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Palladium(III) in Synthesis and Catalysis

David C. Powers and Tobias Ritter

Abstract While the organometallic chemistry of Pd in its (0), (þII), and (þIV)

oxidation states is well established, organometallic Pd(III) chemistry remains

widely unexplored. Few characterized Pd(III) complexes are known, which has

inhibited detailed study of the organometallic chemistry of Pd(III). In this review,

the potential roles of both mono- and dinuclear Pd(III) complexes in organometallic

chemistry are discussed. While not widely recognized, Pd in the (þIII) oxidation

state may play a significant role in a variety of known Pd-catalyzed reactions.
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1 Introduction

Palladium is among the most widely used metals for catalysis in organic chemistry,

and the fundamental organometallic chemistry of palladium in the (0), (þII), and

(þIV) oxidation states has been well studied [1]. Organometallic Pd(I) complexes,

while relatively less common, have been employed as precatalysts in organic

synthesis [2–4]. By comparison, the organometallic chemistry of Pd(III) remains

in its infancy. Few authentic Pd(III) complexes are known and the potential role of

Pd(III) in catalysis is only now beginning to be elucidated. Herein, we review the

organometallic chemistry of Pd(III) and discuss the relevance of Pd(III) intermedi-

ates to Pd-catalyzed processes. We review the organometallic chemistry of well-

defined, isolated Pd(III) complexes, as well as organometallic chemistry in which

the potential role of Pd(III) intermediates is currently more speculative. On

the basis of the reports discussed herein, Pd(III) may be much more prevalent in

Pd-catalyzed processes than has generally been recognized.

2 Mononuclear Pd(III) Chemistry

2.1 Mononuclear Pd(III) Werner-Type Complexes

Palladium(II) has a d8 electronic configuration and mononuclear Pd(II) complexes

are generally square planar (Fig. 1) [5]. Metal-based oxidation of mononuclear Pd

(II) complexes by one electron should result in paramagnetic, low-spin d7, tetrago-
nally distorted octahedral Pd(III) complexes [6]. Further one-electron oxidation

should afford octahedral d6 Pd(IV) complexes [5].

Unlike complexes based on Pt(III) [7–15], compounds containing Pd(III) are

rare. A compound with the empirical formula PdF3 was originally proposed to

contain Pd(III) [16, 17], but was subsequently shown to be more appropriately

formulated as Pd2+[PdF6]
2� and contain Pd(II) and Pd(IV) [18, 19]. The polyatomic

anions PdF4
– and PdF6

3– have been prepared by solid-state synthesis [20–22].

Mononuclear coordination complexes containing Pd(III) have been observed by

Square Planar
Pd(II)

Jahn-Teller Distorted
Octahedral Pd(III)

Ocatahedral
Pd(IV)

Fig. 1 Electronic structure of mononuclear Pd(II), Pd(III), and Pd(IV)
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electrochemical measurements as well as EPR spectroscopy [23–30], although

assignment of these complexes as containing Pd(III), and not Pd(II) with a singly

oxidized ligand framework, has been the source of continuing discussion [31–34].

In 2010, the (þIII) oxidation state of Pd was stabilized in a mixed Ni/Pd oligomeric

M–X–M–X chain of the formulation [Ni1�xPdx(chxn)Br]Br2 (chxn ¼ (1R,2R)-
cyclohexanediamine) by electrochemical oxidation of a mixture of [Ni(chxn)2]

Br2 and [Pd(chxn)2]Br2 [35, 36].

Two mononuclear Werner-type complexes based on Pd(III) have been charac-

terized by X-ray crystallography. The X-ray crystal structure of mononuclear Pd

(III) complex 1, in which the Pd(III) center is supported by two 1,4,7-trithiacyclo-

nonane ligands, was reported in 1987 (Fig. 2) [37–39]. An analogous complex (2),

supported by 1,4,7-triazacyclononane ligands, was reported a year later [40]. Both

complexes contain distorted octahedral Pd centers, as expected for low-spin d7 Pd
(III) [6]. Detailed examination of the electrochemical and spectroscopic properties

of Pd(III) complexes supported by macrocyclic polydentate ligands has indicated

that the unpaired electron in 1 and 2 resides predominantly in the 4dz2 orbital

[41–46].

