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1. Introduction

Transition metals have been invaluable reagents for the
organic chemist since the beginning of this century. In par-
ticular, palladium, formerly used only for redox reactions,
has recently achieved a prominent role in synthesis due to
the manifold and unique transformations that it is capable of
mediating, often in a catalytic mode.' In recent years, the
pioneering work of a couple of scientists has demonstrated
that, using a single catalytic starter, many reactions in
cascade could be devised from suitable precursor substrates.
Multiple consecutive one-pot reactions, thereafter named
domino reactions,2 are not, of course, confined to organo-
metallic chemistry. The large number of organic trans-
formations mediated, the wide functional group tolerance,
and the catalytic nature of most of these processes, however,
make palladium an ideal basis for devising unbeatable
domino processes. In order to understand satisfactorily the
palladium catalysed domino processes it is essential to

survey briefly the basic organometallic chemistry associated
with this metal.

2. The Single Elementary Steps in a Palladium Catalysed
Process

Any reaction involving a transition metal can be
systematised into few fundamental processes.” These can
be ideally4 subdivided into three main stages: (i) initial
activation of the organic fragment by palladium; (ii) genera-
tion of the new organometallic bond, and (iii) removal of the
metal from the modified organic moiety with possible
recycling. The first stage involves ligand coordination,
which, depending on the oxidation state of the Pd complex
(vide infra), may be followed either by oxidative addition or
by oxidative coupling; the second stage may involve addi-
tion of nucleophiles, either to palladium (ligand exchange)
or to the coordinated ligand, and intramolecular migratory
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insertion. All these transformations are characterised by the
electrophilic nature of Pd(IT). When several sequential and
discrete chemical steps are involved, a domino process is at
work. Finally, the third stage may take place via ligand
dissociation, reductive elimination, dehydropalladation or
oxidative cleavage (Scheme 1).

2.1. The interaction between palladium and an organic
ligand (activation stage)

The interaction between an inorganic palladium derivative
and an organic ligand represents the first step of a palladium
mediated organic synthesis. Two distinct processes can
occur depending on whether Pd(0) or Pd(II) is implicated.
In both cases Pd(I) complexes are formed, and the trans-
formations that later ensue (see stage 2) take place inde-
pendently of the original oxidation state of the complex.
Pd(0) and Pd(I) complexes are both capable of interacting
with unsaturated systems such as alkenes or alkynes via
m-coordination. The two complexes are however different
in nature. Pd(0) is highly electron rich and back-donates to
the ligand (Pd—L), whereas Pd(Il) is electrophilic, and its
main interaction is represented by o-donation from the
organic system to an empty orbital of palladium. A com-
parison of the orbital interactions between the alkene 7 and
«* levels and the frontier orbitals of L,Pd(0) and L;Pd(II)
fragments accounts for the different ability of the metal dm
orbitals to give back-donation into the olefin 7" level.” As
the CACAO drawing shows in Fig. 1,° the m fragment
molecular orbital in L,Pd(0) is a hybrid formed by the d,,
and p, atomic orbitals, whereas the corresponding in
Ls;Pd(II) is a pure d,, orbital one. Since the interaction
between the orbitals is governed by their relative energies
and overlap, it is apparent that the Pd(0) fragment is able to
produce a much better back-donation than the Pd(II) moiety.
The more efficient the back-donation into the C=C 1" level,
the weaker the C=C bond. Bonding models, therefore,
range between the metalla-cyclopropane where the double
bond character is absent owing to the complete electron
transfer into C=C =" and simple alkene coordination
where back-donation is insignificant, and the bonding
stems only from the o donation of the olefin  orbital into
the empty metal o hybrid.

Similar arguments also predict a significant energy barrier

for the olefin rotation in the Lde(O)(nz—oleﬁn) complexes
but free rotation in the L3Pd(II)('q2—oleﬁn). In fact, the two
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Scheme 2.

dmr orbitals at 90° are equivalent in the L;Pd(IT) fragment,
but are energetically and spatially different in the L,Pd(0)

group.

2.1.1. Pd(0) complexes.7 The organic substrates that inter-
act with Pd(0) are usually classified into polar and non-polar
substrates. Polar substrates are represented by organic
halides, susceptible to nucleophilic attack by palladium by
virtue of their good leaving group. Non-polar substrates,
such as arenes, activated alkanes and terminal alkynes
react via C—H breaking. Aryl® and vinyl halides’ afford
the corresponding o-aryl and o-vinyl palladium complexes
via oxidative addition, the order of reactivity being
I>OTf>Br>Cl. Alkyl halides may additionally undergo a
similar oxidative addition, but it must be born in mind that,
whenever a syn-coplanar XPd-C-C-H arrangement is
attained, palladium hydride will most likely be lost from
the organic fragment (vide infra). Allylic systems such as
allylic halides or acetates'® or analogues, release the leaving
group after coordination and give the corresponding -allyl
complexes. Alkynes give, via oxidative coupling,’ transient
palladacyclopropenes which may then break down into the
corresponding o-alkynyl complexes, if a terminal acetylene
is used. It should be noted that many transformations that
require Pd(0) actually use Pd(II) complexes, which are
reduced in situ by other organic molecules present in the
medium (carbon monoxide, alcohols, tertiary amines,
alkenes, or phosphines) (Scheme 2).

2.1.2. Pd(IT) complexes. Alkenes reversibly m-coordinate
to soluble Pd(IT) complexes. Although these complexes are
usually labile, the coordination is the crucial activating step
that triggers the subsequent additions to the coordinated
ligand. The Pd source may be totally inorganic (e.g.
PdCl,), or derived from the oxidative addition of a Pd(0)
complex discussed above (e.g. Pd(0)+AcOH—H-Pd(II)-
OAc).

2.2. Transformations of the Pd-complexed organic
fragment

2.2.1. Nucleophilic anti addition to the Pd(II)-complexed
organic ligands. The Pd(II)-complexes generated via either
the oxidative (Section 2.1.1) or the electrophilic processes
(Section 2.1.2) may then undergo typical transformations
depending on the nature of the coordinated ligand and the
reaction conditions. Pd(II) m-complexes of unsaturated
ligands easily undergo nucleophilic additions at the electron

PA(O)Ln (Pd] R=H
———R —> — [Fd]_:_R-
R R H
Pd(O)Ln | =" X
:/\ ,’
X > | kg > [PdIX
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deficient coordinated fragment.'' Under appropriate condi-
tions, therefore, a wide variety of nucleophiles can add to
coordinated alkenes or alkynes. On alkenes, the addition
usually occurs at the more substituted position and anti to
the metal. m-Allyl-Pd(II) complexes are also highly acti-
vated to nucleophilic addition, especially in the presence of
suitable ancillary ligands such as phosphines. Stabilised
carbanions, amines and phenoxides add to the external
allylic terminus, anti to palladium (Scheme 3).

2.2.2. Migratory insertion processes. The most significant
transformation of palladium catalysed domino processes is
unquestionably migratory insertion. This intramolecular
process involves migration of the atom o-bonded to
palladium to a coordinated adjacent (cis) ligand. A vacant
coordination site is created during the reaction and the
formal oxidation state of the metal is not changed. Depend-
ing on the relative position of the new M-L bond with
respect to the group that has migrated, 1,1-(CO) and 1,2-
insertions (alkynes and alkenes) may be distinguished. In
the latter case, strict syn addition of the Pd-bound atom and
Pd to the unsaturated fragment is observed, according to a
four-centre transition state. The fact that alkynes are con-
siderably more reactive than alkenes toward a Pd(II) species
is of high relevance to domino processes. As illustrated in
Scheme 4, allyl moieties may participate as migrating
groups, whereas allenes'” and acetylenes'® easily undergo
insertion to give mw-allyl- and o-vinyl-Pd(Il) complexes,
respectively. The latter may alternatively be obtained by
the action of Pd(0) on the appropriate vinyl halide (Scheme
2). CO insertion gives an acyl-Pd(II) complex, from which
the palladium can easily migrate onto a coordinated alkene

R = H: hydropalladation; R = C: carbopalladation
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Scheme 4.
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Nucleophific addition to a n-allyl-Pd(|l) complex
gives Pd(0) that readily decoordinates

in a new migratory insertion. Since alkene insertion into an
acyl-Pd bond is easier than alkyl migration, alternating
insertions of CO and alkenes are feasible'* and these have
actually been exploited in domino reactions.

