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A. INTRODUCTION

Although the organometallic chemistry of palladium is dominated by oxidation state �2
for palladium, Pd(0) complexes play a significant role in organic synthesis and there is a
rapidly developing field of Pd(IV) chemistry of potential and demonstrated applications
in catalysis. In contrast, the odd electron configurations, d9 and d7 for Pd(I) and Pd(III),
respectively, have been less successfully developed and indeed elusive for Pd(III).

B. Palladium(I)

The odd electron configuration for Pd(I), as expected, generally gives rise to Pd—Pd
bonding and there is an extensive chemistry of such complexes with �-bonding
ligands.[1]–[4] Typical structural types are shown as 1–4 in Scheme 1, and complexes
with other ligands such as benzene, cyclopentadienyl, and indenyl[2] have been charac-
terized.

In view of the important role of allyl ligands in organic synthesis it is of interest to
note that Pd(I) complexes of these ligands may be obtained in a similar manner to those
of Pd(II) complexes,[5],[6] for example, reaction of allyl acetate with Pd(0) reagents to give
both 1 (L � PPh3) and Pd(�3-C3H5)(O2CMe)(PPh3). Complexes are also formed on
reduction of Pd(II) species, for example 1 (X � Cl, L � PPh3) on reaction of [Pd(�-Cl)
(�3-C3H5)]2 with PPh3 in the presence of sodium methoxide,[7] and 2 (L � PPh3) on reac-
tion of Pd(�3-C3H5)2 with PPh3 at 0 °C via Pd(�3-C3H5)(�1-C3H5)(PPh3).[8]

Electrochemical studies of both �-bonded and Pd—C �-bonded species have been
reported,[9]–[14] with evidence for Pd(I) species, although in these cases the assignment of
oxidation state may be regarded as more of a formalism than for 1–4, where there is at
least the presence of a Pd—Pd bond to support assignment of oxidation state �1 at the
metal center rather than electron transfer at the organic ligands. Typical examples include
Pd(�5-C5Ph5)(�4-diene),[10],[11] and closely related studies of 3,[9] which undergoes a three-
step electron transfer process 32� 4 3� 4 3 4 3�.

There is one report of the synthesis of �1-hydrocarbylpalladium(I) complexes,[15] for
example, 5 is formed by reaction of Al2Me6 with a Pd(I) precursor [PdCl(�-dppm)]2 at
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�78 °C (Scheme 1, R � Me; X � Me, Cl). Complex 5 (R � Me, X � Cl) readily under-
goes disproportionation to Pd(0) and Pd(II) species, and it is thus intriguing that a wide
variety of pentahalogenophenylpalladium(I) complexes are formed in the reverse
reaction,[12],[16],[17] for example, the reaction of Pd2(dba)3	CHCl3 with trans-[PdX(C6F5)
(�1-dppm)]2 to form 5 (R � C6F5, X � Cl).[16]

C. PALLADIUM(III)

Palladium(III) complexes are also expected to exhibit Pd—Pd bonding, but to date there
appear to be no examples where this oxidation state or Pd—Pd bonding has been clearly
demonstrated in the presence of “innocent” ligands.[12],[18]–[20] For example, electrochemi-
cal oxidation of a (1
-phenyl)-2-pyridylmethylpalladium(II) dimer in acetonitrile may
form 6 (Scheme 2), although it has not been established whether this contains a Pd—Pd
bond.[20] Oxidation of the pincer palladium(II) complex 7 has been shown by EPR spec-
troscopy to occur at the ligand rather than the metal atom.[19] A series of mononuclear
radical species for which assignment of formal oxidation state is problematic have been
detected.[18],[19]
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D. PALLADIUM(IV)

