladium-catalyzed cross-coupling/intramo-
lecular phenolic aldol condensation sequence was pub-
lished, giving access to 9-hydroxyfluorenes in good to
moderate yields (39-81%, Scheme 44). Analogously, 9-ami-
nofluorenes were synthesized (62-91%) just by addition of
a secondary amine via an efficient three component pro-
cess (Scheme 44).%
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Scheme 44. Simple synthesis of 9-hydroxy and g9-aminofluo-
renes.

Synthesis of tetrahydroisoquinolines were reported by
Solé, et al. from phosphonates, sulfonates and sulfona-
mides as nucleophiles and vinyl sulfones and acrylates as
Michael acceptors via palladium-catalyzed intramolecular
a-arylation-1,4-addition domino reactions (Scheme 45). Fi-
nal compounds, incorporating new C(sp?)-C(sp3) and
C(sp?)-C(sp3) bonds, were achieved in 25-70% yields. A

comparative computational DFT study allowed to con-
clude that two competing mechanisms, the direct base-
mediated-arylation reaction and a concerted metallation-
deprotonation-C-H activation process, could be operative.
The preference of one mechanism or the other is strongly
determined by the electrophilicity of the Michael accep-
tor.7° Interestingly, never the Mizoroki-Heck reaction oc-
curred under this reaction conditions.

Although it is not a full domino process promoted by
palladium, spirocyclic indolizidine derivatives having a
3,3'-disubstituted oxindole framework was described using
sequential nucleophilic C(sp3)-benzylation and palladium-
catalyzed C(sp?)-H arylation reactions of 3-pyrrolyloxin-
doles and 2-(bromomethyl)aryl bromides in good yields.”

Ay Y
. [PA(PPhy),)/Xantphos z
z Cs,CO; or K3PO,
|
@; H THF, 120 °C, 72 h N.
N Bn
“Bn 25-70%
\ /
z z

Y = SO,Ph, SO,Me,
CO,Me, SO3Ph, SO,NBn,

Z = SO4Ph, SO,NBn, 0

PO(OEt), PPh, PPh, Xantphos

Scheme 45. Synthesis of tetrahydroisoquinolines.

Many other examples regarding the synthesis of biolog-
ically interesting molecules or natural products employing
domino processes catalyzed by palladium species, where
no cyclizations were involved, are described in the litera-
ture.”

DOMINO PROCESSES INVOLVING CARBON-CARBON
AND CARBON-NITROGEN BOND FORMATION

Processes involving alkenes as first relay species

A catalyzed aminopalladation reaction using XantPhos
as ligand (Scheme 45) followed by nucleophilic addition
onto aldehydes and dehydration was described. Here, it
was shown an non-conventional alkene relay system at the
beginning of the cascade. This simple procedure provided
efficiently a wide range of functionalized tetrahydroiso-
quinolines with high selectivity and good yields. The nu-
cleophilic attack, performed through a highly ordered
transition-state, is the turnover-limiting step. The nucleo-
philicity of the Csp3-Pd bond was enhanced by the strong
electron-donating effect of the nitrogen atom (Scheme
46).7




[Pd(allyl)Cl], (2.5 mol %)
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Scheme 46. Synthesis of tetrahydroisoquinolines after nucle-
ophilic addition onto aldehydes.

Synthesis of some biologically important N-heterocy-
clic compounds was reported by Malakar and co-workers
from 2-nitrophenyl compounds in the presence of
Pd/HCOOCs and SnCl, in DMF. It was assumed that the
decomposition of HCOOCs delivered in situ CO molecules
which may be responsible for the deoxygenation step in the
presence of catalytic amounts of palladium. The whole pro-
cess involved a Pd-catalyzed domino reduction of the nitro
group followed by amino-carbopalladation (using the al-
kene as relay system) and subsequent B-hydroelimination
as terminating step (different to the previous Scheme 46)
giving a series of heterocyclic products in 63-81% yields
(Scheme 47).7* Similar methodology employing the reduc-
tion of the nitro group was an efficient method for the syn-
thesis of Cz-spiropseudoindoxyls, which are common

structural units in indole alkaloids.”

PdCly(PPhs), (5 mol%)
SnCl,, HCOOCs, DMF
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= =
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Scheme 47. Synthesis of polysubstituted benzoheterocycles.

An example of intramolecular alkene-intermolecular
alkyne relay in a domino process finished by a carboami-
nation step was reported by Yao et al. during the prepara-
tion of 4-alkylated isoquinolines. They employed 2-(1-al-
kynyl)benzaldimines and 1-iodo-2-(alkylallyl)benzene in
an efficient intramolecular Mizoroki-Heck type reaction
affording a palladium species, which activated the carbon-
carbon triple bond facilitating the cyclization and the for-
mation of a new N(sp?)-C(sp?) bond (Scheme 48).7° The

range of isoquinoline derivatives (in 42-83% yields) was
very wide allowing the presence of many functional
groups.

K,CO3

DMF, 100 °C
@ y 42-83 %
N7 R?

n

I'1=0,1 \

N/tBu

IPd-""" Ph

Pd(PPhz)s
(5 mol%)

Scheme 48. Synthesis of isoquinolines from 2-(1-alkynyl)ben-
zaldimines.

The chiral version of the preparation of indoline deriv-
atives was described in a Pd"-catalyzed cascade originated
by a Csp*-H directed activation/alkene relay system, which
formed an allilic palladium intermediate. The capture of
this complex was achieved intramolecularly through an
asymmetric nucleophilic attack of the nitrogen atom of the
urea. The optimal chiral sulfoxide-oxazoline ligand con-
sisted in a single chiral center on the sulfur atom, being
efficient both in the C-H cleavage step and the stereocon-
trol of the allylation step. The broad scope of this method
enabled the rapid construction of valuable chiral indoline
derivatives with high yields and enantioselectivities (up to
99 % yield, and up to 95:5 er) (Scheme 49).”

MR Pd(OTs),(MeCN), (10 mol%)
+ L (12 mol%)

2,5-DMBQ

THF, Np, 50 °C, 40 h
42-99% o

N 1
H Rz RZ
l up to 95:5 er
. PdX, H
W Pd ‘f\//‘\vR
o) N
A //2 NH P
N _R' N R ,R1
Ho N H N~ )N
R2 R2 0O R
MeO
L: i)) 2,5-DMBQ = 2,5-dimethoxy-1,4-benzoquinone

\
o



Scheme 49. Enantioselective synthesis of indolines.

Allyl aniline derivatives have also been selected to run
intramolecular domino process giving tetracyclic or penta-
cyclic frameworks through multiple bond formation (C-C,
C-N, C-O) (Scheme 50). This sequential Lewis acid-palla-
dium-mediated transformation of compounds, with teth-
ered hydroxy groups, gave tetrahydrocyclopenta[b]pyrans
or novel pentacyclic frameworks containing cyclopentene
moieties fused to indoline, pyrazolidine, or 1,3-oxazinan-2-
one skeletons.” The first alkene relay system evolved to a
n-allyl-palladium intermediate, which was captured by a
nucleophilic attack of the carbamate.

Pd(OAc); (10 mol%)
PPhj (20 mol%)
CS,C0,4
R .

MeCN, 80 °C, 12 h
31-74%

R2o cN NHCO,R?

“N-NHCO,R? “N-NHCO,R?
H | ! |
R?0,C R H reo,c

Pd(OAc), (10 mol%)

PPhs (20 mol%)
Qr _ CsCo

MeCN, 80 °C, 12 h
RzocN NHCO,R eCN, 80°C,

42-72%

Scheme 50. Synthesis of polycyclic-nitrogenated skeletons.

An unexpected formation of indoles was observed (dur-
ing the synthesis of benzodioxepanes and benzooxepines)
when unprotected 2-iodoaniline tethered vinylogous car-
bonates were subjected to the Heck reaction. Mechanistic
studies indicate that the formation of these indoles was an
outcome of the interception of the carbopalladation step
by nucleopalladation. The alkene relay system afforded a
six membered carbopalladacycle, which formed a new C-C
bond, generating the indole by a retro oxa-Michel step. The
reaction proceeded at 100 °C and the chemical yields were
very high (72-94%, Scheme 51).

Pd(OAC); (5 mol%) ) f(
’>‘ _PPhy (20 mol%) [ on
EtsN, DMF P
100 °C R3
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~
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X COR* R3

R“OC COR*

Scheme 51. Synthesis of enantiomerically enriched indoles.

Mitomycins, a family of bioactive natural products, fea-
ture a compact 6/5/5-fused polycyclic ring structure. The
first enantioselective synthesis of (+)-mitomycin K, was re-
ported using, as key step, an enantioselective oxidative cy-
clization catalyzed by a palladium/(+)-sparteine system in-
volving two 5-exo-trig-cyclizations promoted by two con-
secutive alkene relay systems. Chemical yields were high
and the enantioselections were very good despite of the
temperature employed (Scheme 52).%

R Pd(TFA), (10 mol%) R'
(+)-sparteine (40 mol%) MeO H
3A MS, O, (1atm.)

S
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¢ NMe
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S H
RN N
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Scheme 52. Enantioselective synthesis of mitomycin K.

A range of structurally diverse novel 1,4-benzodiaze-
pine-2-one derivatives related to selective cholecystokinin
A receptor (CCKA) and cholecystokinin B receptor (CCKB)
antagonists were reported by us through a simple one-pot
molecularly diverse multicomponent Pd-cascade protocols
(Scheme 53, Scheme 60 and

Scheme 62). First, it was developed the cascade with an
initial alkene relay switching to a carbon monoxide relay
system. The 3-aminobenzodiazepin-2-one derivative acted
as nucleophile in the termination step (Scheme 53).8' The
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final oxindole derivative was obtained as equimolar mix-
ture of diastereoisomers in good yield (78%).

| X
Cr e )
- >
v X
| N o)
CO (1 atm)
PPh; (20 mol%) Hz“j
K,COj3,toluene

Pd(OAc), (10 mol%)
100°C, 26 h Ph

e
D@ .

78%, 1:1 dr
Scheme 53. Synthesis of 1,4-benzodiazepine-2-one analogues.

A palladium-catalyzed Narasaka-Heck iminopallada-
tion/direct arene C-H alkylation cascade was successfully
developed via alkene relay system. The domino process
generated 2,5,5-trisubstituted dihydropyrroles, in good
yields, through the formation of one N(sp?)-C(sp3) bond
and one C(sp3)-C(sp?) bond. One quaternary stereocenter
was constructed in this process being the enantioselective
variant very attractive due to the high enantioselectivity
achieved (

Scheme 54). The observed solvent-dependent mecha-
nistic dichotomy [single electron transfer (SET) versus a
two-electron process] and the possible concurrent occur-
rence of these two mechanisms was exclusive in Pd-cata-
lyzed transformations.??