2.2 Mononuclear Pd(III) Complexes in Catalysis

2.2.1 Pd(III) in Pd-Catalyzed Oxidative C–H Coupling Reactions

Palladium is a versatile transition metal for the catalysis of various carbon–carbon

and carbon–heteroatom cross-coupling reactions [1]. Traditional C–C cross-

coupling reactions employ prefunctionalized substrates – typically containing

C–X (X ¼ Cl, Br, I, OTf) and C–M (M ¼ B, Sn, Zn, Mg) bonds, respectively –

and are generally accepted to proceed through Pd(0)/Pd(II) catalysis cycles [47].

Direct oxidative coupling of arene C–H bonds has the potential to generate the

products of traditional cross-coupling chemistry without the need for prefunctio-

nalized reaction partners (Fig. 3a) [48–53]. A general catalysis cycle for such an

oxidative coupling of aryl C–H bonds is outlined in Fig. 3b. Initial C–H palladation

at Pd(II) (3) would generate an aryl Pd(II) complex (4). Subsequently, a second

C–H palladation could afford a heteroleptic biaryl Pd(II) complex (5), poised to

undergo C–C bond-forming reductive elimination. Reoxidation of the thus formed
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characterized examples of

mononuclear Pd(III) Werner-

type complexes
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Pd(0) to Pd(II) by an external oxidant would close the catalysis cycle. While biaryl

Pd(II) intermediate 5 is typically proposed to undergo direct C–C reductive elimi-

nation, in the presence of an external oxidant, 5 could potentially be oxidized to a

higher-valent species prior to the C–C bond-forming event [54, 55].

Single-electron oxidation of biaryl Pd(II) complexes to afford Pd(III) species

was observed during the electrochemical oxidation of bis-mesityl Pd(II) complex 7

(Fig. 4) [56]. Complex 7, which can be viewed as a model for oxidative C–H

coupling intermediate 5 (Fig. 3), undergoes a one-electron oxidation at 0.57 V,

assigned to the Pd(II)/Pd(III) redox couple.

Oxidative C–H coupling reactions are frequently carried out in the presence of

Ag(I) additives [57–64]. As described below, due to (1) the demonstrated availabi-

lity of one-electron oxidation processes for compounds such as 7 [56], (2) the

propensity of Ag(I) to facilitate one-electron oxidative cleavage of Pd–C bonds [65]

(vide infra), and (3) the frequency with which Ag(I) additives are employed in Pd-

catalyzed cross-coupling chemistry [57–64], the reaction chemistry of Ag(I) salts

with organometallic Pd(II) complexes has received experimental scrutiny.

In 2001, Milstein studied the reactivity of Pd(II) aryl complex 8 with one-

electron oxidants galvinoxyl radical and AgOTf (Fig. 5) [66]. Treatment of Pd(II)
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Fig. 3 Generic Pd(0)/Pd(II)

catalysis cycle for oxidative

C–H cross-coupling

7
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Mes
Mes

II

E1/2 = 0.57 V vs. Fc/Fc+

Fig. 4 Bis-mesityl Pd(II) complex 7, an analog of intermediate 5, shows a reversible one-electron

oxidation wave for the Pd(II)/Pd(III) couple at 0.57 V
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aryl complex 8 with AgOTf resulted in the formation of biphenyl along with Pd(II)

triflate 10. Similar reactivity was observed upon treatment of 8 with galvinoxyl

radical. Milstein proposed that this oxidant-induced reductive coupling of aryl

ligands proceeds through Pd(III) intermediate 9. The authors speculated that Pd

(III) aryl intermediate 9 may be better formulated as a Pd(II) complex with a

pendant aryl radical ligand, generated by inner-sphere ligand-to-metal electron

transfer. No organic products resulting from coupling of free organic radicals with

solvent were observed, suggesting that biphenyl is not produced by radical combina-

tion of phenyl radicals generated by Pd–C bond homolysis. This observation led to

the suggestion that intermediate 9 may be an aryl-bridged dinuclear complex, which

can liberate biphenyl without the intermediacy of free radical chemistry [67].