Examples of migratory insertion processes are the con-
version of a Pd(I)-coordinated alkyne into a o-vinyl—
palladium complex, of a Pd(II)-coordinated alkene into a
o-alkyl palladium complex, and of a Pd(II)-coordinated
CO into an acyl-Pd(Il) complex. The migrating group is
usually a carbon atom (carbopalladation) or sometimes a
hydrogen atom (hydropalladation). Carbopalladations are
normally irreversible, whereas hydropalladations and
carbonylations are reversible processes (Scheme 4).

2.2.3. Nucleophilic additions at the metal in Pd(II)
complexes. The Pd(Il) o-complexes generated as described
above, can also undergo nucleophilic additions at the metal,
a ligand exchange process that preludes metal cleavage.
Main Group organometallic reagents R'M (M=Li, Mg,
Zn, Zr, Sn, B, Al, Cu, Si, Ge, Hg, Tl, Ni) add to Pd(II)
forming a new dialkyl-Pd(II) o-complex. Among these,
the B(III) (Suzuki—Miyaura), 15 Zn(II) (Negishi—Baba), 16
and Sn(IV) (Migita—Kosugi—Stille)!” species are the most
useful. Amines'® and alkoxides'® are additionally capable of
exchanging a halide ligand with a mechanism analogous to
transmetallation.

Since these ligand exchanges are almost invariably affecting
the rate limiting steps, migratory insertions (e.g. of alkenes,
alkynes or CO?) are also possible prior to transmetallation.
As will be seen later, this feature is central to domino

— == |* p [Pd]X —c—. 5 P
- Lo =58 z = C= N
( | ) — R—{Pd] - PdIX :_ [lf’d] . §—|=:>d§R' R —>» \(\R
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reactions, since it enables the development of multiple
subsequent discrete steps. Since the newly generated
palladium complexes tend to release Pd(0), this ligand
exchange process functions as an external way of catalyst
regeneration (anion capture). In suitable cases, such nucleo-
philic displacements may even take place intramolecularly.

m-Allyl complexes, which are known to interact with soft
nucleophiles at the allyl moiety (vide supra), react directly
at palladium with hydrides®' and other hard nucleophiles
(Scheme 5).22

2.3. Metal release from the organic fragment

2.3.1. Dehydropalladation. Palladium(Il) o-alkyl com-
plexes having a hydrogen atom in the -cis-position readily
undergo elimination, thereby forming an alkene. This
reaction is the reverse of the hydropalladation insertion
discussed above. CO insertion often competes with
dehydropalladation. Since the transition state of the
dehydropalladation requires a coordinated alkene, elimina-
tion is possible if the palladium complex is coordinatively
unsaturated. On the other hand, o-alkyl complexes lacking a
[B-cis hydrogen and o-alkenyl complexes, cannot undergo
dehydropalladation. They are in general thermally stable
(living species) and, in the presence of other unsaturations,
they give carbopalladations, allowing a domino process to
start. Since dehydropalladation forms XPdH, which in turn
is in equilibrium with HX and Pd(0), (vide infra) such a
process represents an internal way of catalyst regeneration
(Scheme 6).

2.3.2. Reductive elimination. The o-palladium(Il)
complexes formed via any of the above shown paths may

+ J—
]
!

H [PdX | b—[Pdx

Scheme 6.
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Scheme 7.
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R
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Nucleophilic addition of organometallic reagents
(Sn) and hydrides to a r-allyl-Pd(ll) complex

undergo intramolecular coupling of two ligands, extruding
Pd(0). In this reaction, the reverse of the oxidative addition,
a wide variety of ligand types can be coupled leading to the
formation of C-C, C-H, C-N, and C-O bonds. The
geometric requirements of the reductive elimination impose
a cis disposition between the two ligands. It follows that two
trans disposed ligands can couple only after trans—cis
isomerisation. Since both trans—cis isomerisation and
C-C coupling are fast processes compared with dehydro-
palladation, a B-hydrogen in the R group transferred from
the organometallic reagent is tolerated. The reductive elimi-
nation produces a decrease of the positive charge at
palladium. Thus, an opposite effect induced by the addition
of good m-acceptor ligands or the dissociation of a-donor
ones favours the reaction. After the reductive elimination
the released Pd(0) is ready to re-enter the catalytic cycle
(Scheme 7).

2.3.3. Anion capture and carbonylative trapping. The
nucleophilic addition at palladium (Section 2.2.3) is always
followed by the reductive elimination, and the combination
of these two elementary steps is known as the anion capture.
The transiently generated o-alkylpalladium complexes can
be alkoxycarbonylated, with concomitant regeneration of
Pd(0), by treatment with carbon monoxide in the presence
of an alcohol (usually methanol) or amines. Since the car-
bonylation reaction is a reversible process, when competi-
tive reactions are possible, different results can be obtained
as a function of the CO pressure and of the nature (e.g. inter-
or intra-molecular) of the trapping alcohol (Scheme 8).
Several mechanistic pathways may be operative depending
on many factors such as the nature of the nucleophile, that of
the ancillary ligands, or the pressure of CO used.”** For
example, the generation of esters in the presence of alcohols

H and Pd must be coplanar

= + H—[Pd]—X Pd has a vacant site
/C C /C C
[P —» LnPd+ (PA —» LnPd+
N N (0] 0
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and tertiary amines is expected to initially involve the
migratory insertion of a coordinated carbon monoxide
ligand to a o-palladium(Il) complex, to give an acylpalla-
dium complex. Coordination of the amine, followed by
alcohol coordination/deprotonation generates an acyl-
palladium alkoxide complex, which eventually undergoes
reductive elimination to give the final ester function
(Scheme 8).%

3. Single-stage Palladium Catalysed Transformations

The sequential and appropriate combination of stages 1, 2
and 3 give rise to a simple palladium catalysed transforma-
tions. Selected examples of those relevant for the under-
standing of the more complex domino processes are here
illustrated.

3.1. Pd(II) assisted nucleophilic additions to alkenes

The anti addition of nucleophiles to Pd(II) activated alkenes
(anti palladation)*® makes access to a variety of products

cO (0}
| /R /lLR
LPd]  —— L
X
l NEt; /R'OH
- (o]
SNGAN EN g
EtaN o - Pd
3 \Il"’d/U\R X7 L
X7 N

possible. Water,27 alcohols,28 carboxylates,29 aromatic and
aliphatic amines protected with electron-withdrawing
groups™ can be used as nucleophiles.’’ These processes,
that range from the industrial synthesis of acetaldehyde
from ethylene and H,O, (Wacker process) to the synthesis
of various heterocycles,”’zga can also be made catalytic with
Pd. This requires the addition of an oxidising agent (O,/
CuCl,, K;S,04, benzoquinone) to regenerate Pd(Il) from
the Pd(0) generated by dehydropalladation of the initially
formed o-alkylpalladium complexes. A catalytic process,
however, cannot be obtained where stabilised carbanions
are used as the nucleophiles: in this case stoichiometric
amounts of Pd(IT) and the presence of a tertiary amine are
necessary for the reaction to take place (Scheme 9).*