Pd(OAc), (20 mol%) R’

(S)-Synphos (20 mol%) Nﬁ
2 N\
\‘(/ N

OCOCFs

K,CO3 (30 mol%)  Ar
R DMSO0,100 °C, 8 h o
41-90 %

R2
\ up to 92:8 er
N’
\
Ar

PdX

Ci
(o) PPh,
[o i PPh,

Scheme 54. Synthesis 2,5,5-trisubstituted dihydropyrroles.

= (S)-Synphos = L*

Alkynes as first relay species

Continuing with the seminal work of Larock and co-
workers,® an example involving the formation of a C-N
bond using this simple alkyne relay process was depicted
in Scheme 25.39 Pd-N-heterocyclic carbene complex, Pd-
PEPPSI-IPent was prepared and used as a first class recy-
clable catalytic system for the synthesis of 2-substituted in-
doles through a domino copper-free Sonogashira-cou-
pling-cyclization involving an intramolecular alkyne relay
system-carboamination sequence. Here, the Csp?-palla-
dium species were protonated giving the expected indoles
regenerating the active catalyst. It showed a greater perfor-
mance in the cascade reaction of various 2-bromo anilines
with different terminal aromatic acetylenes under mild (60
°C) and green conditions (ethanol:water) even in the ab-
sence of a copper catalyst and an inert atmosphere
(Scheme 55). The catalyst was recyclable and could be re-
used up to six cycles.?

Diindolylmethanes (DIMs), a subfamily of indoles, are
beneficial antibacterial, anti-fungal, anti-androgenic, anti-
cancer, growth-promoting and anti-implantation drugs. In
addition, synthetic DIMs are also known to act as dyes and
colorimetric sensors.®> A large series of DIMs were pre-
pared in 83-94% yields (Scheme s55) taking advantage of
this last mentioned methodology. In this example, once
formed the indole ring, a Friedel-Crafts reaction (at the 3-
position of the heterocycle) with aldehydes and ketones in
the presence of either AgSbFs or AgOTf in 1,2-dichloro-
ethane, took place (Scheme 55). In the absence of silver
salts the reaction did not occur, the indole-free palladium
intermediate must be quenched previously. Selected di-
indolylmethanes were converted into indolylmethylenein-
doles and into diindolylmethylphenyl imines, ureas, and
thioureas.®

Following this model reaction mechanism, preformed
ortho-alkynyl-anilines were employed for the synthesis of
pentaleno[2,1-b]indoles in a range of 70-98% yields. In the
elaborated tetracyclic indole framework, two neighboring
stereocenters (one of them a quaternary carbon) were con-
structed in a single process with excellent diastereoselec-
tivity.®® Also, a Sonogashira coupling allowed the synthesis
of triarylalkene-capped conjugated rotaxanes. In this ex-
ample, the palladium-catalyzed a domino Sonogashira/hy-
droaryl reaction between aryl halides and terminal alkynes
bearing two permethylated a-cyclodextrins.?’
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Scheme 55. Synthesis of indoles and diindolylmethanes
(DIMs).

Lu’s group described a novel palladium-catalyzed cy-
clization of aniline-tethered alkynyl cyclohexanedienones
to yield cyclohexenone-fused tetrahydropyrano(3,4-bJin-
doles. Initially, they performed racemic versions in moder-
ate to good yields. Next, the asymmetric version was ex-
plored being chiral bipyridines the most appropriate lig-
ands to obtain the desired indoles in good yields and high
enantioselectivities. The proposed mechanism postulated
consist in a first trans-aminopalladation of the carbon-car-
bon triple bond (acting as relay system) to lead a vinylpal-
ladium intermediate. The intramolecular conjugate addi-
tion of the carbon-palladium bond onto the carbo-carbon
double bond and final protonolysis of the palladium eno-
late gave the desired product and the regeneration of the
catalytic palladium(II) species (Scheme 56).%
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Scheme 56. Synthesis of tetrahydropyrano([3,4-bJindoles.

Using a similar mechanistic pattern, Zeng’s group de-
scribed a novel domino oxidative annulation of 2-vinylani-
lines with alkynes to generate a rare class of cyclopen-
taquinoline derivatives in 15-78% yields (Scheme 57). A
complex mechanistic pathway was suggested. The most
probable vinylic C-H activation directed by the amino
group was followed by a double alkyne relay switch system.
Then, direct intramolecular carbo-amination, followed by
the formation of the 5-membered ring took place. At this
moment, an oxidation with Cu(OAc), afforded the carbo-
cation intermediate and then 1,2-migration of the R34
group on the adjacent quaternary carbon center produced
the final compound. In this domino reaction it was found
that Pd(OAc), as palladium salt, Cu(OAc), as oxidant and
DMF as solvent at go °C, were the optimal reagents and
conditions. The scope of the reaction was studied with dif-
ferent substituted 2-vinylanilines and alkynes being not al-
lowed aliphatic substituents in R? position from 2-vinylani-
lines or electron deficient acetylenes.®

2 R3—=—R*
Ts . Pd(OAc), (10 mol%)
NH S E——
| Cu(OAc), (3.0 equiv)
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[~
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Scheme 57. Synthesis of cyclopentaquinoline derivatives.




Allenes as first relay systems

After carbopalladation at the central atoms allenes be-
have as relay component waiting for the termination step
(nucleophilic attack of the nitrogen atom). A range of
structurally diverse y-carboline analogues, acting as his-
tone deacetylase (HDAC) enzyme inhibitors were reported
by Grigg and co-workers from pyrido[4,3-b]-5H-indoles via
efficient 3- and 5-component Pd-catalyzed stereo and regi-
oselective allene/uridine allene insertion cascade reaction.
This approach allowed a broad series of substrates provid-
ing access to biologically important carboline derivatives
(Scheme 58). When double amount of both allene and aryl
iodide reagents was used, a competing reaction, promoted
by the nucleophilic 3-position of indole, followed by rear-
rangement, occurred in high proportions. In these exam-
ples, almost equimolar amounts of the desired 2,5-dialkyl-
ation product and unexpected 3,4-dihydropyrimido[3,4-
alindole heterocycle were formed. Some of the freshly pre-
pared compounds showed inhibition of HDAC3 and
HDAC2, being potential candidates for anti-tumor drugs.”
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Scheme 58. Synthesis of structurally diverse y-carboline ana-
logues.

Employing the same relay system concept, a simple
synthesis of substituted functionalized isoquinolinones
and isoquinolines-type compounds was reported by same
group. From readily available 2-iodobenzoates, benzalde-
hydes, or acetophenones and substituted allenes the three
component cascade process was mediated via Pd-catalysis.
This methodology, used ammonium tartrate as ammo-
nium source, which had a crucial role as both collapsing
the intermediate palladium complex and as terminating
system (intramolecular amide formation). Biologically im-
portant isoquinolinones were obtained in 50-78% yields,
and isoquinolines were isolated in 40-68% yields (Scheme

59).”!
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Scheme 59. Synthesis of functionalized isoquinolinones and
isoquinolines.

In connection with the synthesis of B receptor (CCKB)
antagonists (Scheme 53) the version involving an allene as
starting relay system was investigated. The initial oxidative
addition onto the haloarene was followed by the formation
of the new C-C bond at the central carbon atom of the al-
lene. The resulting symmetric n-allylpalladium complex
was captured by the nucleophilic attack of the amino
group. This protocol allowed the access to a series of po-
tential bioactive benzodiazepine products in 81-89%
yield.® The process tolerate many functional groups as oc-
curred in all precedent examples.

RX + == Pd,(dba); (10 mol%)
PPh; (20 mol%) \' o
}\‘ o) K,COj3 N ,—(
-~ NH R
NH, DMF, 70 °C, 24-36 h _N
—N 81-89% PH
Ph \
H de RNH, Td—NHR
R-PdX- \|/ - Y/
R

Scheme 60. Synthesis of 1,4-benzodiazepine-2-one analogues.

It was developed an efficient Pd°-catalyzed multicom-
ponent reactions for the synthesis of polysubstituted oxa-
zolidine derivatives, in high yields and high cis-relative
configuration, using buta-2,3-dien-1-ol, aryl iodides, and
imines as starting materials (Scheme 61). The carbopal-
ladation of PhPdI, which is formed in situ, took place at the
central carbon of buta-2,3-dien-1-ol (relay allene species)
generating a m-allylic palladium complex. Subsequent nu-
cleophilic attack of the oxygen onto imine afforded an
amino group that acted as terminating step upon addition
to the z-allylic palladium complex.”
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Scheme 61. Synthesis of oxazolinine derivatives.
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Scheme 63. Synthesis of 6,6a-dihydroisoindolo[2,1-

a]quinazoline-5,u-diones.

CO and carbenes as relay systems

A simple carbon monoxide relay step was clearly iden-
tified in processes searching for the preparation of phar-
macophores. Functionalized benzodiazepine-2-ones were
produced in 73-92% yield (Scheme 62). The final capture
occurred by intermediacy of the nucleophilic attack of the
primary amino group.®

Pd(OAc), (10 mol%)
PPh; (20 mol%) \' o

}\, O K,CO3 K
NH
\g*NHz toluene, 110 °C, 26 h _N )—R
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Scheme 62. Synthesis of 1,4-benzodiazepine-2-one analogues.

A practical and highly efficient method for the selective
synthesis of 6,6a-dihydroisoindolo[2,1-a]quinazoline-5,11-
diones via palladium-catalyzed one-pot three-component
domino reaction of 2-bromobenzaldehydes with 2-amino-
benzamides and carbon monoxide (1 atm), was reported.
This cascade reaction, in which four new C-C/C-N bonds
and two new rings were constructed, was triggered by a cy-
clocondensation of 2-aminobenzamides with 2-bromoben-
zaldehydes, followed by a Pd-catalyzed cyclocarbonylation
of the in situ formed 2,3-dihydroquinazolin-4(1H)-ones
with carbon monoxide (Scheme 63).”> Compared with pre-
vious procedures dealing with the synthesis of these sys-
tems, the present protocol had the advantages of readily
available starting materials, broad substrate scope, struc-
tural diversity of products, and free of high-pressure equip-
ment.

A palladium-catalyzed oxidative carbonylation of ar-
ylhydrazines and alkynes with balloon pressure CO/O, al-
lowed the synthesis of trisubstituted pyrazoles, which are
present in skeletons of natural products and biomolecules
exhibiting remarkable biological and therapeutic activities.
The formation of trisubstituted pyrazoles involves an or-
dered reactions sequence participating a CO relay system.
The formation of arylpalladium species via an oxidative
C-N cleavage of arylhydrazine with the Pd(II) catalyst un-
der atmospheric O,, underwent the carbonylation (relay
component). The Sonogashira coupling occurred immedi-
ately followed by a Michael-type addition. The intramolec-
ular condensation/cyclization process took place as termi-
nating reaction (Scheme 64).%*

NHNH,.HCI
N 2 Pd(OAC), (5 mol%) RIS
L~ PPh; (20 mol%) -
+ Co/ 02 3:1 (balloon)

Y Et;N, DMF
4A MS,100 °C, 8 h

61-84%

Scheme 64. Synthesis of 2-amino-3-hydroxy-3H-indoles.