The oxidatively induced reductive coupling of methyl ligands to afford ethane

from Pd(II) dimethyl complex 11 was reported in 2009 by Mayer and Sanford [68].

Treatment of dimethyl Pd(II) complex 11 with ferrocenium hexafluorophosphate

([Cp2Fe]PF6; Fc
+), an outer-sphere, single-electron oxidant, led to the formation of

ethane along with cationic Pd(II) complex 13 (Fig. 6). Based on the electrochemical

study of closely related bis-mesityl Pd(II) complex 7 (Fig. 4) [56], the observed

ethane formation was proposed to proceed via initial single-electron oxidation of 11

to Pd(III) complex 12.

Three mechanisms for the formation of ethane from 12 were considered (Fig. 7).

In mechanism A, Pd(III) complex 12 undergoes Pd–C bond homolysis to afford Pd

(II) complex 13 and a methyl radical. Subsequent radical combination generates

ethane. Similar Pd–C bond homolysis following single-electron oxidation was

proposed by Trogler during an independent study of the oxidation chemistry of

Pd(II) methyl complexes with Fc+ [65]. In mechanism B, direct reductive elimina-

tion from 12 affords ethane and mononuclear Pd(I) complex 14, which further

reacts with 11 and Fc+ to generate Pd(II) complex 13. Analogous chemistry has

been proposed for coupling reactions from organonickel complexes [69–75].

PdII

P(i -Pr2)

P(i -Pr)2

8

AgOTf
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9

PdII–OTf + 0.5

P(i -Pr2)

P(i -Pr)2

PdIII

P(i -Pr2)

P(i -Pr)2

Not Observed

OTf
+ –
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Fig. 5 Treatment of Pd(II) complex 8 with AgOTf generates Pd(II) complex 10 and biphenyl

11
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Fig. 6 Treatment of Pd(II) complex 11 with [Cp2Fe]PF6 (Fc
+) affords ethane and 13

Palladium(III) in Synthesis and Catalysis 133



In mechanism C, two equivalents of complex 12 undergo disproportionation to

afford Pd(II) complex 13 and Pd(IV) intermediate 15. Subsequent reductive elimi-

nation from 15 generates ethane and Pd(II) complex 13. Similar disproportionation

has been proposed from Pt(III) dimethyl complexes [76].

The observation that ethane formation is uninhibited by radical traps such as 1,4-

cyclohexadiene and styrene suggests that ethane is not formed by combination of

free methyl radicals and is inconsistent with free radical pathway A. To differenti-

ate between pathways B and C, the oxidation of 11 with Fc+ was carried out at low

temperature in order to observe potential reaction intermediates. Treatment of 11

with Fc+ at –80�C led to the observation of Pd(II) complex 13 and Pd(IV) complex

15 (Fig. 8). Subsequent warming to –30�C led to the formation of ethane. On the

basis of these observations, the authors concluded that pathway C is likely respon-

sible for the formation of ethane in the reaction of 11 with Fc+.

The chemistry of complex 11 with AgPF6 was evaluated because Ag(I) is a

common additive in Pd-catalyzed oxidative C–H coupling reactions [57–64] and a

potential one-electron oxidant, similar to Fc+. Treatment of dimethyl Pd(II) com-

plex 11 with AgPF6 resulted in the immediate formation of an intermediate (16), as

observed by 1H NMR spectroscopy, which subsequently generated 13, ethane, and

Ag mirror (Fig. 9). The authors proposed that Ag(I) acts as an inner-sphere one-

electron oxidant. Initial coordination of Ag(I) to Pd to generate 16, followed by

electron transfer, would furnish proposed Pd(III) intermediate 12. Disproportion-

ation of Pd(III) intermediate 12 to Pd(II) complex 13 and Pd(IV) intermediate 15
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Fig. 8 Pd(II) complex 13 and Pd(IV) complex 15 were observed following oxidation of 11 with