On carefully selecting the reaction conditions, it is possible
to incorporate two (identical or different) heteroatoms into
the alkene. Chlorohydrins are examples of potential
products,34 attracting intense mechanistic studies,35 and,
more recently, an interesting enantioselective variant of
catalytic olefin oxidation (Scheme 10).* It may be recalled
that these chlorohydrins are interesting precursors of

CO,Et
CO,Et
5 COLEt = 2
i —Pd- I z
_ \ﬂ Pl . ( COft _, CiPd _
N o, r\:? CO,Et - NEtg HCI COEt
CI—[PdIC] 90%
Scheme 9. (i) (EtO,C), CHMe, NEt; (2 equiv.), PACl,(MeCN),.
P P
0, L-Pd/CuCl o \ 3 S
_~_-OPh 2 2 CI\/k/OPh L-Pd = O/Pd\o/Pd\o
Hp /THF, 25°C >95%, 93% ee P\ (W)§
TON = 170 R R
MeQ SiM63
+Bu, O L
j\h 5% L-Pd Ph (N/\ @
MeOQN o CH,Cl /rt N/KO L-Pd= o R
_—
] <
FBU~— N OJ\CFf’ v

from Z isomer: 89%; 96% ee (R)
from E isomer: 97%; 84% ee (S)

Scheme 10.
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Scheme 11.

optically active oxiranes and allylic amides. The palladium
catalysed rearrangement of allylic imidates into allylic
amides is an intramolecular example of Pd(II) mediated
catalysis, which has also recently been studied in enantio-
selective processes.’’

3.2. Allylic oxidation

Palladium(II) is the reagent of choice for the allylic oxida-
tion of simple alkenes,”® and a preparative method was
developed for allylic ace:tate:s39 (Scheme 11).

Interaction between a nucleophilic species and a Pd(II)-
coordinated 1,3-diene generates a m-(allyl)palladium
complex which can be regio- and stereoselectively function-
alised.***!' Some common examples of 1,4-functionalisa-
tion of 1,3-cyclohexadiene (diacetoxylation and chloro-
acetoxylation) are shown here below (Scheme 12).
Recently, an enantioselective modification of this reactivity
has been also reported.*?

A large number of nitrogen-, oxygen-, carbon- or halogen-
based nucleophiles have been added to Pd(II)-coordinated

Q
7
N ’
AN 7
'5 \ i N
Pd

Pd
\
)J\n L AN

Me @) BQ AcO

|
L0

i orii ‘

“ Pd(OAC),

PdOAc

H\©,OAC : LOAC

oxidising t

agent
~<«—— H-Pd-OAc

alkenes in an inter- or intramolecular manner. For example,
Hosokawa’s intramolecular phenoxypalladation® of allyl
phenols is a recent example of such an allylic oxidation
proceeding with very high asymmetric induction
(Scheme 13).*

3.3. Allylic alkylation®

The mechanism of this reaction has been extensively
studied. The first step involves the reversible coordination
of the Pd(0)-catalyst to the allylic system. The subsequent
rate determining departure of the leaving group takes
place generally with anti stereochemistry generating a
palladium(II) m*-allyl complex, which is usually in dynamic
conformational exchange. When two equivalents of an
external ligand are available for coordination the square
planar geometry on palladium is maintained by displace-
ment of the allylic leaving group from the co-ordination
sphere of the metal. If a suitable soft nucleophile is present
in the medium it will add to a terminal position of the m°-
allyl complex from the site opposite the metal, thereby shift-
ing the overall equilibrium to the right. As the nucleophile
attacks, rotational displacement in the n’*-allylpalladium(IT)

-
e

X

o}
\V

d’
\
BQ
i l X=AcO
: ,OAC
o}

Scheme 12. (i) Pd(OAc), cat, LiOAc, benzoquinone (BQ), AcOH, LiCl; (ii) Pd(OAc), cat., LiOAc, BQ, AcOH, LiCl cat; (iii) Pd(OAc), cat, LiOAc, BQ,

AcOH.

_LPdiy

benzoqumone
MeOH, 25°C

86%, 90-97% ee

Scheme 13.

*L = (S, S)-ip-boxax
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complex occurs, generating a m’ alkenylpalladlum(O)
complex4 Decoordination of [Pd(0)] from the organic
moiety closes the catalytic cycle. The manner in which a
carbon acid pronucleophile is deprotonated to give a soft

carbanionic species is dependent on some parameters. In
particular, when the pK, value of the conjugated acid of
the displaced group is higher than that of the active
methylene, deprotonation may take place in situ by the

2
R1X R2M R
o
RN
S\ nBu [e)
Br Ph > ,FBU/W
Pd(PPhy), cat/NaOEt  86% Ph
Br /\)\
— ZrCp,Cl _ P P
CO:Me v CO-Me
Pd(PPhg)s cat/znCl,  85%
Scheme 15.
L [Pd]X2 X X
— = — f
[PA]XL, l
H[Pd]XL
v NR; - HX Pt o
[Pd(Il] +2L R3N.HX 11——» R’
\(fe ’
\ L L RX — RIPdIXL R [PdXLy [PdIXL,
== RPdXL; —» 1. —» —_—
/ L +L H
[Pd(0)L4] 2L
o]
)'b/ COgMe \N 2. _-COMe
PdCl; cat/NEtyPPh;  96% O)\N

Scheme 16.
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Scheme 17.

displaced anion itself. Such an endogenous deprotonation
mode can be at work on a wide Varlety of carbon acids
when allylic carbonates,*’” phenoxides* and oxiranes are
used.*” With the more common allylic acetates, the
carbanionic species is either preformed, or generated in
situ, by the explicit addition of a stoichiometric amount
of base. In this case endogenous deprotonation is also
viable, though on a more restricted pK, window. % The
general mechanism, and a simple example are shown in
Scheme 14.

Chiral versions” of this transformation have been
developed over the last few years to become one of the
most important tools in catalytic C—C bond formation.
Many excellent new ligands are presently available and
enantiomeric excesses close to 100% are now common.

3.4. Cross coupling

Aryl or alkenylpalladium halide complexes, formed by the
oxidative addition of Pd(0), undergo transmetalation with
alkyl, aryl, alkenyl, allyl and benzyl compounds of Main
Group elements. C—C bond formatlon then takes place by
reductive elimination (Scheme 15).%

3.5. The Ozaki—Heck reaction

Unhindered alkenes insert into g-vinyl- or g-arylpalladium

CZN Pd(0)
q A

HPAXLn| _ /" PBaxLn
N B R
R
RPdXLn F’dXLn
Y

Scheme 18.
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| pd_ O g;\/)\]/ CFy
2

phosphapalladacyle-type

halides, or pseudohalides, formed by oxidative addition of
Pd(0). Subsequent dehydropalladation generates a new
alkene in which an original vinyl hydrogen is replaced by
the organic moiety of the starting halide (Scheme 16).”

The arylation reaction is one of the most important
industrial transformations, and the search for new, high-
turnover catalysts is actively studied with carbon- centred
ligands at the palladium-core like PCP-type ligands,™
carbene complexes™ and metallacychc systems from e.g.
o-tolyl phosphines (TON 250 000)*® or trl(l naphthyl)-
phosphines (TON 1 120 000) (Scheme 17).%’

3.6. The intramolecular Ozaki—Heck reaction

The Ozaki— Heck reaction is a milestone in organometallic
chemistry,”® and many variations are known. In particular,
intramolecular versions have been extensively exploited in
the synthesis of natural products and related complex
molecules. The first step of this reaction involves the oxida-
tive addition to Pd(0) on an alkenyl or aryl halide, which
generates the corresponding Pd(IT) o-complex (path A).” If
a juxtaposed unsaturation is present, intramolecular carbo-
palladation creates a new cyclic Pd(Il) complex (path D),
which can subsequently evolve, e.g. via dehydropalladatlon
(path E). Interestingly, analogous cycloisomerisations®

(vide infra) can be attained when the starting o-alkenyl

HPAXLn <\i
~Z7 F N
(/i'dXLn -
Pd(0 Z
R

R

’L L e

Ph

50%

Scheme 19. (i) 10 mol% Pd(OAc),, 20 mol% PPhs, K,COs; (ii) 5 mol% Pd(OAc),, 10 mol% PPhs.
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complexes are generated via hydro- (path B)*' or
carbopalladation (path C)®* of alkynes. Furthermore, the
transient alkenyl Pd(II) o-complex may intramolecularly
insert an alkyne thereby generating a new cyclic Pd(Il)
o-complex (paths F,** G,** H) which can release the metal
via nucleophilic addition (path I, e.g. hydride trapping)
(Scheme 18).