A multicomponent synthesis of a range of (hetero)ar-
ylsubstituted imidazoles from aryl iodides, imines and CO
in a one pot reaction manner was published. The process
involved a carbon monoxide/iminium cation/carbon mon-
oxide relay system. An acylation of the imine and a 1,3-di-
polar  cycloaddition involving the intermediate
miinchnone gave the final products. The domino sequence
started with a palladium-catalyzed carbonylation of aryl
halides affording the acyl-palladium (it was suggested than
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this intermediate evolved to the corresponding acyl hal-
ide). Next, the formation of the acyliminium intermediate
occurred and then, nucleophilic attack of palladium(o)
complex and the second carbon monoxide relay and furted
cyclization gave access to the 1,3-dipole. The mesoionic
heterocycle underwent the final highly regioselective 1,3-
dipolar cycloaddition with the imine with carbon dioxide
extrusion. Final heterocycles were isolated in 46-82%
yields (Scheme 65).%
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Scheme 65. Multicomponent synthesis of polysubstituted im-
idazoles.

Isocyanides behaved similarly to carbon monoxide act-
ing as relay systems generating new C-N bonds after con-
ventional reactions of the amino group. A facile domino
reaction of 2-chloroquinoline-3-carboxaldehydes with one
or two equivalents of isocyanide was developed by Shiri et
al. They reported a two/three-component reaction of 2-
chloroquinoline-3-carboxaldehydes, isocyanides and
amines. In this Pd-catalyzed reaction under controlled
conditions, three novel types of quinoline derivatives were
formed through amidation, lactamization or carbamate
formation along with the formation of C-C and C-N bonds
in a one-pot procedure in high yields (

Scheme 66).°° The driving force of all these reactions
was the arylation of the aromatic ring and the formation of
imidoyl palladium intermediate after isocyanide insertion,
which was hydrolyzed and isomerized to the correspond-
ing amide.
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Scheme 66. Synthesis of three families of quinolines from 2-
chloroquinoline-3-carboxaldehydes.

This concept of relay system was also employed (to-
gether with the alkyne relay system) into the synthesis of
isoindolin-1-one derivatives, reported by Khan and co-
workers. o-Haloarylalkynes were used as precursor of the
domino process, and readily available isocyanide as amide
surrogate in the presence of Pd(OAc),/Xantphos (Scheme
45) as catalytic mixture. The reaction occurred via Pd-cat-
alyzed one-pot domino reaction of isocyanide insertion-
hydrolysis to the amide/5-exo-dig-hydroamidation as ter-
minating step. A new C-C, C-O and C-N bond formation
affording the final compounds in 65-92 % yields (Scheme
67).”” The overall mechanism resulted to be equivalent
(even considered as alternative) to the employment of a
carbon monoxide insertion/generation of acyl-palladium
species/ nucleophile addition amine as terminating step.

R3NC

+ Pd(OAc), (5 mol%)

Br Xantphos (5 mol%) (6}
N CsCO; X
R R N-R?

SN DMF/H,0, 100 °C, 4h “ {

R? 65 -92%
\ S

NR3

N pdBr H20
R+ —

\

X
RZ

Scheme 67. Synthesis of isoindolin-1-one derivatives.
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A cyanide-free one-pot procedure was developed to ac-
cess 2-amino-3-hydroxy-3H-indoles, which involved in the
first step the in situ formation of ketenimines by the reac-
tion of N'-[1-(2-aminophenyl)ethylidene]-p-tosylhydra-
zones with isonitriles, and secondly, the intramolecular
nucleophilic attack of ketenimines by the amino group fur-
nished 2-aminoindoles. At the end, the oxidation of 2-ami-
noindoles with molecular oxygen lead to 2-amino-3-hy-
droxy-3H-indoles (Scheme 68).°® These final products pos-
sessed activity against Plasmodium falciparum, serving as
antimalarials with potent in vivo activity.

1
R 1. PdCly(dppe) (5 mol%) R! OH
NNHTS PPhs (10 mol%)
+ RZNC NHR?
NH, LIOH, dioxane, 120 °C @ K

5h,Ny
2.0,60°C, 1h.
\Base 45-80%
R’ R
X R' 4N R" pdL,
N, R®-N=C-Pd Spi” X
-/ @ — @ NR?
NH, NH, NH,

R’ O,
—_—
D—NHR?
N
H

Scheme 68. Synthesis of 2-amino-3-hydroxy-3H-indoles.

Processes involving Buchwald-Hartwig type coupling

Buchwald-Hartwig coupling® allows the synthesis of
carbon-nitrogen bonds via the palladium-catalyzed reac-
tions of amines with aryl halides. Phenanthridine deriva-
tives has been identified as promising antitumor activity'®
apart from their great potential to be employed in materi-
als science.'”! A series of benzothieno-pyrrolo[1,2-f]phe-
nanthridines were described by Langer et al. from internal
alkynylated benzothiophenes and a variety of anilines with
an efficient Pd-catalyzed domino reaction. Thus, the reac-
tions proceeded through a cascade Buchwald-Hartwig (B-
H) C-N coupling/hydroamination/subsequent ring-closing
C-H arylation reaction to access potentially active biologi-
cal important fused polycyclic compounds in 58-80%
yields (Scheme 69).1%?

Pd(OAc), (10 mol %)
PtBus HBF, (20 mol %)
— s e

Br Cs,COg3 (3 equiv)

R2
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B Hydroamination \©/\ O
[

N
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r

‘>—’— \‘
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Scheme 69. Synthesis of fused benzothieno-pyrrolo[1,2-f]phe-
nanthridines.

An efficient methodology to prepare phenanthridone
derivatives from benzamides via domino N-H/C-H aryla-
tion catalyzed by palladium was reported by Killi’s group.
This methodology allowed a variety of simple and hetero-
nuclear amides and different N-substituted benzyl and
phenyl groups providing the corresponding phenanthrido-
nes in good yields. On the other hand, electron-withdraw-
ing or electron-donating substituents in the aromatic rings
were well tolerated (Scheme 70).!%

o)
XN o
L) H ' Pd(PPhs),Cl, (5 mol%)
R? - R Cs,CO3 (3 equiv.)
+

Br DMF, N, atm. 140 °C RZ// X

R1
i o 51-87%

2 o
X X
R2 Br I". R Rz// H X \
©/Pdl Br R

Scheme 70. Synthesis of phenanthridone derivatives.

Synthesis of ring-fused quinazolinones, frequently
found in naturally occurring alkaloids and biologically and
therapeutically active compounds,'™ were described by
Peng and co-workers from 2-arylquinazolinones and 1,2-di-
haloarenes in the presence of Pd(OAc), /Xphos (Scheme
36) and K,CO; as base. The reaction proceeded via Pd-cat-
alyzed domino C-H/N-H double arylation protocol to ac-
cess a range of phenanthridinone-fused quinazolinones in
32-85% yields (Scheme 71).!%
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Scheme 71. Synthesis of fused quinazolinones.

The preparation of N-arylquinolinone-3-carboxylate
derivatives, with anti-proliferative tumor activity, was re-
ported by Guduru and co-workers. The compounds were
synthesized from diethyl 2-(2-bromobenzylidine)malonate
and anilines in the presence of Pd,(dba);, XPhos (Scheme
36), Cs,CO;, in toluene, in a one-pot reaction manner via
Pd-catalyzed domino reaction. The process was composed
by a Buchwald-Hartwig coupling plus an amide formation.
A series of N-aryl quinolinone derivatives were obtained in
69-85% yields (Scheme 72).!% The prepared compounds
exhibited cytotoxicity against cancer cells, with GI, values
in a range of 0.41- 45.77 mM. Some of the prepared com-
pounds showed potential activity against MCF-7 (breast)
and KB (oral) cancer cell lines.
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Z > Co,Et
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Scheme 72. Synthesis of N-arylquinolinone-3-carboxylate de-
rivatives.

Synthesis and structural determination of novel biolog-
ically important aryl-N-glycosylquinolin-2-ones was re-
ported by Messaoudi and co-workers from N-glycosylcin-
namamides and aryl iodides in the presence of Pd(OAc),,
KOACc and tetrabutylammonium bromide (TBAB) as addi-
tive in dioxane. The domino process occurred via efficient
palladium-catalyzed Mizoroki-Heck/Buchwald-Hartwig
couplings (Scheme 73). The chemical yields of the resulting
quinolinone derivatives were in the range between 36 and
72%. Interestingly, the Mizoroki-Heck coupling took place

faster than the Buchwald-Hartwig one. This was con-
firmed by analysis of LC-MS, where the presence of the in-
termediate drawn in Scheme 73 was detected in higher
proportions.!07108

A
i
=
Pd(OAc);, (5 mol%) R
\O TBAB, KOAc NN
\
Sealed tube, dioxane
& N~ O

140 °C, 48 min.
36-72% O/k

R=Ac, H
From glucose, galactose, mannose, cellobiose

Scheme 73. Synthesis of substituted N-glycosylquinolin-2-
ones.

An extended Buchwald-Hartwig reaction in a vinilic
position (instead of an aromatic one) can be observed in
the interesting palladium-catalyzed vinylic C-H aryla-
tion/amination of 2-vinylanilines with aryl boronic acids to
generate 2-arylindoles. Different reaction conditions were
tested, Pd(OAc), as palladium salt, Ag,CO; as oxidant and
DMF as solvent at 120 °C, being the most appropriate. Dif-
ferent functional groups in the reactants were allowed in
this process obtaining polyfunctionalized indoles in mod-
erate to good yields (35-83%) (Scheme 74).!% Initially, the
nitrogen atom of the aniline attacked the Pd" species fol-
lowed by the formation of a palladacycle complex via vi-
nylic C-H bond activation, which was transmetallated with
boronic acid. Other synthesis of 2-arylindoles was achieved
by cyclization of potassium aryltrifluoroborates with ali-
phatic nitriles in aqueous media.!!?

TH;N "‘ H BOH),  Pd(OAc), R?
S (10 mol%) A —
N R e I
RT/ L Ag,CO3, DMF, Z N 7R3
120°C, 12 h Ts
35-83%
Vinylic
B-H coupling
L, L
Pd
N/
Ts” |
R17‘\
L~

Scheme 74. Synthesis of polyfunctionalized indoles.