D.i. Synthesis and Structure

A series of pentafluorophenylpalladium(IV) complexes obtained on chlorine oxidation of
Pd(II) substrates was reported in the 1970s.[17],[21],[22] The first hydrocarbylpalladium(IV)
complex was isolated by addition of MeI to PdMe2(bpy) in 1986 (Scheme 3),[23],[24] and
the field developed rapidly thereafter.[12],[25],[26] All of the PdIV—C �-bonded complexes
isolated, or detected in solution prior to decomposition, have been obtained via oxidation
of organopalladium(II) complexes or, in a limited number of cases, via ligand exchange at
Pd(IV) centers.[27],[28] In a recent report the first examples of �5-bonded complexes have
been described, obtained by complex reactions involving insertion into Si—Si bonds and
Si—C coupling (Scheme 3).[29],[30] There are many reports,[1],[31]–[59] together with some
referred to elsewhere in this section, that suggest the occurrence of undetected Pd(IV)
species in reactions of Pd(II) complexes.
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Examples of the oxidants used to date for the synthesis of PdIV—C �-bonded com-
plexes are shown in Schemes 3 and 4 (with the oxidants shown in parantheses). Thus,
organic halides oxidize diorganopalladium(II) complexes[23],[24],[60]—[90] to form tri-
organopalladium(IV) species; halogens form mono- or diorganopalladium(IV)
species;[77],[79],[84] dibenzoylperoxide, diphenylsulfide, and diphenyldiselenide oxidize
diorganopalladium(II) complexes[91],[92]; and even water will oxidize electron-rich
tris(pyrazol-1-yl)borate complexes.[84],[93] There is one report of the oxidation of a
monoorganopalladium(II) complex by an alkyl halide,[77] and an earlier reaction for
which NMR spectra indicated that an unstable Pd(IV) complex may have been formed.[94]

Other examples of isolated or spectroscopically detected complexes are shown in later
schemes [diagrams 23 and 26 (Scheme 6), 27, 29, 31, and 32 (Scheme 7), and 40 (RX �
Br2, Scheme 11)].
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All Pd(IV) complexes examined crystallographically are octahedrally coordi-
nated,[23],[24],[28],[30],[60],[71],[73],[82],[84],[87],[89],[91] as expected for the d6 configuration, and the di-
and triorganopalladium(IV) complexes have cis-PdR2

[84],[91] and fac-PdR3 configura-
tions,[24],[28],[60],[61],[71],[73],[82],[87],[89] respectively. Both neutral[23],[24],[28],[30],[71],[73],[82],[84],[87],[89],[91]

and cationic[24],[60],[84] complexes have been examined crystallographically, including 9, 11,
13 (RX � MeI), 15, 17, 20 (X � OH), and 22 (X � Se). All complexes detected have a
bidentate or tridentate ligand, including intramolecular coordination systems such as
[C(sp2)�N�N]� (16), [C(sp3)�N�N]�,[77] or [C(sp3)�N]� (17). The polydentates may be
either hard or soft donor ligands, for example bidentate nitrogen in
phen[24],[62],[64],[67],[71],[73],[74],[76],[78],[88],[91] or TMEDA,[65],[70] or tripodal oxygen (15) or sulfur
(14). Examples of compounds containing these ligands are shown in Schemes 3 and 4. Al-
though all complexes contain polydentates, for those complexes containing an additional
unidentate ligand there is a wide range of ligands that will support Pd(IV), including halo-
gens (F, Cl, Br, I), pseudohalogens and carboxylates,[27] arenethiolate and areneseleno-
late,[91],[92] and hydroxo and aqua ligands.[84]

Organic groups bonded to Pd(IV) include alkyl, benzyl, allyl, propargyl, allenyl, aryl,
and the cyclic systems shown in Scheme 4 and 29 (Scheme 7).[86] Organopalladium(IV)
motifs PdAr (16); PdMe2 (21, 22)[79],[91],[92]; PdMe2R (R � Me,[23],[24],[28],[60],-

[61],[63]–[66],[73],[75],[79],[81],[82],[87] Et,[61],[68],[69],[82] Pr,[69] Bn,[61],[64],[69]–[72],[77],[79],[82],[83]

CH2CH"CH2,[61],[68]–[70],[82] Ar,[80],[82],[95] ArCOCH2,[73] CH2C#CR and CH"C"CH2,[88]