Several cyclisations following the paths outlined in
Scheme 18 have been reported in the literature. As an
example, paths A and B have been compared in the
synthesis of the same pyrrohdlne derivative, starting from
vinyl glycine (Scheme 19).

The exo mode of cyclisation is usually observed in path D.
Some six- and seven-membered rings, however, may be
formed via an apparent endo-mode of cyclisation. This
unusual behaviour, known as apparent endo mode cycliza-
tion ®**% has been rationalised in terms of two subsequent

(S)71% ee
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5-exo (or 6-ex0), and 3-exo carbopalladations, followed by a
cyclopropylcarbinyl-to-homoallyl rearrangement, and final
dehydropalladation. The above rearrangement may take
place as long as the cyclopropylcarbinylpalladium inter-
mediate is not conformatlonally blocked. The mechanism
and an example® are shown in Scheme 20.

R
[Pd]X

The chiral intramolecular version of the Ozaki—Heck
coupling is an nnportant method to accede to optically
active natural products®® and at the same time has
answered fundamental mechanistic questions.

Overman’*"! studied the intramolecular asymmetric Ozaki—
Heck reaction of o,B-unsaturated 2-iodoamides using
BINAP as the chiral ligand. Different, and usually high,
enantioselectivities could be obtained as a function of the
geometry of the unsaturation and/or the reaction conditions
used. In particular, two distinct methods were developed,
one exploiting halide ionisation via Ag(I) or TI(I) salts

(R) 66% ee

Scheme 21. (i) Pdy(dba); 5%; (R)-BINAP 11%; DMA; Ag;PO,, 80°C, (81%); (ii) Pdy(dba); 5%; (R)-BINAP 11%; DMA; PMP, 110°C, (71%).
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(cationic pathway), and an alternative route using a tertiary
amine as the HI scavenger (neutral pathway). When spiro-
cyclic products are generated the two methods provide
opposite enantioselectivities (Scheme 21).

Overman also observed that when an acyclic unsaturation is
involved in the cyclisation, the sense of enantioselectivity
associated with the cationic pathway depends on the geo-
metry of the starting alkene, whereas that obtained via the
neutral pathway appears to be independent of the alkene

geometry.
X OAc

ACOH + Pd(O)Lp,

=
<:/ H[Pd]OAcT
~
-

ACO”
/\[P d]°+ [Pd]OAC
oLz = i

As expected, the two methods imply distinct mechanisms
(Scheme 22). The cationic pathway involves the direct
formation of a cationic four-coordinate square planar
complex, and the enantioselectivity can be rationalised in
terms of the most stable of the two possible diastereo-
isomeric cationic complexes. On the other hand, the neutral
pathway has been proposed to initially involve formation of
a pentacoordinate neutral complex, followed by halide
ionisation to give a four-coordinate complex, and final
migratory insertion. In this case the stage featuring stereo-
induction is still a matter of speculation.

CC

HIPG]OAC

Pdy(dba)zCHCl3
AcOH/AcOLI
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Scheme 25.
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Scheme 26.

3.7. Cycloisomerisation’? of alkyl- and alkenyl-Pd
complexes

The ease of Pd—C and Pd—H bond formation from alkenes
and alkynes and the coordination—insertion sequence with a
second unsaturated group is a prerequisite for interesting
cyclisation reactions from non-conjugated dienes, enynes,
diynes and other possible functional combinations.” For
example, 1,6-enynes and 1,7-enynes are known to undergo
the Pd-catalysed Alder-ene reaction. In this reaction, a
regioselective hydridopalladation is followed by an intra-
molecular carbopalladation. The final dehydropallation
may take two different courses depending on which
hydrogen is abstracted, affording 1,3- and/or 1,4-dienes
(Scheme 23).

Such Alder-ene reactions are well documented and allow
access to various, even sensitive cyclic systems, such as the
carbapenem nucleus.”* The related cycloisomerisation of
1,6-dienes requires cationic palladium complexes
(Scheme 24).

3.8. Intramolecular alkene insertion in m-allyl-Pd
complexes

A conceptually different approach to obtain palladium
catalysed cyclisations relies on the intramolecular insertion
of alkenes on juxtaposed m-allyl-Pd complexes. These
intriguing transformations, pioneered by Oppolzer, are
known as palladium-ene reactions.”®”" Interestingly, most
of these reactions are successful only if performed in AcOH
as the solvent. A possible explanation is that AcOH, being a
source of palladium hydride, prevents collapse of the
transient m-allyl complex to the corresponding triene
(Scheme 25).*” 1In this context, the intramolecular
insertion of 1,3-dienes into mw-allyl-Pd complexes has also
been reported.

LPdCI*X

—_ LR
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Scheme 27.
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3.9. Carbonylation®

Carbon monoxide is the most interesting member of the
C,-family and its dual character of a stable but
electronically unsaturated molecule provides enormous
possibilities as an easy-to-handle building block in organic
synthesis. The fundamental step of CO-insertion into
almost any carbon—palladium bond is the archetype of a
C-C bond forming reaction. Hydroformylation or hydro-
carbonylation, hydroesterifications or carboxylations etc.
are examples of these simple carbonylation reactions.
A good illustration is the straightforward and highly
selective preparation of the anti-inflammatory drugs ibu-
profen and naproxen (Scheme 26).%' Carbon monoxide is
an ideal partner in domino reactions, for example when the
C—Pd unit is already the result of several other reaction
steps.

3.10. Hydrovinylation, oligomerisation, polymerisation,
co-polymerisation of low molecular alkenes

The electrophilic character of certain palladium(II)
complexes can be exploited for carbon—carbon bond forma-
tion in the homocoupling of a-alkenes. Connecting olefins
with each other in an intermolecular manner to dimers
(hydrovinylation),* oligomers or even polymers is largely
controlled by the ligands coordinated to palladium. Dimer-
isation catalysts are simply cationic palladium phosphine
complexes (in the presence of silver salts) whereas oligo-
merisation®® or polymerisation® require more sophisticated
control of the coordination sphere of the metal. In this
context, the sterically bulky (bisimine)PdMe cation seems
to be an ideal combination for the formation of high mass
polyethylene with varied and unique microstructures
(Scheme 27).* Polyketones are available via stereoregular
palladium-catalysed co-oligomerisation or co-polymerisa-
tion of a-alkenes and carbon monoxide.

LPdMe*X
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Scheme 28.

3.11. [3+2] Cycloadditions, trimethylenemethane
(TMM)

In cycloaddition reactions two chemical bonds are formed
simultaneously during a ring-forming step. The template
effect of transition-metals is extremely favourable in order
to bring the reacting species together. A zwitterionic species
like the TMM (trimethylenemethane) molecule is a valuable
reagent, provided that it is stabilised and, more importantly,
activated with palladium(0). 8 In 2- [(trimethylsilyl)methyl]-

allyl esters the silyl group serves as the carbanionic equiva-
lent whereas the acetate (or other more reactive sulfonates
or chlorides) acts as the leaving group for the carbocationic
part. This bifunctional palladium complex is reactive
enough to attack electron-deficient double bonds (vinyl
esters, nitriles, sulfones, and any activated alkenes in
terms of a conjugate addition). The TMM cycloaddition is
a powerful method for the access to quinanes and other
cyclopentanoids. The example of Scheme 28 shows an
intramolecular version leading to a bicyclo[3.3.0]octane
structure.