24



Aryl nitriles are a family of compounds with important
utility as agrochemicals, pharmaceutically active com-
pounds, natural products, herbicides, and dyes.!!'! In this
context, the synthesis of some functionalized aminobenzo-
nitriles were independently reported by Ranu’s and
Lautens’ groups from iodobenzenes and morpholino ben-
zoate/piperidine derivatives in the presence of Pd(OAc),
and K,[Fe(CN)¢]-3H,O'"? or Zn(CN),!!* as cyanide source,
respectively. The cascade reaction proceeded via o-mono-
C-H amination and ipso-C-I cyanation of 2-substituted io-
doarenes or 0-bis-C-H-amination (Buchwald-Hartwig type
coupling) and ipso-C-I cyanation of iodoarenes under a
norbornene mediated Pd-catalyzed protocol in 36-91%
yields (Scheme 7s5). In this contribution many sophisti-
cated aminobenzonitriles could be prepared using diio-
doarenes. The authors suggested a mechanism through in-
termediate Pd" species together with the participation of
an insertion-extrusion of the norbornene unit, which is
crucial for the development of the process.
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Scheme 75. Synthesis of heterocyclic polysubstituted amino-
benzonitriles.

In a similar way, the synthesis of o-acetylanilines and
their utility of [1-(benzyloxy)vinyl]arenes and ketones was
described by Wanga and Gua via palladium/norbornene
catalyzed ortho-amination and ipso-vinyl ether termina-
tion reaction of iodoarenes (Scheme 76). The reaction tol-
erated a wide range of iodoarenes and O-benzoylhydroxyl-
amine substrates as precursors and provided a convenient
way to prepare polysubstituted anilines in 44-93% yields.''*

PdCl, (5 mol%)
+ PPhj (10 mol%) BnO
| norbornene, Cs,CO3 | !

R2 N. .-
R?2 H _——— X7 RS
\é/ . S‘BZ dioxane, 90 °C, 24 h \ P
Ne_, /
Z RY R 44-93%

R!

Scheme 76. Synthesis of polysubstituted anilines.

Luan et al. reported the synthesis of highly functional-
ized spiroindenes from phenol-derived biaryls with N-ben-
zoyloxyamines and norbonadiene. This novel three com-
ponent reaction occured through norbornadiene-assisted
C-H amination (via alkene relay system) and phenol
dearomatization to form a C-N bond and two C-C bonds in
one step. In this reaction the norbornene was incorporated
in the final skeleton of the product unlike the sequence
shown in the last two previous Schemes. They evaluated
different conditions and observed that Pd(OAc), was cru-
cial for this process, being Cs,CO; and P(p-MeO-CsH,); the
appropriate base and ligand, respectively. The reaction al-
lowed a variety of phenol-derived biaryls and N-benzoylox-
iamines to lead the corresponding spiroindenes in moder-
ate to good yields (Scheme 77).!"3

Pd(OAc), (10 mol%),
(p-MeO-CgHy)3 (25 mol%)

N .
R

2N s mi P 2

R® R -MeO-
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~ ,

o 45-87%

Cs,COj3 (3 equiv)
DME, 100 °C, 12 h

Scheme 77. Synthesis of polysubstituted spiroindenes.

Processes involving allylic alkylations or aminations as relay
or terminating step

Xiao et al. have developed the first enantioselective
[4+2] cyacloadition of vinyl benzoxazinones with a variety
of photogenerated ketenes (asymmetric allylic alkylation)
catalyzed by palladium. In this study, they evaluated dif-
ferent reactions conditions being Pd,(dba);-CHCl; and a
new chiral hybrid P,S-ligand the best catalytic system using
6W LEDs to improve the reaction efficiency. The scope of
reaction permitted the presence of different vinyl benzox-
azinanones and a-diazoketones to give the corresponding
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quinolinones in good yields and high diastereo- and enan-
tioselectivities (Scheme 78).!1¢

=
o 3
R'— !
= /& i
N™ "0 6 W blue LEDs 3
Ts (light intensity = 32.8 mW/cm?) |
* Pd(dbay), (5 mol%) !
o L (11 mol%) i
R3 R?2 DCM, rt, 10-24 h '

500, up to 94% ee, i _Po
N2 T 55-99% up to 97:3 dr ! PhO OPh

Scheme 78. Enantioselective synthesis of vinyl quinolinones.

Based on a palladium-catalyzed asymmetric intramo-
lecular bisallylic C-H activation/nucleophilic amine substi-
tution/Diels-Alder cascade, controlled by a chiral phos-
phoramidite ligand, various substituted chiral hydropy-
rimidinones were prepared. Dienyl sodium N-sulfonyla-
mides bearing an arylethene-1-sulfonyl group underwent
this bisallylic C-H amination reaction to generate prod-
ucts, which have an additional 1,3-diene functionality and
are capable to promote diastereoselective intramolecular
Diels-Alder (Scheme 79).!"” Final enantiomerically en-
riched compounds were isolated in 54-77%, with high di-
asteromeric ratio (up to 8:1) and notable enantioselectivity
(up to 83% ee).
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A OFBA (10 mol%) “LXPd X
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,
OO o B p-xylene
Ar 140 °C

24h, N,

Ar =4-(NO,)CgHy

54-77%

up to 83% ee,
up to 8:1 dr

Scheme 79. Synthesis of chiral polycyclic heterocycles
through an allyllic C-H amination.

Pd-catalyzed allylations of cyclic bis-allylic substrates,
carried out either as two separate steps or in a pseudo-
domino fashion, could generate 2-carboxyl-hexahydroin-
doles bearing an unsaturation in different positions. A car-
bon-carbon and a carbon-nitrogen bonds were generated
through these two allylic substitutions (Scheme 80).!'® Se-
quential homologation, and epoxidation or syn-dihydrox-
ylation steps were designed to access analogues of the bi-
cyclic 2-carboxyl-6-hydroxyoctahydroindole motif of aeru-
ginosins, a family of peptides displaying serine protease in-
hibitory activity.

EtO,C, Pd(OAc), (5 mol%) EtO2C

L'c dppb (10 mol%) :

NH LG2? NaH (3 equiv) N==

Ts CH3CN, 50°C, 1.5 h 1 H
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MeO,C

z
-
81 o

TsH

Scheme 8o. Synthesis of 2-carboxylhexahydroindoles.

Pd-Catalyzed processes followed by conventional reactions
of the nitrogenated functional group

Indoles are extensively common in naturally and non-
naturally occurring biologically active pharmaceutical in-
gredients'”” and dyes.'?’ A microwave-assisted synthesis of
3-(arylmethyl)indoles were described by Panther and Miil-
ler from arylhydrazine, (hetero)aryl bromides and allyl al-
cohols in the presence of Pd,(dba);, CataCXium® PtB,
Cy.NMe and NMP via Pd-catalyzed three- or four-compo-
nent reaction protocol. The three-component version was
formed by consecutive Mizoroki/Heck-isomerization-
Fischer indolization giving indoles in 42-76% yields, whilst
in the four-component case Mizoroki/Heck-isomeriza-
tion-Fischer indolization-alkylation were involved afford-
ing these heterocycles in 50 - 82 % yields. In all these ex-
amples, an in situ formed intermediate p-arylated aliphatic
ketone was necessary to access to a wide range of indole
derivatives (Scheme 81).1%!
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Scheme 81. Synthesis of 3-(arylmethyl)indole derivatives.

Synthesis of phenanthridine derivatives were also de-
scribed by Gogoi et al. from chloroaryl aldehydes and (2-
aminophenyl)boronic pinacol ester via Pd-catalyzed dom-
ino C-C and C-N bond formation reaction in the presence
of Pd(OAc),/Sphos and K;PO, in DMSO in up to 93% yield
(Scheme 82). This simple protocol was also applied to the
synthesis of quinolones and pyridine-, thiophene-, and
benzothiophene-fused quinolones,'?? and phenanthridi-
none type alkaloids together with related 5,6-dihydrobicol-
orine, trisphaeridine, and bicolorine alkaloids.'”* These
compounds exhibit important biological activities like an-
titumor, antiviral, and cytotoxicity.

R‘: ‘ “
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™
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Sphos = PCy,

MeO. l OMe

Scheme 82. Simple synthesis of phenanthridines.

Pharmaceutically important tricyclic biaryl compounds
derived from isoquinolinones were obtained through a di-
rect cross-couplijng of 2-halogenated benzyl carbonates
and 2-halogenated anilines in good yields (Scheme 83).
Mechanistic studies demonstrated that this cascade reac-

tion proceeded through an intermolecular Miyaura boryla-
tion/selective Suzuki cross-coupling reaction, followed by
an intramolecular lactam formation.!'?*
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Scheme 83. Synthesis of fused benzoisoquinolinones.

Also the synthesis of phenanthridines, apart from lac-
tams, lactones and dibenzofurans, were reported by Rao
and co-workers. They prepared them from a cross-dehy-
drogenative-coupling/cyclization methodology in the
presence of Pd(OAc),, NalO,, K,S,Os, followed by conven-
tional hydrolysis conditions. All these potentially bioactive
compounds were obtained in up to 80% yield (Scheme 84).
In the first step, an appropriate directing group helped to
enhance the selectivity of the reaction by an ortho-C-H ac-
tivation.'?

Another variant for the synthesis of these heterocycles
consisted in a nucleophilic substitution/C-H activa-
tion/palladium-catalyzed aromatization cascade reaction
between readily available 2-halo-N-mesyl-arylamines and
benzyl halides/sulfonates under harsh conditions.'? In this
transformation the classical amine reaction occurred at the
beginning of the domino sequence.
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Scheme 84. Synthesis of phenanthridines, lactams, lactones
and dibenzofurans from a cross-dehydrogenative-coupling
(CDC)/cyclization methodology.

A series of isoquinolin-1-one derivatives were synthe-
sized by Huang and co-workers from benzamides and -
keto esters in the presence of Pd(CF;CO,), as metal catalyst
and K.S,Os as oxidant. The reaction proceeded via Pd-cat-
alyzed cascade dehydrogenative cross-coupling/annula-
tion, where a plausible mechanism involved Pd" for C(sp?)-
H activation and Pd" for C-C bond formation. This cascade
reaction tolerated different functional groups, to afford a
range of isoquinolin-1-one derivatives in 41-87% chemical
yields (Scheme 85).'?7 1,2-Dicarbonyl compounds and ani-
lines were also employed for the synthesis of indoles using
the same procedure.'?
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Scheme 8s. Synthesis of isoquinolin-1-one derivatives from
benzamides and B-keto esters.