8-methylquinolinyl);[89] PdMeArR (R � Et,[89] Bn[80],[82],[85],[90],[95] including a periphery
palladated dendrimer,[89] 8-methylquinolinyl,[89] CH2CH"CH2

[82]; Pd(CH2CH2CH2CH2)R
(R � Me, Et, Bn, allyl, CF3)[82],[86],[96]; the palladacyclic system shown in 27 (Scheme 7)
for oxidative addition of methyl, benzyl, and allyl halides[62],[67],[74],[76]; Pd(2-CH2OC6H4-
C,C )R (R � Bn, CH2"CH2)[78]; Pd{C(sp3)�N�N}Me2

[77]; and dibromopallada(IV)-
cyclopentadienes as in 40[55] (Scheme 11) have been detected. In all cases the formation
of additional Pd—C bonds on oxidation of Pd(II) substrates occurs via oxidative addition
of methyl, ethyl, propyl, allyl, benzyl, naphthylmethyl, phenacyl, propargyl, or 
8-methylquinolinyl halides, or methyl triflate at Pd(II) centers.[65] Arylpalladium(IV)
complexes such as 16 and 17 (Scheme 4), 23 (Scheme 6), and 27 (Scheme 7) are ob-
tained on oxidative addition of chlorine or C(sp3)—X (X � halogen) bonds to arylpalla-
dium(II) complexes.

Detailed kinetic studies of the oxidation of Pd(II) substrates have been reported only
for the reactions of PdMe2(L2) (L2 � bpy, phen) with MeI [63],[69],[81] and BnBr.[64] The re-
actions exhibit second order kinetics with activation parameters typical for the classical
SN2 mechanism, for example, highly negative values for �S‡ consistent with the mecha-
nism shown in Scheme 5. In agreement, solvento-intermediates can be detected in many
cases. Thus, for the reaction of Scheme 5, low-temperature NMR studies have shown
the intermediacy of [PdMe3(bpy)]� in (CD3)2CO (where the cation is assumed to be
solvated).[73] Also, the complex PdIMe3(bpy) forms an equilibrium with
[PdMe3(bpy)(NCCD3)]� in CD3CN [24] and PdMe2(TMEDA) reacts with methyl triflate in
CD3CN to form [PdMe3(TMEDA)(NCCD3)]�.[65]

Similar kinetic parameters have been reported by Stille and co-workers for the reaction
of cis-PdMe2(PPh2Me)2 with MeI to form trans-PdIMe(PPh2Me)2 and ethane (Scheme
5),[36] except that this reaction is �6000–7000 times slower than the reaction of
PdMe2(bpy). In the case of cis-PdMe2(PPh2Me)2, oxidative addition is slow compared
with reductive elimination of ethane and hence the Pd(IV) intermediate is not detected
spectroscopically. The detection of a cation intermediate for the reaction of PdMe2(bpy)



(Scheme 5) and the requirement of ligand dissociation in reductive elimination (see Sect.
D.ii) imply that the intermediate phosphine complex may be [PdMe3(PPh2Me)2]� or
[PdMe3(PPh2Me)2(solvent)]� rather than PdIMe3(PPh2Me)2. Thus, the development and
study of isolable Pd(IV) complexes, in particular of the archetypal reaction of Scheme 3,
support the pioneering work of Stille suggesting the formation of transient undetected
Pd(IV) species in reactions of alkyl halides or halogens with diorganopalladium(II) com-
plexes containing phosphine donor ligands.[31],[32],[34]–[36]

D.ii. Reactivity

Organopalladium(IV) complexes are stable toward water and oxygen and toward any ex-
cess oxidant used in their synthesis.

In almost all reactions of Pd(IV) complexes it appears that loss of a donor group to
give a five-coordinate intermediate is required, although the potential involvement of a
weak solvent coordination interaction cannot be discounted at present. Solvated cations
have been detected by NMR spectroscopy[64],[65],[73] and these species are known to be
fluxional when they contain the fac-PdMe3 unit, for example a �G‡ of 53 kJ mol�1 has
been estimated for exchange of axial and equatorial methyl group environments in
[PdMe3(TMEDA)(NCCD3)]�.[65] Silver(I) salts may be employed at low temperature to
exchange bromide in PdBrMe2Bn(bpy) to form a series of complexes PdXMe2Bn(bpy)
(X � F, Cl, I, O2CMe, N3, OCN, SeCN, O2CPh, O2CCF3)[72] and to effect the exchange of
both iodide and bpy to form 15 [28] (Scheme 4).