4. Domino Processes®

Although palladium catalysed domino processes have only
recently been extensively reported in the literature, the
conception of sequential palladium mediated transforma-
tions was actually pioneered some time before the word
‘domino’ was coined. A comprehensive review of this
topic is not the purpose of the present manuscript, which
will be restricted to selected examples. A systematic classi-
fication of the palladium assisted domino reactions is not
easy, since such transformations may, at least in principle,
be combinations of several, among the elementary steps
described above. In order to recognise and classify a domino
process, it may be useful to locate three types of functional
groups in the substrate: a starting functionality, one or more
relay groups, and a terminating species. It is important to
note that the second stage is invariably a migratory insertion
(i.e. a carbopalladation or a CO insertion) and conditions
must be met to in order to avoid premature termination of
the relay species. This goal may be obtained if living
(stable) o-alkylpalladium complexes are generated, for

starting o
/\‘ (\ terminating
Y
X LI T Pd(0)
— Co, Y- >
relay A\
anionic capture
Figure 2.
E E
E E
HO. o\/\CI
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Scheme 29.
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Scheme 31. (i) PACL,(MeCN),, NEt;, CO, MeOH.

example, by preventing dehydropalladation. This concept is
illustrated on the preceding page for an n-component
domino process (Fig. 2). Termination of the cascade may
take place internally (via dehydropalladation) or externally
(via a trapping agent). In the latter case, the trapping agent
must react slowly enough to allow the cascade to complete
without premature termination, and, at the same time,
rapidly enough to prevent undesired side reactions.

4.1. anti Palladations

4.1.1. Intermolecular processes. The pioneering work of
Holton on palladium mediated consecutive reactions led to

an elegant prostaglandin total synthesis.* The product
obtained by the Li,PdCls-mediated regioselective coupling
of 3-cyclopentylamine and diethyl malonate, upon
treatment with an amine, underwent dehydropalladation.
A further Li,PdCls-promoted regioselective addition of
2-chloroethanol to the newly-generated alkene gave an
alkyl-Pd(II) complex which carbopalladated 1-octen-3-
one. The final dehydropalladation afforded the desired
product which could eventually be converted to a prosta-
glandin. Unfortunately, the first carbopalladation could not
be performed in the same pot as the subsequent alkoxy-
palladation/ketovinylation sequence, and stoichiometric
amounts of the palladium salt were necessary (Scheme 29).

Ph Ph
H o NH; OH
N O —' 4 N A NH,
Y :
COBut negamycin
68-77%, de 95%
Scheme 32. (i) PdCl,(MeCN),, NEt;, NaCH(CO,Et)(CO,Bu-t), CO’Megsn\)\~
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Me Me Me
l l P | | [PdIBr, [PAlBr CuBr,, LiBr
i - P [Pd]Brl Br Br
—— —— e P
0" >0” ™Bu-n 077 SBun 0" >0” “Bun Bu-n 0" 0" “Bu-n
94%

Scheme 33. (i) 5% mol. Pd,(dba);-CHCI;, CuBr,, LiBr, AcOH, rt.
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Scheme 34. (i) Pd(OAc),, CuCly/O,, THF, 60°C.
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Scheme 35. R=mr-allyl, o-aryl, o-vinyl, o-alkynyl, o-allenyl, o-acyl. X=halide, triflate, acetate, alkoxide.

In the synthesis of a prostaglandin analog by Larock and
coworkers,” alkoxypalladation of an enol ether is followed
by two consecutive (intra- and inter-molecular) alkene
insertions. A dehydropalladation completes this three
component synthesis. Again, a stoichiometric amount of
Pd(II) had to be used (Scheme 30).

Hegedus et al. developed very interesting Pd(I) assisted
anti-carbopalladations of active methylenes on enamides.
For example, the sodium salt of benzyl acetoacetate adds
to PdCl,-activated benzyl N-vinyl carbamate. The
chelation-stabilised Pd(II) complex derived from this carbo-
palladation can undergo in situ sequential CO insertion/
methanol trapping, to give an aminodiester, which can be
converted into a B-lactam (Scheme 31).”!

Further studies by the same authors demonstrated that
highly diastereoselective carbopalladations on enantiopure
enamides allow enantioenriched targets to be obtained, as
exemplified by the synthesis of negamycin (Scheme 32).”

s

OMe

OMe

68%

4.1.2. Ring formations. Pd(I) halides are capable of acti-
vating the halide anion addition to the triple bond of suitably
substituted O-allyl butynoates”™ or N-alkenyl 2-alkyn-
amides.” The resulting o-alkenylpalladium complexes can
interact with a juxtaposed alkene via an intramolecular
carbopalladation. The final oxidative cleavage” affords
the corresponding «-haloalkylidene-vy-butyro-lactones or
-lactams (Scheme 33). The overall reaction regenerates
Pd(0).

Bickvall and his group have studied intensively the
palladium-catalysed 1,4-oxidations of 1,3-dienes.96 In
these reactions Pd(II) coordination of the diene triggers
the first anti heteropalladation by a nucleophilic species.
The resulting m-allylpalladium complex is eventually
trapped by a second nucleophile, thus forming a 1,4-hetero-
disubstituted 2-butene derivative. Since Pd(0) is ultimately
produced, these reactions need a suitable oxidant to
regenerate Pd(II) for a catalytic cycle. In a further
extension of such a strategy, primary amides were chosen

PdO) % E

U-68,215

Scheme 36. (i) 5% Pd(OAc),, 10% trifurylphosphine, KH, THF, rt, ~63%; (ii) 5% Pd(OAc),, 10% TFP, KF, DMSO, rt.
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Scheme 38. (i) Pd(dba),, NaHCO;, NBu,Cl, DMSO, 80°C.

as nucleophiles capable of a twofold attack in the 1,4-posi-
tions of the 1,3-diene. This method enabled the synthesis of
a heliotridane precursor in one step (Scheme 34).”

Alkenes and alkynes may also be electrophilically activated
via in situ generated o-aryl, o-vinyl, or r-allyl palladium
complexes. Such an interaction can trigger the addition of a
juxtaposed nucleophilic function, providing, after reductive
elimination, functionalised carbo- and heterocycles. In
contrast to the analogous additions mediated by inorganic
salts of Pd(II), the reaction is catalytic in Pd(O) and two new
bonds are created in the overall process.” Unsaturated [B-di-
carbonyl compounds,” monoalkynylcarbonates 9 substi-
tuted 4-pentinoic acids,'”" o-alkynyltrifluoroacetanilides,'*

Pd(OAc), cat
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2-propargyl-1,3-dicarbonyl compounds 3 0-alkynylphenols,'**
alkyl 3-oxo-6-heptinoates,'® alkynes containing alcohols'®
or tosylamides'?” are suitable precursors for such interesting
cyclisations. Some examples from the groups of Cacchi,
Balme, Inoue and Luo are shown in Scheme 35.

Using this concept, Balme has achleved the total synthesis
of the triquinane terpenoid A®'?-capnellene'® and the
formal total synthesis of the anti-ulcer agent U-68,215%'%
(Scheme 36).

In a varlatlon of this method developed by the same
authors,'' the conjugate addition of an allylic alcohol to a
Michael acceptor generates a stabilised malonate anion,
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Scheme 39.
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Scheme 40. X:O, NR, CHzO, CHzNR, C(COz,R)z, CHzc(COZR)Z
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Scheme 41. (i) 5 mol% Pd(OAc),, 5 mol% PPh;, NBu,Cl, Na,COs, 100°C.

which undergoes in situ intramolecular palladium catalysed
coupling, thereby affording substituted tetrahydrofuran
derivatives (Scheme 37).