Some structurally diverse isoquinolines and isoquin-
olones were reported by Wu and co-workers from func-
tionalized nitriles and arylboronic acids via Pd-catalyzed
sequential nucleophilic addition followed by an intramo-
lecular cyclization reaction in the presence of
Pd(CF;CO:s,)./bpy or Pd(acac),/bpy. The palladium pro-
moted carbocyanation, starting from aryl cyanides, is very
well known,'? however, in these transformations the pal-
ladium-catalyzed a carbopalladation onto the nitrile (this
behavior is completely different to isonitriles). Finally, the
resulting palladium ketamine intermediate underwent in-
tramolecular addition onto the carbonyl group. A double
version of reactions provided isoquinoline and isoquino-
lone derivatives in 40-99% yields (Scheme 86). This proce-
dure was applied to the synthesis of a topoisomerase I in-
hibitor (CW-j-a-5).13° A different approach, which can be
considered pseudo-domino process, was employed as key
step in the asymmetric synthesis of (-)-a-lycorane, (-)-
zephyranthine, and a formal total synthesis of (+)-
clivonine.’! Using a different approach, the synthesis of

[3.3.1]-bicyclic  system of Lycopodium alkaloids was
achieved by a complex domino palladium-mediated oxida-
tive dehydrogenation/hetero-Michael.!*? Another general
method for the synthesis of 1-difluoroalkyl isoquinolines
took place in the palladium-catalyzed radical cascade
difluoroalkylation-cyclization of vinyl isocyanides with
bromodifluoroacetic derivatives.!

1 (0] 1
j’, R? Pd(acac), (5 mol%) ,F\\’,
bpy (10 mol%)
\ 7/ \ N\
CN TsOH, H,0, 80 °C, 24 h =N
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R
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Qcoz’\ﬂe bpy (10 mol%) \7 ’/
CN TFA, THF, 80°C, 24 h o NH
+
ArBH(OH), 40-99% Ar

CW-j-a-5 /S
Ph

Scheme 86. Synthesis of isoquinolines and isoquinolones.

This palladium-promoted addition of boronic acids to
nitriles was also employed in a novel and efficient protocol
for the synthesis of various 2,4-disubstituted, 1,2,4-trisub-
stituted and 1,2,4,5-tetra-substituted imidazoles, which are
common motifs in many molecules with interesting bioac-
tivities. This cascade palladium-catalyzed C-C coupling
was followed by intramolecular C-N bond formation.
Readily accessible boronic acids and N-substituted-2-ami-
noacetonitriles were firstly reported as starting materials
to construct di-, tri-, and tetra-substituted imidazoles in
good to excellent yield (Scheme 87).'3
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Scheme 87. Synthesis of functionalized imidazoles.

A similar C(sp*)-H activation occurred in the palla-
dium-catalyzed domino oxidative annulation of primary
benzamides with acrylates via intermolecular N-Michael
type reaction, followed by intramolecular C-alkenylation.
In this work, stereoselective synthesis of (E)-3-methylenei-
soindolin-1-ones was achieved in good yields. The study
demonstrated, for the first time, that only E-enamides
could undergo intramolecular oxidative cyclization under
the optimized conditions to give isoindolinones (Scheme
88). The copper salt did not participate in the bonds for-
mation but it acted as oxidant of the palladium(o) spe-
cies.!® Here, the amine reaction took place prior to the for-
mation of the Csp>-Csp?, unlike all the previous reactions
described in this section.
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Scheme 88. Synthesis of (E)-3-methyleneisoindolin-1-ones.

Highly diastereoselective palladium-catalyzed cin-
namylation of N-tert-butanesulfinyl imines with cinnamyl
acetates has been designed to provide enantioenriched (-
arylhomoallylic amines in the presence of ZnEt, and

Pd(PPh,), in THF in high yields (86-98%) and up to 96:4
dr. The process occurred through an umpolung allylation
(caused by diethyzinc) on to the electrophilic imine where
a C-C bond was formed. The resulting imide was ready to
add intramolecularly to the ester moiety. The direct syn-
thetic application of this methodology was demonstrated
in the concise total syntheses of antitumor natural prod-
ucts (+)-lycoricidine (91% yield, >92:8 dr, (Scheme 89) and
(+)-7-deoxypancratistatin. '3
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‘ /y\ 91%
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(+)-7-deoxypancratistatin

Scheme 89. Diastereoselective domino key step in the synthe-
sis of (+)-lycoricidine.

An efficient cascade formed by asymmetric Friedel-
Crafts alkylation/N-hemiketalization/Friedel-Crafts alkyl-
ation reaction of 3-alkylindoles with oxindolyl-B,y-unsatu-
rated o-ketoesters has been published. The catalyst was in-
tegrated by a chiral diphosphine (R)-DM-Segphos and a
palladium(II) salt. A C-H activation at 2-position of the
starting indole occurred, taking place the Michael type ad-
dition. The resulting palladium enolate was hydrolyzed
continuing the intramolecular condensation/cyclization.
The second addition of intermediate A occurred onto imin-
ium cation finished the domino sequence. A series of en-
antiomerically enriched spiro-polycyclic indole derivatives
have been obtained in high yields and excellent both enan-
tioselectivities and diastereoselectivities (Scheme go).'3
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Scheme 9o. Synthesis of spiro-polycyclic bisindole com-
pounds.

(R)-DM-SegPhos, Ar = 3,5-Me,CgH3

Synthesis of 3-[2-(aryl/alkylsulfonyl)ethyl]indoles was
described by Solé and co-workers in a four-step domino
process from 2-iodoanilines as precursors and vinyl sul-
fones as electrophiles in the presence of Pd(PPh,),, and
Cs,CO; via intramolecular Pd-catalyzed a-arylation of pre-
viously generated sulfones. The reaction with these pre-
formed sulfones was also available but the four compo-
nent-domino reaction is much more interesting. Thus, the
first (aza)-Michael addition followed by wa-arylation and
elimination afforded the indole ring. The terminating step
consisted in a Michael addition at the 3-position of the in-
dole furnishing products in 40-89 % yields (Scheme 91).13
Compounds bearing the (3-indolyl)ethyl moiety were chal-
lenging synthetic targets due to the diversity of biologically
active tryptamine analogues.'*

X -SO,R?
* Pd,(dba)s (7.5 mol%) SO.R?
C[' dppe or Binap (15 mol%) \ 2
NH  Cs,CO;, THF, 120°C, 72 h N
R! R
. 40-89 %
X -SO,R?

C[I SOZR—>2 Pd__SO.R?
/r @[ j/ CESﬁH
N N N

R’ R

Scheme 91. Synthesis of 3-[2-(aryl/alkylsulfonyl)ethyl]in-
doles.

Tetrazoles are molecules with biologically attractive
antihypertensive, anti-allergic, antibiotic, anti-diabetic,
anti-arrhythmic, anti-inflammatory, anti-neoplastic and
antiviral properties. *° In 2017, it was studied the palladium
nanoparticles immobilized on cross-linked poly(4-vi-
nylpyridine) and their use in the synthesis of 5-substituted-
1H-tetrazoles. They performed the reaction of aryl halides
with K,[Fe(CN)e] (cyanide insertion) and sodium azide in
the presence of cross-linked poly(4-vinylpyridine)-stabi-
lized Pd(o) nanoparticles ([P4-VP]-PdNPs) and evaluated
the effect of base and solvent being potassium carbonate
and DMF the most effective for this reaction. This method-
ology allowed the synthesis of different 5-substituted-1H-
tetrazoles in good yields and in short reaction times being
the catalytic system reusable many times without a signif-
icant loss in its activity (Scheme 92).4°

[P4VP]-PdNPs N=N
N

X (1 mol%) HN_ N
K,CO
‘\ + KyFe(CN)g] + NaNjg 23
> DMF, 120°C, 12 ()
65-96 S
R

Scheme 92. Synthesis of tetrazole derivatives.

DOMINO PROCESSES INVOLVING CARBON-
NITROGEN AND CARBON-HETEROATOM BONDS
FORMATION

A mild and efficient synthesis of N-substituted-2-
fluoroindole derivatives was achieved via Buchwald-Hart-
wig coupling and a sequential, base-promoted intramolec-
ular nucleophilic reaction-p-fluorine elimination (Mizo-
roki-Heck type reaction). Employing easily obtained gem-
difluorostyrenes and primary arylamines, the scope, ad-
vantages, and limitations of this reaction were well inves-
tigated. Furthermore, this strategy was distinguished itself
by high modularity, operational simplicity, and a wide sub-
strate scope, giving rise to a broad array of 2-fluoroindole
derivatives in moderate to excellent yields (

Scheme g3).'*!
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Scheme g3. Synthesis of N-substituted-2-fluoroindole deriva-
tives.

Non frequent transformations involving the formation
of carbon-nitrogen bonds are depicted in this section. A
microwave assisted synthesis of [1,2,5]thiadiazolo-fused pi-
perazinones was reported by Chiacchio and co-workers
from alkenyl sulfamates, derived from glycine allylamides,
in the presence of PdCl,(MeCN),, CuBr,, Cs,CO; in DMF,
MW-5W via intramolecular oxidative Pd-catalyzed di-
amination reactions. The subsequent second amination
process allowed to access fused-ring piperazinones in 74-
90% yields (Scheme 94). These two new carbon-nitrogen
bonds were promoted by palladium species whilst copper
salts acted as activator of palladium during the second ami-
nation (termination) step.'*? In this line, Zhou and co-
workers reported an efficient and enantioselective palla-
dium-catalyzed intramolecular asymmetric reductive ami-
nation with sulfonylcarbamates.!*?

PdCly(MeCN), 0.0 Boc
O\NIH*BOC R2 (10 mol%) NN
O”S‘NH (\f CuBr,, Cs,CO; N R?
STNW DMF, MW-5W i
0 50°C, 3 h o N
l 74-90 % ?
pd /O Boc
o NH-Boc .- ‘\ —
g | R2
8 o \
o “NH
H(N R1 i
(0]

Scheme g4. Synthesis of bicyclic piperazin-2-ones.

A domino azide-isocyanide cross-coupling/cyclization
was independently developed by Pardasani’s'* and

Ding’s'* groups. Their Pd-catalyzed ligand-free methodol-
ogy allowed the synthesis of three different types of poten-
tially bioactive heterocycles as benzooxazinones (with a C-
N and a C-O bond formation), quinazolinones (with the
generation of two new C-N bonds) and benzazoles (with a
C-N and a C-S bond formation). Computational and exper-
imental studies revealed that the concerted and thermody-
namically-controlled nitrene-transfer on isocyanide was
the limiting step of this reaction, which can be considered
as a carbodiimide relay system. Chemical yields were very
high independently of the starting materials employed
(Scheme 95).

H
Noe Mg
NH
/ O 63-94%
CN-
+ e N [Pd] NN
5 mol , <
N3 ° \\'\\ R \W/ R
toluene Y 0o
xH 60°C,6h XH
~ -N, . O 73-88%
\ N, R
PR
X
Il X=8,NHorO

@[N 65-92%
XH

Scheme 95. Synthesis of benzooxazinones, quinazolinones
and benzazoles.