Preliminary halide loss is also implicated in alkyl halide exchange reactions of Pd(IV)
complexes with Pd(II) [80],[85] and Pt(II) complexes,[64] for which an example is shown in
Scheme 6. The reactions are strongly retarded by added halide ion, and kinetic studies of
the reaction of PdBrMe2Bn(phen) with PtMe2(phen) reveal second order kinetics and a
strong inverse dependence on [Br�].[64] Together with the observed selectivity for
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exchange, BnI � MeI, a mechanism (Scheme 6, where cations may be solvated) directly
related to the oxidative addition process (Scheme 5) is anticipated. Methyl group
exchange between Pd(II) and Pd(IV) presumably occurs also during reactions of
[PdMe2{(pz)3BH}]� with halogens or water to form PdIVMe3{(pz)3BH} and
“PdIIMe{(pz)3BH}”.[84] These reactions are directly analogous to reactions of the
pallada(II)cyclic complex 18 in Scheme 4, except that in the latter cases the product
PdIV(CH2CH2CH2CH2)(X){(pz)3BH} (X � OH, Cl, Br, I) cannot undergo alkyl group
exchange reactions with the reagent nucleophile [PdII(CH2CH2CH2CH2){(pz)3BH}]�

because of the constrained nature of the palladacycle rings.
Kinetic studies of the decomposition of PdIMe3(bpy) reveal first order behavior and a

strong inverse dependence on [I�], again consistent with preliminary halide loss
(Scheme 7).[63],[81] Decomposition of triorganopalladium(IV) complexes occurs almost
exclusively via C—C coupling and is generally “clean” in the solid state unless the
Pd(IV) complex is exceptionally stable. Studies of the reductive elimination of ethane
from PdIMe3(L2) (L2 � bpy, phen) have enabled the first estimates of Pd—C bond ener-
gies to be made (Scheme 7) and the values obtained are �10% less than for the most
practically comparable Pt(IV) complexes such as PtIMe3(PMe2Ph)2.[63],[64] A similar
decomposition occurs in the solid state for PdBrMe2Bn(L2) (L2 � bpy, phen), giving pre-
dominantly ethane, and in solution the selectivity for ethane is enhanced (100% for bpy;
75% Me—Me and 25% Me—Bn for L2 � phen).[64] Reductive elimination generally, but
not always, favors coupling Ar—Me � Me—Me � Me—Bn. Recent reports of decompo-
sition are shown in Scheme 7.[62],[86] Additional examples include PdBrMePhBn(bpy)
(23) giving Me—Ph,[80],[85] PdBrMe2Bn(TMEDA) (12) giving Me—Me,[70] and
PdIMe2Ph(bpy) giving Me—Me and Me—Ph in 4:1 ratio for which a selectivity in favor
of Me—Me rather than Ar—Me coupling is observed.[80] �1-Allylpalladium(IV) com-
plexes decompose to form �3-allylpalladium(II) complexes,[61],[68]–[70],[86],[97] as illustrated
in Scheme 7.[86] Pallada(IV)cyclic complexes also undergo C—C bond formation as the
first step in decomposition, for example, for the allylpalladium(IV) complex shown in
Scheme 7, and for 31 (Scheme 7), where Me—CH2 coupling is followed by decomposi-
tion of an undetected pentylpalladium(II) species.[86]
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Higher stability is favored by ligands that appear to encourage retention of octahedral
coordination rather than release of a donor group: ligands that do not create steric conges-
tion at the Pd(IV) center,[24],[27],[66],[69] rigid bidentate ligands,[24],[27],[66],[79] tripod
ligands,[24],[28],[60],[61],[69],[75],[82] and the [C�N]� donor illustrated by 17, which is the only
arylpalladium(IV) complex examined crystallographically.[89]