4.2. syn Palladations

The carbopalladation reaction is especially suited to gener-
ate, by iterated inter and/or intramolecular C—C bond
formations, structurally complex cyclic products.

4.2.1. Intermolecular carbopalladations. If a o-alkyl-
palladium complex is generated in a structure embodying
an alkene, sequential reversible dehydropalladation/hydro-
palladation events may take place along the carbon
backbone, until the randomly migrating palladium atom
reaches the position allylic to the distal alkene. A m-allyl-
palladium complex is thus generated and this may be
trapped in situ by a suitable nucleophilic species.''" Aryl
iodides react in this way with a,w-dialkenes and active
methylenes or amines, in the presence of Pd(0), to give an
intermolecular three-component coupling. With the 1,13-
diene described in Scheme 38, the XPdH migration
involves 484 discrete mechanistic steps for the global
process.

In an analogous manner, the Ozaki—Heck reaction
between an amino-1,3-diene and an aryl halide generates
an w-allyl complex, which can undergo intramolecular
allylic amination in an enantioselective manner
(Scheme 39).!'

Larock et al. found that aryl halides bearing o-substituted
heteroatoms or carbanion stablhsmg groups can couple with
1,2-,'%1,3-,"3 1 4-dienes,'"* unsaturated cyclopropanes and

spiro
| | mode

[PdIX
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H
. H
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Me Me
] 98%
cyclobutanes,'” under Pd(0) catalysis. These processes

involve the initial oxidative addition of Pd(0) to the halide,
followed by carbopalladation of the unsaturated system and
final nucleophilic trapping by the internal nucleophile
(Scheme 40).

In an analogous way, o -iodoaniline and its derivatives react
with internal alkynes''® to give indoles. The mechanism is
expected to proceed through a regioselective syn insertion
into the arylpalladium bond, followed by nitrogen dispace-
ment of the halide in the resulting vinylpalladium inter-
mediate to form a six-membered heteroatom-containing
palladacycle, which eventually undergoes reductive
elimination (Scheme 41).

4.2.2. Intramolecular carbopalladations. Linear-fused
and spiro-mode carbopalladations. Depending on the rela-
tive disposition of the unsaturations in the backbone of the
precursor, and on the sequence of the reaction events,
several modes can be distinguished in cyclic carbopallada-
tions. A linear-fused-mode carbopalladation may be
obtained with substrates having the starting, the relay, and
the terminating groups each connected by a trisubstituted
atom. For structural reasons the relay group has to be
located vicinal to the tripodal atom.'"” When a 1,1-disubsti-
tuted alkene acts as relay, a spiro-mode cychsatlon is
realised.'”® If the relay function is an endocyclic alkene
bearing the starting and the terminating moieties on two
allylic cis dis g)osed arms, triquinane-type structures may
be obtained.'"” If the relay species is an exocyclic alkene,
and the starting and the terminating species reside on the
two vicinal geminally- dlsposed arms, propellane-type struc-
tures may be formed.''"® In all cases premature termination
of the o-alkylpalladium intermediate (not shown) is eluded

R linear-fused R
X | mode [Pd)X
—

linear-fused
mode ) % mode )
n

triquinane [Pd]X

Scheme 42.

propellane
[Pd]X
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Scheme 47. (i) 10% mol Pd(OAc),, 20% mol PPh;, NEt; (2.5 equiv.), BuyNHSOy, (1 equiv.), CH;CN, 80°C, 15-24 h.

thanks to the lack of a (-hydrogen syn-periplanar to
palladium (Scheme 42).

The elegant use of two subsequent (inter and intramolecu-
lar) Ozaki—Heck reactions allowed Tietze et al. to build uE) a
steroid derivative'?’ and aza-heterocycles (Scheme 43).12

Gaudin'*? developed an interesting Pd(0) catalysed annula-
tion between an allyl epoxide and a bromoallyl malonate, to
form five-membered ring systems. The reaction proceeds
via initial alkylation of the malonate anion with the epoxide-
derived m-allylpalladium, followed by oxidative addition of
Pd(0) on the vinylic bromide. The subsequent intramolecu-
lar carbopalladation, and dehydropalladation complete the
sequence (Scheme 44). It should be pointed out that,
although the global transformation is carried out using a
single catalytic system, the process involves two inde-
pendent catalytic cycles. This protocol cannot therefore be
strictly defined as a true domino process.

The first experiments on sequential carbopalladation via
generation of o-alkylpalladium derivatives lacking (3-cis-
hydrogens (living) have been described by Overman in the
first total synthesis of scopadulcic acid, the active principle

PhO,S.

—
PhSO.—N
—

SRR N .
; —>

of the medicinal plant Scoparia dulcis. In this elegant spiro-
mode Pd(0) catalysed bis-cyclisation, the initial oxidative
addition of the dienyl iodide is followed by two consecutive
intramolecular carbopalladations and a final dehydropalla-
dation. Since the first carbopalladation is not highly face-
selective, a mixture of diastereoisomers is obtained in the
final product (Scheme 45).123

A related strategy has been elegantly developed by
Shibasaki et al. in connection with the synthesis of (+)-
xestoquinone. In this example (S)-BINAP is responsible
for the enantioselectivity of the carbopalladation step
(Scheme 46).'%*

Sinou'® et al. have developed a one-component palladium-
mediated intramolecular cyclisation on a glucal-derived
template, obtaining an enantiopure triquinane-type product.
The process starts with the formation of a o-vinylpalladium
intermediate which is followed by two consecutive intra-
molecular carbopalladations and by a final dehydropallada-
tion (Scheme 47).

Grigg has recently reported examples of linear-fused bis-
and tris-cyclisations which are terminated by a Friedel—

Lo (D
N\ { =
PhO,S-| [Pdll pPhO,S~ _
—» — N
0 O

50%

Scheme 48. (i) 10% mol Pd(OAc),, 20% mol PPhs, 1 mol T1,COs, anisole, 130°C, 24 h.

X

———

X D
0o
Oox

Scheme 49. (i) Pd(OAc), cat/PPhy/TIOAc cat/MeCN (67%); (ii) PA(OAc), cat/PPhs/NEt;/MeCN (45%).
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Scheme 50. (i) Pd,(dba);-CHCl;, PPh;, AcOH, PhH, 50-55°C.

Crafts type alkylation.'”® These reactions occur on both
electron rich and electron poor heteroaromatic rings
(Scheme 48).

When such intramolecular syn-carbopalladations are
followed by intermolecular syn-carbopalladation (nor-
bornene capture), subsequent 3-exo-trig carbopalladation/
dehydropalladation or Friedel-Crafts type condensation
may take place, depending on the reaction cond1t10ns as
well as on the nature of the substrate (Scheme 49).'?

When the relay function is an allene, the add1t10n takes
place at the central carbon atom, thereby giving an m’-allyl-

50%

Scheme 51. (i) 10 mol% Pd(dba),, 40 mol% trifurylphosphine, AcOH, 110°C, 2 h.

EtO,C . ! EOLC

Qe
>
3]

EtO,C

[PdIOAC

Scheme 52. (i) Pd(dba), cat/PPh;/AcOH/CO (65%).

N\ — FEOgC

76-77%

palladium complex. Trapping of such a complex by azide
anion can eventually be followed by 1,3-dipolar cyclo-
additions.'?

Propellane structures have been obtained by Trost et al. by
reacting 2-allyl-2-homopropargyl-1- meth?flenecycloalkanes
in the presence of Pdy(dba); and AcOH. ° The success of
the synthesis depends on the regioselective formation of the
secondary vinylpalladium intermediate, and on its regio-
selective addition to the exocyclic double bond (Scheme 50).