Aryl azides were also involved in a novel method to syn-
thesize C2-quaternary indole-3-ones described by Rao’s
group. In this process Pd(OAc), catalyzed the reaction be-
tween 2-alkynyl arylazides with sulfonic acids to generate
1H-indole-3-sulfonates, which can react with a ketone or
malonate to lead the corresponding C2-quaternary in-
dolin-3-ones. Different 2-alkynyl arylazides (used as alkyne
relay system) and ketones or malonates were well tolerated
to give a variety of the titled indolin-3-ones in moderate to
good yields (Scheme 96).1% In the presence of few equiva-
lents of methanol or a sulfonic acid, this reaction afforded
3-methoxy or 3-arylsulfonyloxy indoles, respectively.!4’

Pd(OAc), (5 mol%)

R2 MsOH (3 equiv) P,
= 1,4-dioxane, 6 h R X R? R*
1 w
R Cs,C05 (3.5 equiv), 90 °C Z >N R?
N3 0 H [e)
R3)K/R4 up to 90% yield
l T Enolate
addition

TsOH

@/) e O
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Scheme 96. Synthesis of C2-quaternary indolin-3-ones.

DOMINO PROCESSES INVOLVING CARBON-CARBON
AND CARBON-OXYGEN BOND FORMATION

Natural products containing 1,1,4-trisubstituted tetra-
hydrofuran motifs are abundant possessing diverse biolog-
ical properties.'*® Substituted tetrahydrofurans were syn-
thesized by Tan and co-workers from a designed alkenols
precursors via Pd-catalyzed cyclization followed by isom-
erization and oxidation in presence of PdCl./1,4-benzoqui-
none as catalytic system. Finally, 35-92% yields were ob-
tained, whilst 68-87% yields were isolated when a terminal
alcohol was not present in the starting material (Scheme
97). Introduction of a hydrogen bond acceptor in the sub-
strate enhances the reactivity and stereoselectivity. The cy-
clization occurred with 5-exo-trig-Markovnikov regioselec-
tivity using an alkene relay system.!#

PdClI;, (5 mol%)

WOH 1,4-benzoquinone
THF, rt, 8 h

U
o) //”/\H#\H

35-92% up to 7:1 dr
Me o
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A
R2TS0OH
R? me QM R? me QM
A ) = A AL
RPN A RIZN7 - PdX
P redox
H relay

o PdClI;, (5 mol%)
/[UWG 1,4-benzoquinone
e .
Ph OH THF, rt, 8 h

68-87%

e

up to 4:1 dr

Scheme 97. Synthesis of substituted tetrahydrofurans.

Tsvelikhovsky et al developed a cascade ether-
ification-Heck reaction to synthesize substituted tricyclic
spiranoid ethers from dienealcoholic precursors taking ad-
vantage of an alkene relay system. These tricyclic spi-
roether structures can frequently be observed as scaffold
segments of various biochemical compounds and drugs of
natural origins. They observed that the reaction rate de-
pends on the nature of the palladium salt, being palladium
acetate (15 mol%) the most efficient system with AgOAc
(2.2 equiv) at 100 °C. The process allowed different substi-
tution patterns in the dienic alcohol precursors leading the
desired tricyclic spiranoid ethers as mixture of diastereoi-
somers in moderate to good yields (Scheme 98). Neverthe-

less, a significant lower yield was found when a propyl al-
cohol-integrated diene precursor and linear starting mate-
rial were employed.!>

g Pd(OAC), (15 mol%) "7
C), mol%

® <ﬁ AgOAGC (2.2 equiv) @ <0
OH DMSO, 100 °C, 16h ;
(n) (n

\\\ 24 examples
up to 94% yield
AgOAc +HOAc
Pd'(OAc), Pd(0)

(n>7 (H)T
(n) (0] (n) (¢]
Pd"(OAc), —
1]
PN b Pd'(OAc),

Scheme 9¢8. Synthesis of tricyclic spiroethers.

He et al. have described the synthesis of indol and in-
doline derivatives via oriented C-H activation-palladium-
catalyzed oxidative arylacetoxylation of alkenes acting
these las compounds as relay systems. First, they optimized
the reaction conditions employing cinnamyl tethered ani-
lines with picolin amide as a directing group being
Pd(OAc), (0.10 equiv), PhI(OAc), (2.50 equiv), 2-chloro-4-
cyanopyridine (PyCICN, 0.40 equiv) at 110 °C in toluene,
the most appropriate conditions. This catalytic system al-
lowed the presence of electron-donating and electron-
withdrawing substituents in the aromatic rings to obtain
the desired 3-substituted indoles in moderate to good
yields. To prepare the indoline derivatives they employed
cinnamyl tethered anilines with a methyl substituent at the
double bond. In this case both electron-donating and elec-
tron-withdrawing substituents were also well tolerated
providing the indoline derivatives as diastereomeric mix-
tures. These last compounds were subjected to hydrolysis
and oxidation to obtain the final indoline products in good
yields (Scheme 99). Finally, they performed experimental
studies to propose a mechanism where the difunctionali-
zation proceed by arene palladation and olefin insertion
followed by oxidation to a Pd"V with PhI(OAc),, which un-
dergoes sequential acetoxylation and reductive elimina-
tion to generate the indole derivatives. In the case of cin-
namyl tethered anilines with a methyl substituent the
isomerization was restricted and acetoxylation lead the in-
doline derivatives (Scheme 99)."!
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Scheme 99. Synthesis of indoline and indole derivatives.

A previous example, recorded in Scheme 25, involved
the formation of a C-O bond in the scope of the synthesis
of benzosultams using a simple alkyne relay process.

In the search of new materials and their applications,
the photophysical properties of novel luminophores are
one of the key items to focus on. The synthesis of blue
emissive furo[2,3-c]isoquinolines was described by Miiller
et al. from a designed substrate derived from Ugi’s adducts
in the presence of [PdCL(PPh;).], phenylacetylene, DBU,
MeCN/Et;N under a microwave assisted heating (60 W) for
1 h. The palladium-catalyzed insertion-cyclisation (alkyne
relay system) was faster than the direct Sonogashira cross-
coupling alkynylation, which only occurred once the cy-
clization was completed. The cascade continued towards
the generation of the corresponding polycyclic compounds
(after in situ debenzylation of the nitrogen atom)obtained
in 23-83% yields (Scheme 100). It was found that the fluo-
rescent emission is strongly dependent of the donor group
in the isoquinoline moiety.'>

1. PACly(PPhy), (5 mol%)

R! MeO OMe
R? I K\©/

MeCN/EtsN
R N_O MW, 90 °C, 1 h
R I 2. DBU, MW,110 °C
‘N0
H 23-83 %

Scheme 100. Synthesis of furo[2,3-c]isoquinolines.

Synthesis of biologically important dihydroindenones
were described by Sridharan and co-workers from an aro-
matic enyne precursor in the presence of PdCl, or
PdCl,(MeCN), as palladium source, H,O, THF or MeCN.
This was an atom-economical domino sequential diastere-
oselective Pd-catalyzed chain. On it, a regioselective hy-
dration of the alkyne (using an alkyne relay system), fol-
lowed by an olefin insertion cascade assisted by internal
nucleophiles, occurred. The overall process concluded
with an intramolecular Michael-type addition activated by
the palladium catalysts itself, affording cis-2,3-disubsti-
tuted 2,3-dihydro-1H-inden-1-ones in up to 99% yield
(Scheme 101).13

XH PdCl(MeCN),
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~~ H,0 N XH
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Scheme 101. Synthesis of dihydroindenones.

A series of oxetane derivatives (and another oxygenated
heterocycles) were described by Jiang and co-workers em-
ploying halo alkynes and electron-rich unactivated alkenes
in the presence of PdCl,, AgNO;, [C,O,mim]Cl in acetoni-
trile at rt via one pot Pd-catalyzed aerobic domino reac-
tion. The regio- and diastereoselectivity obtained for final
oxetanes and other different oxygenated heterocycles were
high, affording good chemical yields (up to 85%). The re-
action proceeded by an initial chloropalladation of the al-
kyne (acting this molecule as relay system) followed by a
Mizoroki-Heck-like-cyclization process involving C-X/C-
C/C-0O bond formation (Scheme 102).!%

PdCl, (3 mol%),

AgNO3 cl
+ —_— — (0]
e [C,0, mim]CI/CH4,CN RM
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c. X
X
c. X WA
= R “OH

Scheme 102. Synthesis of oxygenated heterocycles.
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The total synthesis of chaetophenol C and dozens of its
analogues could be successfully completed employing a
novel Pd(II)-catalyzed cascade reaction with alkynes as in-
tramolecular relay systems. This process was completed by
a highly regio- and stereoselective oxa [4+2] cycloaddition
of o-alkynylbenzaldehydes and an intramolecular carbox-
ylic group quenching of'the in situ generated oxonium ion.
This new reaction provided the construction of complex
tetracyclic core structure (with four new stereogenic cen-
ters) of chaetophenol C from two simple starting materials
in one-step (Scheme 103).'%

H
R2 OTMS Pd(OAc); (5 mol%) o 1 pot
‘\\ o PA(TFA), (5 mol%) Q1 3 new ring
= o CH,Cl, 1t 3 o 4 new bonds
A TMSO 1040 ‘h H 4 stereocenters
i 60-80% HO O
OTMS
N Q>Tms

chaetophenol C

Scheme 103. Synthesis of the core structure of chaetophenol
C.

Naturally occurring aromatic polyketides with a rare
3H-spiro[isobenzofuran-1,3' -isochroman] ring system
demonstrated good bioactivity against the influenza A
HiNi virus. In this sense, a efficient methodology to access
these scaffolds was described by Liang and co-workers
from propargylic compounds and 2-iodobenzyl alcohols.
The reaction proceeded through a new alkyne relay system.
The regioselective Pd-catalyzed domino reaction
sequentially formed C-O, C-C and C-O bonds in a one pot
reaction manner. Thus, the process involved
decarboxylative allenylpalladium formation, nucleophilic
attack, arylpalladium addition and final intramolecular
nucleophilic addition to access a series of benzofuran de-
rivatives in 26-68% yields (Scheme 104).'%¢

R4 _
N Pd(OAc); (10 mol%) ‘
OCO,R;  P(o-Tol)z (10mol%) Ramiz L 9
N Na,CO3 o
R, DMF, 120°C, 2 h 2
Ry X

20-68 %

Scheme 104. Synthesis of spiro[isobenzofuran-1,3-isochro-
mans].