Carbon–halogen coupling at Pd(IV) centers occurs to a minor extent for some tri-
organopalladium(IV) species,[79],[98] and may occur in the decomposition of 31 although
other processes for formation of the C–I bond cannot be excluded for this reaction. How-
ever, for monoorganopalladium(IV) and diorganopalladium(IV) complexes, carbon–
heteroatom coupling appears to be a more prominent process in decomposition. Thus, for
diorganopalladium(IV) complexes containing arenethiolate and areneselenolate ligands,
C—C coupling is accompanied by C—S and C—Se coupling[92] as illustrated by 32 in
Scheme 7. The undetected complex Pd(O2CPh)2Me2(bpy) (21) decomposes in a complex
manner involving methyl group exchange to form PdMe3(bpy)(O2CPh), contrary to the
early report,[91] Pd(EPh)2Me2(bpy) (22) gives Me—Me and Me—EPh in 1:1 ratio,[91] and
16 forms PdCl2{2-ClC6H4CH2NMeCH2CH2NMe2-N, N
} quantitatively.[77]

E. PALLADIUM(I), PALLADIUM(III), AND PALLADIUM(IV)
IN ORGANIC SYNTHESIS

The chemistry of palladium in organic synthesis is dominated by the 0 and �2 oxidation
states, often with catalytic cycles involving two-electron oxidation and reduction steps.
Assignment of mechanisms involving other oxidation states in Pd-catalyzed reactions is
not straightforward in view of several reactivity characteristics of palladium complexes.
These include facile reduction of Pd(II) to Pd(0) by solvents and reagents under mild con-
ditions leading to Pd(0)–Pd(II) cycles, the ability of Pd(II) to facilitate aryl and alkyl
group exchange between Pd(II) centers and between Pd(II) and organometal reagents, sta-
bilization of Pd(0) catalytic species at low concentrations by a range of ligand/solvent
conditions, catalysis by di- and polynuclear palladium complexes and clusters, and the
documentation in other sections in this text of an extraordinary range of catalytic
processes that are readily accomplished at Pd(0) and Pd(II) centers. All of these factors
favor assignment of oxidation states 
 �2 in mechanisms, and thus the emphasis in this
section is placed on consideration of proposals for the involvement of higher oxidation
states.

Palladium(I) intermediates have been proposed for the telomerization of butadiene
with acetic acid yielding acetoxyoctadienes,[5] and in a recent review the involvement of
Pd(I) has been suggested for processes in which Pd(II) had been formerly suggested.[99]

These processes include alkene isomerization, methoxycarbonylation of alkynes to
acrylic esters, and the aryloxycarbonylation of allyl alcohol.

There is little speculation on the role of Pd(III) in synthesis, although its involvement
in the reactivity of electrochemically generated Pd(I) species has been canvassed[13] as
well as its possible role in oxidatively induced decomposition of Pd(II) species by organic
halides to generate reactive intermediates.[100]

Synthetic procedures for which Pd(IV) intermediates have been proposed, usually
with reservations by the authors on the potential involvement of Pd(0) and/or Pd(II) as
alternative intermediates, include the synthesis of triphenylenes and related compounds
formed by linking norbornene with aryl groups,[101]–[113] benzo[e]pyrenes,[104],[108],[110]
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2,6-disubstituted arenes and vinylarenes,[111],[114],[115] 6H-dibenzo[b,d]pyrans,[116]–[118] ace-
naphthylenes,[117],[119] annulated pyrans and furans,[120] dihydrocyclobutabenzenes,[121]

benzo[b]furans,[117],[122] 2-substituted indoles,[123],[124] 2-aroyldimethylaminomethy-
larenes,[37] 2,6-dialkylated benzaldehydes,[125] 2-aroylphenols,[126] indenones,[127] poly-
fused heterocycles,[128],[129] substituted pyrrolidines,[130] cyclopentenes,[131] esters and
diynes from terminal acetylenes and oxalate esters,[132] stannoles from ethyne
and SnR2