Oppolzer and De Vita'* have reported an interesting linear-
fused palladium catalysed tris-cyclisation of a bis-allylically

HO,C
d.r.7:1

{an T

[PdJOAC
AcO[Pdj
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PA(PPhg), cat.
/c/ AcOH CO (1 atm)
80 /90 °C
X OAc

Scheme 53.

substituted cycloheptene (Scheme 51). The initially formed
m-allylpalladium undergoes three subsequent intramolecu-
lar carbopalladations before the final dehydropalladation.
Worthy of note, the two postulated alkylpalladium inter-
mediates I and IT undergo carbopalladation even if 3-hydro-
gen atoms are present.

Keese et al. similarly succeeded in building up the
fenestrane skeleton, the final product being obtained via a
double intramolecular carbopalladation/CO insertion
sequence (Scheme 52).130

Takahashi et al. submitted an alkenyl-allenyl—allyl
acetate to domino cyclisation—carbonylation thereby
achieving five and six consecutive C—C bond formations
(Scheme 53)."!

Tietze and Schirok'* have recently reported the formal
synthesis of the parent compound of a family of anti-
leukemic drugs, cephalotaxine, by means of two sequential

-

cephalotaxine g

5979

30%

47%

palladium-catalysed processes. The strategy relies on a
5-exo intramolecular allylic amination, followed by a totally
diastereoselective intramolecular Ozaki—Heck reaction, to
give the desired benzazepine (Scheme 54). The two trans-
formations, however, need two different catalytic cycles and
have been performed separately.

A wide variety of heterospirocyclic compounds have been
obtained by Grigg et al. via intramolecular carbopalladation
of a o-arylpalladium complex into a 1,1-disubstituted
alkene under carbonylative conditions. In the example
shown below the anionic capture was effected by an internal
malonate anion (Scheme 55).'*

The intramolecular carbopalladation on a linear structure
containing sequentially and properly disposed gem-
disubstituted alkenes generates a cascade of /iving alkylpal-
ladium complexes until the metal is internally or externally
released. Using this strategy Trost et al.''"® succeeded in
synthesising a hexaspirane system from a totally acyclic

85%

*ii

%ﬂﬁ

Pdl

PdOAc
IP\
oTol oTol [

Hermann cat =

Scheme 54. (i) 8 mol% Pd(PPh;),, NEt; (1.7 equiv.), CH;CH, 50°C, 10 h; (ii) 6 mol% Herrmann cat., n-BuyNOAc (2.2 equiv.), CH;CN/DMF/H,0 (5/5/1).

CO,Et EtO.C
COEt
Et0,C7 :
| COEt 2 : [Pd]i
N Pl _,, -
CO.Et O
y y y
SOzPh SOzPh SOPh

Scheme 55. (i) Pd(OAc),, PPh;, CO, CH;CN, AcOTI, 80°C, 24 h (50%).
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Scheme 56. E=PhSO, (i) 2.5% (dba);Pd,-CHCl;, 10% Ph;Sb, AcOH, PhH, 50-65°C.

"Dumbbell” mode

Scheme 57.

precursor, thereby generating seven new bonds in one
synthetic operation (Scheme 56).

Dumbbell mode and circular carbopalladations. The dumb-
bell-mode carbopalladation cascade involves generation of
the starting C—Pd bond in a linear structure in a distal posi-
tion with respect to other juxtaposed unsaturations. This
cyclisation mode, which works well with alkynes, allows
the building up of pairs of Cgy-linked ring systems, '3
Upon iteration of the process, however, intramolecular
processes may take over this linear process according to a
circular-mode cyclisation. Pericyclic reactions such as

"Circular" mode

—_—
—_—

"Circular" mode

—_—

—_—
Y

Diels—Alder, ene, electrocyclic, and Cope, may serve as
the final cyclisation step (Scheme 57).

When a o-vinylpalladium complex interacts with two
alkyne moieties a variety of substituted benzene derivatives
can be obtained via a formal [2+2+2] cyclisation
(Scheme 58).

The totally intramolecular processes (type I-a and I-b)
proceed smoothly and in good yield when leading to five-
and/or six-membered rings.'3>%3 The initially formed
alkenylpalladium derivative undergoes a dumbbell mode

G, = T & N

type la type b

Scheme 58.

type la

O
E = \"l |—> E
E \\ Me 67% E

type ll-a

type Il-b type ll-c

0 type Ib

(o]
E
ii ><:\X%/ H
-~ E Br
Me 85% Me

E = CO;Et

Scheme 59. (i) 3% mol Pd(PPh;),, 5 mol% AcOH; (ii) 3% mol Pd(PPhs),, NEts.
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Scheme 60. (i) 5 mol% Cl,Pd(PPh;),, 10 mol% n-BuLi, NEt; (2 equiv.), DMF, 1-octyne.

exo cyclisation to give a bicyclic alkenylpalladium
complex, which takes part in the last cyclisation
(Scheme 59). Less obvious is the mechanism of the latter
cyclisation, which could involve either an electrocyclic
process or an endo carboPalladatlon both being followed
by dehydropalladation.®

Reactions of type II-a are usually more complicated than
those of types II-b, and II-c, where the vinyl halide serves to
specify the starting site. Benzene derivatives or bicyclic
fulvenes are formed in the last two reaction modes,
respectively. In both cases, the rate of the intermolecular
carbopalladation of the monoyne has to be greater than
that of the unreacted haloenyne, and the termination must
be faster than homooligomerisation of the monoyne. The
5-exo versus 6-endo preference can be understood on the
basis of the different conformational rigidity of the trienyl-
palladium intermediates deriving from the two routes
(Scheme 60).'265%
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Scheme 61.

“Dumbbell” mode

from type la or Ib [Pd]X

QZQ "tail-biting” mode | R=AlkylorH
3-exo 5-ex0
\ R

Scheme 62.

' R=H T "Circular" mode Q:Q
e — \ o \‘}t/

Related cyclisation modes can occur with an alkene as the
terminating species (Scheme 61).

Enediynes and halodienynes (types I-a and I-b), undergo
dumbbell-mode intramolecular bicyclisation processes. If
the transient o-alkylpalladium species carries a 3-cis-hydro-
gen, dehydropalladation affords 1,3,5-trienes, which can in
turn undergo an electrocyclic rearrangement to produce
cyclohexadienes. If geminally disubstituted alkenyl
groups are used as the terminating species, the [living
palladium complex may undergo either a 3-exo, or a
5-endo process followed by a 3-exo carbopalladation,
before the final dehydropalladation.'*”%** The 3-exo cyclo-
propanation process, known as tail-biting, is an intriguing
side reaction that may short-circuit a carbopalladation
cascade when a homoallylpalladium is transiently
generated. Since it is a reversible process, the formation
of cyclopropanated products can sometimes be prevented
(Scheme 62).%%

X +
=~

type ll-a type lI-b type ll-c

“tail-biting" mode
—
R
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Scheme 63. (i) 10 mol% Pd(OAc),, 20 mol% PPh;, 3 equiv. K,CO;3;, CH;CN, 60°C, 3 days.

Treatment of the 2-bromododeca-1,11-diene-6-yne shown
in Scheme 63 with the palladium catalyst system gave a
bisannelated cyclohexadiene. The mechanism involves an
initial 5-exo-dig, followed by a 5-exo-trig cyclisation.
Dehydropalladation affords the hexatriene intermediate
which suffers 6mw-electrocyclic rearrangement. The
complete diastereoselectivity of the reaction depends on
the influence of the methoxy group on the rotaselectivity
of the final electrocyclic rearrangement. In fact, only one
of the two possible thermally allowed disrotatory move-
ments takes place, bringing the methoxy and the phenyl
group in a trans relationship!'*¢*136¢630634138 (geheme 63).