3-Substituted isocoumarins are important skeletons in-
serted in various natural products and a broad range of bi-
ological and pharmaceuticals with a broad scope of bioac-
tivity. *7 Jiang and coworkers described the Pd-catalyzed
nucleophilic addition/oxidative annulation of bromoal-
kynes with benzoic acids to synthesize 3-substituted iso-
coumarins. To optimize the reaction conditions they as-
sessed different palladium salts, ligands, bases and solvents
being Pd(TFA),, DPEPhos (bis[2-(diphenylphosphino)phe-
nyl] ether), potassium carbonate and a mixture
DMSO/EtOH at 120 °C as adequate components and con-
ditions to obtain a higher yield. This methodology can be
considered an attractive strategy because no pre-activation
of benzoic acids was needed. A variety of substituents were
tolerated in the benzoic acids generating the correspond-
ing 3-substituted isocoumarins in moderate to good yields
being lower when the substituent was in meta-position.
Different alkyl and aryl bromoalkynes electron-donating
and withdrawing groups at the phenyl ring were compati-
ble with this catalytic system (Scheme 105). This group per-
formed different experiments to propose a plausible mech-
anism and postulated that the transformation proceeded
through a stereo- and regioselective nucleophilic addition
of the benzoate anion onto the alkyne (simulating the ef-
fect of an alkyne relay system) followed by palladium in-
sertion and C-H functionalization procedure.’s”
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Scheme 105. Synthesis of 3-substituted isocoumarins.

Benzofurans are important oxygen-containing hetero-
cycles exhibiting activity against many diseases, viruses,
microbes, fungi, and enzymes.'*® The elaboration of disub-
stituted 5-hydroxybenzofuran derivatives were described
by Yao and co-workers under ligand, base and external ox-
idant-free conditions from readily available terminal al-
kynes and benzoquinone (BQ, also acting as an oxidant) in
the presence of Pd(OAc), in DMSO. The proposed Pd-cat-
alyzed BQ C-H alkynylation occurred through a direct
deprotonation with the assistance of an acetate ligand.
This step was followed by an alkyne relay system finishing
the mechanism with a cyclic oxapalladtion. This strategy
allowed to access a range of benzofuran derivatives in the
range of 25-78% chemical yield (Scheme 106).!>° A variant
of this reaction was published, in which non-racemic syn-
thesis of bifunctional furano-allocolchicinoids were pre-
pared in good yields. Sonogashira coupling/s5-endo-dig cy-
clization occurred allowing the presence of many func-
tional groups.!6%16!

o
Ry |
Pd(OAC),
o) (10 mol%)
+ _—
DMSO

#  100°C, 12h
X
\ 25-78%
S

Scheme 106. Synthesis of substituted benzofurans.

Furan is an important five-membered heterocycle,
commonly found in chemical, material, and biological ar-
eas. Particularly, 2-aminofurans have attracted numerous
attention because they have been used as antibacterial
agents, inhibitors for activated cdcgz2-associated tyrosine
kinase1 (ACK1), etc.'?> Zhu and col. described a new dom-
ino cycloisomerization/allylation of homoallenyl amides
with allyltrialkylsilanes catalyzed by palladium to synthe-
size 2-amino-5-homoallylfurans. The allene relay concept
was also implemented. The optimal conditions for this re-
action were the use of PdBr, as catalyst and the combina-
tion of catalytic amount of 2,3-dichloro-4,5-dicyanobenzo-
quinone (DDQ) and excess of MnO, to convert Pd(o) into
Pd(II). This process provided exclusively y-allylation prod-
ucts in good to excellent yields allowing a broad substrate
scope under mild reaction conditions (Scheme 107). The

terminating step consisted in a f-silyl elimination afford-
ing the precatalytic Pd° species.’®>

In the same context, this group developed a synthesis
of 2-amino-5-(sulfonylmethyl)furans through cyclizative
sulfonylation of homoallenyl amides with sodium sul-
finates catalyzed by palladium acetate (10 mol%) with
PhI(O,CCF;), (1.2 equiv) as oxidant at room temperature. '
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Scheme 107. Synthesis of 2-amino-5-homoallylfurans.

Synthesis of isobenzofuran-1(3H)-ones were reported
by Mahendar and Satyanarayana from o-bromobenzyl al-
cohols in the presence of paraformaldehyde (acting as car-
bon monoxide relay system), Pd(OAc),/XantPhos (Scheme
45), and a base via palladium-catalyzed domino reaction
including C-C and C-O bonds formation. Presumably, the
carbon moxoxide was formed from paraformaldehyde by
palladium induced dehydrogenation. The resulting fused
heterocycles were isolated in 72-95% yields. The process
permitted the employment of primary, secondary or ter-
tiary alcohol. Besides, the use of formaldehyde as source of
carbon monoxide was a very important aspect to access an-
tiplatelet drug n-butylphthalide (NBP) and bioactive 3a-
[4’-methoxylbenzyl]-5,7-dimethoxyphthalide (MBDP)
(Scheme 108).1¢4

(CH,0),
R2 R® Pd(OAc), (5 mol%)
\ XantPhos (10 mol%)

Z KOAc, o-xylene
140°C, 24 h

\ 72:95 %
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(NBP) OoMe © (MBDP)

Scheme 108. Synthesis of isobenzofuran-1(3H)-ones.
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Backvall's group found a highly selective palladium-
catalyzed oxidative carbonylation / carbocyclization /
alkoxycarbonylation of enallenols to afford spirolactones
incorporating quaternary centers. This transformation in-
volved the overall formation of three C-C bonds and one
C-O bond through a cascade triggered by an allene attack
on Pd"with C-H bond cleavage to produce intermediate B,
which underwent insertion of carbon monoxide. The re-
sulting acyl palladium evolved through an alkene relay sys-
tem, and this intermediate was ready to develop the second
carbon monoxide relay being the lactonization the termi-
nation step (Scheme 109). Also (R)-vapol-mediated enanti-
oselective carbonylation/carbocyclization of enallenols af-
forded spirolactones with moderate enantioselectivity (up
to 17:83 er).163

Pd(OAc), (5 mol %)
R? 1,4-benzoquinone
(1.1 equiv) , R?
DMSO (20 mol%) R o
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Scheme 109. Synthesis of spirolactones.

Another approach to the synthesis of benzofurans was
reported by Kawatsura et al. They studied the palladium-
catalyzed reactions of 2-haloallylic acetates with phenols.
This process occurred through the intermolecular cou-
pling, carbon-halogen bond cleavage and intramolecular
cyclization after a C-H activation stage. In this last step a
m-allyl palladium complex was involved in the terminating
reaction. The chemical transformation was performed with
different 3-aryl-2-haloallylic acetates and aromatic alco-
hols in moderate to good yields. The 2-fluoroallylic ace-
tates provided the corresponding adducts in higher yields
than 2-chloro and 2-bromoallylic in the most cases
(Scheme 110). The 3-alkyl-substituted 2-fluoroallylic ace-
tates also allowed the reaction but with lower yields. !¢

Elofsson et al. improved the methodology employed by
Tsay and coworkers'®’ to prepare 7-methoxy-2-(phe-
nyl)benzofuran-4-carboxaldehydes. They performed the
Sonogashira coupling-cyclization between different aro-
matic alkynes and 2-bromo- or 2-iodo-3-hydroxybenzalde-
hydes using a lower catalyst loading of PAC1(C;H;)dppb (1
mol%) under microwave irradiation to obtain the corre-
sponding 4-formyl-2-arylbenzofurans in moderate to good
yields. '8

ArOH Pd[(C3H5)Cl], (5 mol%)
+ dppp (10 mol%) Ph Vi | A
—R
PR OAC KHMDS, dioxane =
/\x/\ 120 °C, 16 h ©
X =F, Cl, Br up to 89% vyield
[Pd] [Pd] H

Ph Ph \
RS — K

Scheme 110. Synthesis of 2-substituted benzofurans.

For the construction of the potent antibacterial marine
natural product bromophycoic acid E scaffold an elegant
domino process was designed. The sequence started with a
deallylation (deprotection) giving a phenolic unit followed
by the palladium-promoted cleavage of the cyclopentane
ring affording a very stable intermediate enolate-m-al-
lylpalladium. The ring opening of the cyclopropane is the
relay step, and the final nucleophilic attack of the pheno-
late and the restructuration of the molecule was the termi-
nating stage. Diverse 2,3-disubstituted chromones were
isolated in good yields (Scheme 111).'%°

"o o R" 0O
R2 Pd(PPhg), (5 mol%) R? OH
R® KoCO4 ‘
s
R® (o] ‘ MeOH, rt, 30 min R® 07 RS

4
R ﬁ 40-59%
R
R

1
R o o to , 9 mpd
RZ s R2 PN R \/
R . A‘ ) | e +
R3 o ] R® o o~ P& R O O\H
R* Pdll R

|
4 HR5

Scheme 111. Synthesis of 2,3-disubstituted chromones.

Oxazoles represent an important family of compounds
which are present in natural products, pharmaceutical
agents and a wide sort of innovative materials. A novel
method to access 2,4,5-trisubstituted oxazoles from N-
acylenamides and aryl iodides via Mizoroki-Heck-palla-
dium-catalyzed oxidative cyclization was recently re-
ported. C-C and a C-O bonds were successfully accom-
plished. They evaluated different palladium and silver salts
and found that Pd(OAc), (10 mol%), Ag,CO,, in trifluoro-
ethanol, at 100 °C, were the appropriate reagents and con-
ditions. This methodology allowed the use of a variety of
aryliodides and enamide derivatives, regardless their elec-
tronic properties and steric hindrance, providing the cor-
responding oxazoles in moderate to good yields (Scheme
12).170

3,5-Di(hetero)aryl-substituted isoxazoles were rapidly
synthesized in a one-pot fashion by a consecutive three-
component alkynylation-cyclization sequence starting
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from (hetero)aroyl chloride, alkynes and sodium az-
ide/acetic acid under copper-free palladium catalysis in
modest to good yields.!"!

AN 3
n N™ R® pg(0Ac), (10 mol%)
= Ag,CO3 (2 equiv)
192055 (2 equlv)

TFE, 100 °C, 12 h
up to 78% yield

ArPdl —=

Scheme 112. Synthesis of 2,4,5-trisubstituted oxazoles from N-
acylenamides.

DOMINO PROCESSES INVOLVING CARBON-CARBON
AND CARBON-SULFUR BOND FORMATION

Gong’s group reported a palladium-catalyzed three-
component domino reaction of sulfonyl hydrazides, aryl
iodides, and allenes (these last ones employed as relay sys-
tems). The formation of a highly stabilized six-membered
palladacycle intermediate was crucial for the generation of
the desired substituted allylic sulfones with excellent Z-se-
lectivities and high yields (65-89%, Scheme 113). Sulfonyl
hydrazides underwent thermal decomposition in the pres-
ence of a base affording the arenesulfinate anion.'” The
high functionality of final products permitted their use as
building blocks for the synthesis of complex molecular
structures, for example, oxetanes.

7" oH

+ [Pd(PPh),] (5 mol%) R R

L\ o=, 3

N - > Ar-S OH — A —8 o)

dioxane, 80 °C, 5 h (‘)‘ I

O NH, o

Ar—S-NH T
Q’H ArSO,” Q’H
R-Pdl — \ Py | =
R ) R “S0,Ar

Scheme 113. Synthesis of allylic sulfones.