[133]; the Heck[118],[134]–[140] and Suzuki reactions[141]; coupling of terminal alkynes
with aryl bromides,[142] coupling of �-bromostyrene with norbornadiene,[143] reactions of
2-bromobenzaldehyde with methyl acrylate,[144] exchange and isomerization reactions
of alkenes,[145]–[150] dimerization of alkenes,[151]–[153] dimerization of allenyl ke-
tones,[154],[155] cooligomerization of butadiene with 1-azadienes,[156] addition of vinyl com-
pounds to dimethylacetylenedicarboxylate,[157] acetoxylation of arenes[158],[159] and related
reactions[51] forming C—O bonds, chlorination of azobenzenes,[160] orthoalkylation of
acetanilide,[41] reaction of arylazoxyarylsulfones with norbornene,[161] cyclization and
cycloisomerization of enynes,[117],[130],[131],[162]–[175] cycloisomerization of alkynyl N-
acylenamines,[169] addition of terminal alkynes to acceptor alkynes,[176],[177] double
carbonylation of prop-2-ynal acetals with subsequent reactions to give vinyl ethers,[178]

carbonylation of iodomethane and methanol to methyl acetate[179]; the synthesis of conju-
gated dienes from alkynes, tetramethyltin, and an organic halide;[55],[57] the preparation of
poly-p-phenylene,[180] and reactions of Si—Si bonded reagents with alkynes[181] and 
Si—Si bond metathesis.[29],[182]

Examples of some of these reactions are discussed below to illustrate key principles,
reactions that have support for Pd(IV) intermediacy from model reactions, and reactions
that are frequently interpreted by some researchers (but not others) as involving Pd(IV)
intermediates. In most of the mechanistic schemes presented below, an estimate of the
full coordination sphere of palladium species has not been attempted.

Classic examples of the difficulties in assigning a mechanism include that for C—C
coupling reactions (Scheme 8), where the Pd(0)–Pd(II) cycle appears to exclude homo-
coupling, but is apparently readily achievable for Pd(II)–Pd(IV) cycles (R—R from
PdIVR2R
) and for which there is ample precedent, for example, oxidative additions in
Scheme 3 (to form 9) and Scheme 4 (to form 12–14, 17, and 19) and reductive elimina-
tions from Pd(IV) complexes. However, there is evidence for the formation of bridging
species such as 33–35 in Pd(II) chemistry,[100],[183]–[188] thus allowing homocoupling via
Pd(0)–Pd(II) catalysis by, for example, Ar group exchange between PdIIXAr and 
PdIIArAr’ via L(Ar)PdII(�-Ar
)(�-Ar)PdIIXL2 (as 34) to form PdIIAr2, which may decom-
pose to Ar—Ar and Pd(0). Exchange of organic groups has also been demonstrated to
occur between monoorganopalladium(II) complexes and organometal reagents[188],[189]

and via the formation of palladates, for example, NMR spectra indicate the formation
of [PdPh2Me(PEt3)]� and [PdPh2Me2]2� on the reaction of trans-PdPh2(PEt3)2 with
LiMe.[190]

Although there are ample precedents for the formation and decomposition of Pd(IV)
complexes, including for undetected phosphine complexes (Scheme 5), where the oxi-
dants involve C(sp3)—X bonds, two-electron oxidative addition of aryl halides has not
been definitively demonstrated. Alternatives to oxidative addition may include one-
electron oxidation giving [ArX]�• and decomposition of “Pd(III)” species thus formed
leading to Pd(0) involvement, formation of bridging species after oxidative addition of
ArX to traces of Pd(0), and heterogeneous catalysis at Pd(0) or Pd(0)/Pd(II) species
adsorbed at Pd(0) surfaces. Despite these reservations, two-electron oxidative addition of
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aryl halides to Pd(II) provides the simplest rationale for many observations, particularly
for systems where formation of Pd(0) or of bridging species appears difficult, for exam-
ple, the reaction of PdPh(P�C�P) with PhI to form PdI(P�C�P) and biphenyl
([P�C�P]� � 2,6-(Pri

2PCH2)2C6H3]�).[136] However, even in this case, the formation of
bridging intermediates cannot be completely excluded.