136¢,137¢c 134

Further experiments by de Meijere and Negishi
involved appropriate substrates where the final dehydropal-
ladation is forbidden (Scheme 64). In the absence of

B-hydrogens, the neopentylpalladium intermediate interacts
with one of the adjacent alkenes, and competitive 3-exo-
trig/dehydropalladation or a 5-exo-trig/3-exo-trig/dehydro-
palladation took place, facilitating access to complex tri-
and tetracyclic structures.

Further studies involved the 2,12-dodecadiene substrate.
The expected 1,3,6-trienyl system was obtained in the
presence of silver carbonate at 80°C. When the reaction
was run at 130°C in the presence of potassium carbonate,
however, only the cis-disubstituted bicyclopentylidene
derivative was obtained, along with the tetracyclic
compound arising from the intramolecular Diels—Alder
reaction of the trans isomer (Scheme 65).136°

As discussed earlier for the reaction between diynes and

ls - exo - trig 13 - exo - trig
E
CHa (Pd]Br E
E 3 - exo - trig N CH CH,
! 3 CH.
- E E 3| —» ¢
[Pd]Br

30%

35%

Scheme 64. (i) 3 mol% Pd(PPh;),, NEt; (2 equiv.), CH;CN, 12 h, A; (ii) 3 mol% Pd(OAc),, 12 mol% PPh;, Ag,COs (2 equiv.), DME/CH;CN, 60°C.
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Scheme 65. (i) 3 mol% Pd(OAc),, 12 mol% PPh;, 2 equiv., Ag,CO;, CH;CN, 80°C, 8 h; (ii) 11 mol% Pd(OAc),, 20 mol% PPh;, 3 equiv. K,CO3;, CH;CN,

130°C, 14 h.

monoynes, the selective co-cyclodimerisation of diynes
with monoenes (type II-a) is a disfavoured process. The
type II-b process might be favourable provided that the
monoene is more reactive than the alkyne of a second
molecule. Type II-c is a known favourable process. When
vinyl halides are used, a o-alkylpalladium intermediate
containing a conjugated diene moiety is generated. If a
B-cis-hydrogen is available, dehydropalladation is the
predominant path leading to conjugated hexatrienes
(Scheme 66a).°® Further cyclisation to give cyclo-
hexadienes can also be observed. If the (-hydrogen is
lacking, apparent endo mode carbopalladation is observed
(Scheme 66b).%%* Five-membered rings are obtained via exo
mode carbopalladation with aryl halides®® and allyl acetates
(Scheme 66¢,d).*

[PA]X

Extension of the palladium catalysed cycloisomerisation to
1,7-enynes allowed Trost et al. to develop a new strategy for
the synthesis of ring A of la-hydroxy-vitamin D."** In this
type II-c cyclisation, the vinyl bromide undergoes oxidative
addition and interacts with the alkyne function, starting the
cyclisation process. Under these reaction conditions the
undesired further electrocyclic cyclisation is prevented
(Scheme 67).

Propargyl carbonates are known to react with Pd(0)
complexes to give the corresponding allenylpalladium deri-
vatives. Their 5-exo intramolecular carbopalladation with a
1,1-disubstituted alkene generates a /iving o-alkylpalladium
complex which can tail bite. The resulting o-vinylpalladium
derivative can in turn undergo external nucleophilic
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X E o E E
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E E+ < [PdIX
E = COoEt | . R=Me E E .’O
e
X E X E
Y
Y
Y= l\Dz, CN, CF3 Y
R=Me E
[Pd]OAC E
—— A
d /\/OAC c ~ P ] :
Scheme 66.

R = CH(CH 3){CH )3C(CH 3),OH
R' = TBDPS

Scheme 67. (i) 2% (dba);Pd,-CHCI;, 20% mol PPh;, PhCHj;, reflux 2 h, TBAF (3 equiv.).
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Scheme 68. (i) 10 mol% Pd(OAc),, 20 mol% PPhs; (ii) 10 mol% Pd(OAc),, 40 mol% AsPhs.
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Scheme 69. (i) 10 mol% Pd,(dba);, 40 mol% AsPh;, Bu;SnR, THF, reflux 16 h.

trapping with sodium tetraphenylborate, carbon monoxide/
methanol, or organostannanes.'* In the latter case the use of
the milder donor triphenylarsine'*' as the Pd ligand is
preferred. The sequence allows the one-pot construction
of azabicyclo[3.1.0]hexanes (Scheme 68).

Using a propargylic carbonate as the starting group'** and
two juxtaposed alkynes as relay functions, Grigg et al
effected a tricyclisation leading to a steroid-like backbone
(Scheme 69)."* A wide variety of stannanes could be used
for the anionic capture. Although the exact mechanism of
this circular carbopalladation is still a matter of speculation,
it appears that the starting o-allenylpalladium species is
involved in three consecutive intramolecular carbopallada-
tions followed by nucleophilic trapping.

Zipper-mode carbopalladations. The zipper-mode carbo-
palladation cascade can be performed when the starting
C-Pd bond is located in a linear backbone between the
reacting unsaturations (usually alkynes). Repeated carbo-
palladations sequentially join the unsaturations of the two

Ph
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N
N SOPh
SO.Ph 62%
| N N
G FaX Bl o
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COMe COMe

l
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1 |
COMe COMe

opposite arms leading to a polycyclic structure.'** These
exceptionally selective and clean transformations rely on
the fact that five- and six-membered ring formation is
much faster than the formation of four-membered and
medium-sized rings.**® This cyclisation represents an
elegant approach to the synthesis of polyfused systems,
and is complementary to the well-known enzymatic cycli-
sation of oxidosqualene to sterols (Scheme 70).144

A zipper-mode cascade involving vinyl iodides as starting
species, and alkynes or 1,1-disubstituted alkenes as relay,
has been reported by Grigg.'* In these cases allene carbo-
palladation could be achieved prior to the final nucleophilic
trapping (Scheme 71).

"Zipper" mode
PdX

Scheme 70.
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Scheme 71. (i) Pd(0)/K,CO;3, C(CH,), (1 atm), DMF 70—-75°C, Nu=NaO,SPh.
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Scheme 72. (i) 5 mol% Cl,Pd(PPh;),, NEt; (2 equiv.), CO (1.1 atm), MeOH, 70°C, 1 day; E=CO,Et.

These cascades can be terminated internally, by dehydro-
palladation, or externally, by anionic capture. A final carbo-
nylative esterification could also be efficiently achieved by
intramolecular trapping of the acylpalladium intermediate
without premature CO incorporation (Scheme 72).°*" These
studies indicate that the intramolecular carbopalladation of
alkynes to give five- or six-membered rings (as opposed to
that of alkenes) are strongly favoured over cyclic acylpalla-
dation (addition of acylpalladium bonds to alkenes) to give
five-, six-, and seven-membered ketones. In line with the
reversibility of the CO insertion process, competition
between cyclic carbopalladation and CO insertion depends
on CO pressure and on the availability of strategically posi-
tioned trapping species, such as an internal OH function.
Similar intramolecular trappin%s of acylpalladiums could
also be obtained with enolates.

5. Concluding Remarks

The authors hope to have been able to give the reader a
satisfactory picture of what organic chemists are able to
achieve with the help of palladium in the domain of multi-
stage processes. The discovery of the ability of this
transition metal to interact with organic moieties, to connect
inter- or intra-molecularly alkenes, alkynes, carbon mon-
oxide, etc. in cascading processes is certainly a break-
through in organometallic synthesis. It must be
remembered that the astonishing simplicity of realising
many complex polycyclisations is sometimes directly
proportional to the labour required for the synthesis of the
cyclisation precursor. The possible modes by which a living
organopalladium complex can be engaged in consecutive
bond formations, or the way in which two sequential
palladium catalysed processes can be coupled by using a

single catalytic system,'*® is only limited by a chemist’s
imagination and it is the authors’ belief that more and
more spectacular examples are still to come!
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