Synthesis of thiochromenone derivatives were de-
scribed by Wu and co-workers from 1-fluoro-2-iodoben-
zene and various acetylene/phenylacetylene derivatives in

the presence of Pd(OAc)./tBusP-HBF,, Et;N and Na,S, un-
der CO atmosphere (5 atm) via a four-component Pd-cat-
alyzed carbonylative reaction. Here, a clear carbon monox-
ide relay system /Sonogashira coupling was efficiently
used. Next, the nucleophilic aromatic substitution by the
sulfur species and Michael type addition as terminating
step completed the overall process. At the end of the opti-
mized process a range of substituted thiochromenones
were isolated in 34-75% yields in one-pot process (Scheme
114). The employment of a capsule of Na,S prevented cata-
lyst poisoning and undesired side reactions in the reaction
procedure.'” A derivatization of the named 2-substituted
thiochromenones to the 3-iodo-2-substituted thiochrome-
nones (Scheme 114) gave access to potential pharmaceuti-
cally important 2,3-disubstituted thiochromenones.

Using a similar strategy, Bazgir and coworkers have de-
veloped a carbothiolation reaction catalyzed by palladium
to synthesize thioimidates, which can be precursors for the
synthesis of thieno[2,3-c]pyrroles. The result of this reac-
tion was the generation of a heterocyclic system in a mul-
ticomponent process where the palladium-catalyzed step
did not promote such heterocyclization.!™

Pd(OAc), (4 mol%)
tBuzP-HBF, (8 mol%)
Na,S-9H,0 in capsule

CO (5 atm)

| Et;N, MeCN, 40-80 °C, 36 h
R1-- 34-75%

Scheme 114. Synthesis of thiochromenone derivatives.

A simple and efficient protocol for the synthesis of 2-
aminobenzothiazole derivatives was described. 2-Chlo-
roanilines were treated with thiocarbamoyl chloride in the
presence of Pd(dba), and KOBu! to afford the correspond-
ing 2-aminobenzothiazoles in good to excellent yield. The
broad substrate scope, short reaction time, mild reaction
conditions, and good to excellent yields make this ap-
proach attractive (Scheme 115). The first step is the base-
promoted formation of aryl thioureas and the second one
is the palladium-catalyzed intramolecular cross-coupling
reaction.!75176

This model reaction was used during a novel approach
for the synthesis of polysubstituted 3-amino pyrroles via
palladium-catalyzed three-component domino reaction
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was developed. The procedure constructed various pol-
ysubstituted 3-amino pyrroles with moderate to excellent
yields under mild reaction conditions. Furthermore, this
process was successfully applied to the synthesis of differ-
ent 3-phenyl-1,4-dihydropyrrolo[3,2-blindole derivatives
by an intramolecular Buchwald-Hartwig cross-coupling re-
action in two steps.!”’

view. Lautens et al. described a reaction involving aryl io-
dides as precursors and bis(pinacolato)diboron (B,pin,)
compound as terminating species. The reaction was run in
the presence of Pd,(dba);, KOAc, in DMF at 8o °C via
highly diastereoselective Pd-catalyzed domino alkene relay
system/borylation sequence. Borylated chromans were iso-
lated in 42-88% yields as outlined in Scheme 117.'”°

s Pd(dba), (5 mol%) )
NH, N R
| = )L _R? KOBu! ‘ X \%N,
P S L N P -
7~ gz THR60°C,3-35h 8 R
R1
58-92%
RZ

|
x—N N\RZ
\ N
A A Hs

R' PdCI

Scheme 115. Synthesis of 2-aminobenzothiazole derivatives.

A one-pot synthesis of 2-aryl-3-sulfonyl-(NH)-pyrroles
from N-sulfonylpyrroles and arenes, was reported for the
first time, via palladium-catalyzed regioselective oxidative
C-2 arylation, followed by sulfonyl migration. The simple
and easy access to the highly functionalized free-NH pyr-
roles secured opportunities for the preparation of com-
pounds with promising biological activities. The event of
sulfonyl migration from pyrrole-N to C-3 was thermody-
namically favored as revealed by density functional meth-
ods. The different plausible mechanisms for the migration
of the sulfonyl group were also discussed but are unclear at
this moment (Scheme 116).!78

R2
— R2
—_ N—SOzR!
Pd(OAG), (10 mol%) = N-H
H CsOPiv (20 mol%) =

R'0,S

+
R AgOAc (3 equiv)

3
= PivOH (25 mol%) —
QH 130°C, 16 h
26-90%
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Ar—PdX — | N-SOR' —>=
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Scheme 116. Synthesis of 2-aryl-3-sulfonyl-(1H)-pyrroles.

DOMINO PROCESSES INVOLVING CARBON-CARBON
AND CARBON BORON OR OXYGEN-SILICON BONDS
FORMATION

The preparation of chromans bearing an alkylboronate
substituent is very interesting since the synthetic point of

Bapiny

Pd,(dbay), (2 mol%) Me. «—Bpin
S

KOAc
|

+
| RI--
DS o Me 42-88%

>20:1 dr

Scheme 117. Synthesis of borylated chromans.

A cascade reaction to build bioactive vinylcyclobuta-
nols through activation of vinyl epoxides by palladium, fol-
lowed by 1,4-Brook rearrangement and intramolecular cy-
clization between a m-allylpalladium complex and the re-
sulting carbon anion (terminating step), was described.
Through this cascade reaction, several highly substituted
cyclobutanol substrates were achieved in good yields with
high stereoselectivities (Scheme 118).!%

Pd,dbas (10 mol%)

' o T™S dppe (25 mol%) T™Ms=©
R s\ _ THF.60°C.24h ;]:)/s
/ S —
55-72% rZ LS
R
™S
\ o” /
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g/f)\\//vss/ﬂ

P
2

R

Scheme 118. Synthesis of vinylcyclobutanols.

DOMINO PROCESSES INVOLVING CARBON-CARBON
AND CARBON-HALOGEN BOND FORMATION

A novel Pd-catalyzed hydrohalogenation of enynes that
affords access to synthetically useful halogenated pyridi-
nones was discovered. It can be formally classified as al-
kyne relay/alkene relay system. The terminating process
was mediated by crystalline ammonium halides (Et;N- HX)
which operated as surrogates to conventional toxic and
corrosive hydrogen halide sources. The final products con-
tained both a C(sp3)-halogen motif and an all-carbon qua-
ternary centre at the y-position to the carbonyl group. A
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combination of experiment and theory has provided in-
sight into the unprecedented reaction mechanism that in-
volved a formal anti-alkyne hydropalladation step result-
ing from a crucial E- to Z-vinyl-palladium(Il) isomeriza-
tion (Scheme 119).!8!

I

3 RZ
R . R3 X
Pd(P!Bus); (10 mol%) =

PhMe, 120 °C, 2 h 07N
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Scheme 119. Synthesis of halogenated pyridinones.
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DOMINO PROCESSES INVOLVING ONLY CARBON-
HETROATOM BOND FORMATION

The preparation of piperazinones, benzodiazepinones,
and benzoxazepinone was described by Prestat et al. from
N-protected precursors or strategically substituted phe-
nols in the presence of PACL,(PhCN), and NCS in DCM at
room temperature. The amino/oxy-chlorination via a Pd-
catalyzed domino reaction allowed to access a range of de-
sired biologically important chloromethyl substituted pi-
perazinones in 62-90% yields, benzodiazepinones in 23-97
yield and benzoxazepinones in 42-55% yields (Scheme
120).'82 According to previous experiments reported by the
same group the aminocarbopalladation would occur previ-
ously before the formation of the carbon-chlorine bond.

_2ah ; ]/\m
[62-00%

PACI,(PhCN) n up to 9:1 cis:trans
2 2
- (10 mol%) R? al
Cr 2y
r1IL
23.979 7
CH,Cly, it 3-97% ZN N,
o] Bn
X =NR? 0
o cl
60 h A
L= il
42-55 % Z N,
5 Bn

,dez X PdX
NCS
C// C)) ——> Products

Scheme 120. Synthesis of piperazinones, benzodiazepinones
and benzoxazepinones.

Phenoxazine and its sulfur-containing analogs (pheno-
thiazines) have attracted wide attention due to physico-
chemical properties and numerous applications in biology,
pharmaceutical, and materials science. Phenothiazines
have been commercialized as antihelminthic drugs, inhib-
itors of kinase activity, and antihistaminic pharmaceuti-
cals. A versatile and efficient Pd-catalyzed domino double
C-N bond formation between aryl halides and primary
amines was developed. The transformation allowed, in a
one-pot synthesis, these families of heterocycles, in good
yields, with a broad range of substitution patterns from
readily available precursors (Scheme 121).'%

H,N-R?
+
Br Pd(OAc), (5 mol%)
R1./ ’ X DPEphos (10 mol%)
N Br NaO‘Bu toluene
120 °C,15 h, N,
X=0,8
58-99%
PPh, PPh,
(o]
DPEphos =

Scheme 121. Synthesis of phenoxazines and phenothiazines.

8-Azanebularine analogues were preparred from a de-
signed precursors via palladium-catalyzed cascade ami-
dine arylation-intramolecular ester amidation reaction.
Thus, amidine hydrochloride, Pd,(dba),, Xantphos ligand
(Scheme 45), Cs,CO; were mixed in dioxane and the result-
ing mixture stirred at 100 °C for 72 h. Chemical yields on
the resulting novel 8-azanebularine motifs were high
(Scheme 122).18

NH
R A 3
OMe  R” “NHy-HCI NH
N Pdy(dba)s (5 mol%) NN N/>‘R
N‘N Br Xantphos, Cs,CO3 N\N
o) Dioxane, 100 °C, 72 h (0] F
F
/ 48-60% 5
TBDMSO OTBOMS TBDMSO OTBDMS

Scheme 122. Synthesis of 8-azanebularine analogues.

CONCLUSIONS

Such as it was demonstrated, palladium-catalyzed
domino reactions are continuously merging in the litera-
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ture opening new transformations with unexpected activa-
tions. The almost total economy of all these cascade pro-
cesses and their applications in medicine, biology, agricul-
ture, in the study of new materials, etc., convert this ma-
chinery in a very attractive and useful tool in organometal-
lic and organic synthesis. To the classical relay systems,
small components using intermediate palladium carbenes
and surrogates of toxic carbon monoxide are introducing.
Another amazing field with modern domino reactions is
the C-H activation exhibited by many structural arrange-
ments, which avoids the employment of haloarenes lower-
ing the costs of the reactions.
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actions: Recent Developments.” Synthesis 2017, 49, 1767-
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C(sp*)-H Functionalization for the Concise Synthesis of
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