Systems for which suggestions of intermediate Pd(IV) species formed by aryl halide
oxidative addition have been proposed include reactions such as that of Scheme 9 de-
veloped by Catellani, Chiusoli and co-workers[62],[74],[76],[102],[105],[111],[115] and de Meijere
and co-workers.[104],[108]–[110] In this proposal,[62],[74],[76],[102],[105],[111],[115] oxidative addition
of aryl halide to Pd(0) is followed by alkene insertion to give pallada(II)cyclic
Pd(C6H3Y—C7H10-C,C
)(PPh3)2, followed by oxidative addition of aryl halide to give
the putative palladium(IV) complex PdBr(C6H4Y)(C6H3Y—C7H10-C,C
)(PPh3)2 and
subsequent reductive elimination by C—C bond formation. Subsequent cyclization at
Pd(II) and reductive elimination generates the products and Pd(0). The potential role of
Pd(IV) is modeled by the formation of 27 (formed by oxidative addition of MeI) and its
decomposition to form 28.[62],[74] A similar model sequence has been demonstrated for
p-nitrobenzyl bromide.[76]

There has been extensive discussion of the possible role of Pd(IV) in Heck and related
reactions catalyzed by Pd(II) intramolecular coordination complexes such as
36–38.[118],[134]–[139],[180],[191],[192] The proposals for Pd(IV) involvement require oxidative
addition by aryl halides. Opinion is currently divided on whether Pd(IV) is involved and,
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as noted by Herrmann in particular,[135] further research is needed to resolve whether a
Pd(0)–Pd(II) or Pd(II)–Pd(IV) pathway occurs.

Systems for which Pd(II)–Pd(IV) cycles are consistent with model reactions involve
alkyl halide oxidative addition or oxidation by strong inorganic oxidants. Thus, the
reaction of Scheme 10 may be explained by a process very similar to that for Scheme 9
but involving alkyl halide (R
I) addition modeled by formation of 27 and its decompo-
sition to 28, cyclization and repetition of this process, and subsequent elimination of
norbornene.[114] In this proposal the sequence for the alkylation of the ortho positions
of the aryl group in the intermediate “Pd(C6H4—C7H10-C,C
)L,2,” involving
Pd(IV),[118],[134 ]–139],[180],[191],[192] is similar to that proposed for the exchange of ortho hy-
drogen atoms of Pd(C6H5—C7H10-C,C
)(NMe2CH2CH2N(Me)CH2CH2NMe2-N,N
)
with protons of the solvent where,[49] in the latter case, the electrophile is H� rather
than Alk�.
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The reaction of Scheme 11 is validated for RX � Br2 by the NMR detection of all
four species in the proposed cycle[55] and illustrates again a system where aryl halide in-
volvement is readily explained in the same way but with the severe reservations ex-
pressed above for other systems. Facile cyclopalladation of azobenzene, oxidation of
Pd(II) by chlorine (e.g., formation of 16), and reductive elimination via C—Cl coupling



(e.g., decomposition of 16) provide support for the proposal that Pd(IV) intermediates
occur in the chlorination of azobenzene by PdCl2/Cl2 to form 2,6,2
,6
-polychloro-
azobenzenes.[160]

In the reactions of Schemes 10 and 11, and in chlorination of azobenzene, elec-
trophilic attack at Pd(II) is assumed to occur, leading to Pd(IV), but these syntheses and
the proposals shown in Scheme 12,[41] Scheme 13,[123],[124] and Scheme 14[127] illustrate
typical dilemmas in assignment of mechanism, generally recognized by the authors of
these proposals. Thus, electrophilic attack at Pd(II) [43:44, 47:48 giving Pd(IV)] or at
carbon [43:45, 47:49, remaining as Pd(II) may give rise to acetanilides (42:46) or
indoles (47:50); and C—H oxidative addition [52:53 giving Pd(IV)] or cyclopallada-
tion [52:54 involving Pd(II)] may occur to give indenones (55). Cyclopalladation
(42:43) is generally believed to occur via electrophilic attack by Pd(II) without involve-
ment of Pd(IV) intermediates,[193],[194] although in view of a recent report on cyclometalla-
tion at Rh(I),[195] direct deprotonation from an agostically bonded arene ring cannot be
discounted. Both experimental[196] and theoretical studies[197] indicate that, for platinum,
formation of the stable Pt(II) arenonium species 58 (Scheme 15) most likely occurs via a
Pt(IV) intermediate (57), suggestive of Pd(IV) involvement in the synthesis of ortho-
substituted acetanilides but modified to give the sequence 42:43:44:45:46
(Scheme 12). The subtleties of electrophilic attack at metal or carbon atoms in M—C
bonds for d8 metal centers, and the reverse reaction, relevant to Schemes 12–15, have
been reviewed recently.[194],[195]

In addition to consideration of whether electrophiles interact with Pd or C atoms in
Pd—C bonds, �-bond metathesis (interaction of reagent X—Y across a Pd—C bond)
may be appropriate for some systems.
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A range of cyclization and cycloisomerization reactions of enynes, including enynes
with heteroatoms in the skeleton, have been reported for which the possibility of Pd(IV)
intermediates has been canvassed.[117],[130],[131],[162]–[175] A typical example is shown in
Scheme 16, where supporting ligands at palladium include palladacyclopentadienes,
acetate, acetate/PPh3, and acetate/P(o-tol)3. An alternative pathway involving a
Pd(0)–Pd(II) cycle has been acknowledged (Scheme 16), and different reaction condi-
tions may favor each pathway.[166],[167],[172],[175] Alkylidene complexes as intermediates
have also been proposed for some reactions of enynes.[131],[165],[170]

There is support for the occurrence of Pd(IV) species in the acetoxylation of
arenes,[158],[159] with the most recent proposal shown in Scheme 17, consistent with
demonstrated palladation of benzene, for example, by Pd(O2CMe)2/SEt2 to form



{PdPh(SEt2)(�-O2CMe)2}2Pd.[198] In related reactions, formation of alcohols and ethers in
the presence of MoO(O2)2	HMPT 	H2O is proposed to occur via cyclopalladation, oxida-
tion by Mo(VI), and C—O bond formation involving an oxygen atom of the molybdenum
species or methoxide from the methanol solvent.[51]
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The synthesis of 11 (Scheme 3)[29],[30] and the related complex Pd{1,2-(H2Si)2C6H4-
Si,Si}2(dmpe-P,P
),[199] both of which have been examined by X-ray diffraction, are rele-
vant to the potential role of Pd(IV) in silane chemistry,[29],[30],[181],[182],[199] and to the role of
phosphine ligands in Pd(IV) catalysis. For example, 11 (R � H) is formed in the reaction
shown in Scheme 3, and reactions of this type can be assumed to occur in the catalytic
formation of {SiMe2(CH2)3SiMe2}n from (SiMe2CH2)2CH2 catalyzed by PdCp(�3-C3H5)
or 11 (Scheme 18).[29],[182]

F. CONCLUDING REMARKS

Oxidation state �4 is well established as a key oxidation state in the organometallic chem-
istry of palladium, but there are few reports of Pd(I) chemistry except for poly-
halogenophenyl derivatives, and scanty evidence for Pd(III) chemistry. Catalysis involving
palladium complexes is dominated by Pd(0) and Pd(II) species, with evidence for Pd(I)



involvement in a few systems. There are several catalysis and organic synthesis proce-
dures for which proposals of Pd(IV) intermediates are supported by studies of model re-
actions, and isolated or spectroscopically detectable complexes, in particular those in-
volving reactions in the presence of strong inorganic oxidants and organosilicon
chemistry. Organic syntheses involving alkyl halide oxidative addition to Pd(II) appear to
be feasible and, in addition, there are a range of reactions for which Pd(IV) intermediacy
is enticing but as yet not supported by model reactions. This group of reactions include
elegant syntheses involving enynes and aryl halide reagents.
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