Fc+ at –80�C

+

Radical
Combination

Reductive
Elimination

H3C – CH3

H3C – CH3

H3C – CH3

N
N

PdI+
N
N

PdIII CH3
CH3

N
N

Pd CH3

CH3CH3

CH3

S

+ +
13

12

Pd−C Bond
Homolysis

a

c

b

Disproportionation

N
N

Pd
CH3
S

13

N
N

Pd
CH3
S

13

N
N

Pd S

13

14

15

Me•

+

+

++

+
11, Fc+

+

Fig. 7 Mechanisms considered for the formation of ethane from Pd(III) complex 12

134 D.C. Powers and T. Ritter



followed by reductive elimination from Pd(IV) complex 15, as was proposed in the

oxidation of 11 with Fc+, would then generate the observed reaction products.

2.2.2 Pd(III) in Pd-Catalyzed Oxidative Carbon–Heteroatom

Bond-Forming Reactions

In 2009, two reports disclosed the use of single-electron oxidants in intramolecular

Pd-catalyzed C–H amidation reactions. Yu and coworkers disclosed a Pd-catalyzed

N-triflyl indoline (18) synthesis from N-triflyl phenethylamines (17) using single-

electron oxidant Ce(SO4)2 (Fig. 10) [77]. The authors proposed that this reaction

proceeds through initial oxidation of Pd(II) to Pd(III). Glorius and coworkers

reported a Pd-catalyzed N-acyl indoline (20) synthesis from N-acyl anilines (19)
in the presence of AgOAc (Fig. 11) [78]. While the authors favored a Pd(0)/Pd(II)

catalysis cycle, they noted that the intermediacy of higher-valent Pd species could

not be discounted given that AgOAc can serve as a single-electron oxidant.

Many questions remain to be addressed regarding the mechanisms of these

amidation reactions. Primarily, are high-valent Pd intermediates involved or are

classical Pd(0)/Pd(II) catalysis cycles operative? If single-electron oxidation

affords Pd(III) intermediates, does C–N bond formation proceed directly from

N
N

Pd
CH3

S

11

N
N

PdII CH3 CH3
CH3CH3

+
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(88 ± 6 %)
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Fig. 9 Treatment of 11 with AgPF6 results in the formation of an intermediate, assigned as 16,

which subsequently generates ethane and 13
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Fig. 10 Pd-catalyzed C–H amidation reported by Yu
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Fig. 11 Pd-catalyzed C–H amidation reported by Glorius
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Pd(III) or are Pd(IV) species, generated by either disproportionation of Pd(III) or

further oxidation of Pd(III) to Pd(IV), the competent intermediates for C–N bond

formation? Are potential high-valent intermediates mononuclear or is more than

one palladium present during oxidation? Answers to these questions provide

insights into the potential role of high-valent Pd complexes in C–H amidation

reactions.

2.2.3 Pd(III) in Kumada and Negishi Coupling Reactions

Knochel has noted remarkable rate accelerations for both Kumada [79] and Negishi

[80] coupling reactions when performed in the presence of isopropyl iodide

(Fig. 12).

Oxidative addition of Pd(0) to isopropyl iodide has been shown to proceed via

initial single-electron transfer to generate transient Pd(I) intermediates and isopro-

pyl radicals [81, 82]. On the basis of a positive isopropyl iodide-induced radical-

clock experiment (Fig. 13), Knochel suggested that the observed rate acceleration

in Kumada coupling reactions is due to the participation of a radical pathway and

proposed a radical mechanism involving Pd(I) and Pd(III) radical chain carriers

(Fig. 14). The proposal of Pd(III) intermediates in Kumada coupling reactions is,

to the best of our knowledge, the only proposal of Pd(III) intermediates under

reducing conditions.
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Fig. 12 Isopropyl iodide-catalyzed Kumada coupling reported by Knochel
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Fig. 13 Observation of isopropyl iodide-induced radical clock (R ¼ 2,6-di-i-Pr-C6H3)
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2.2.4 Pd(III) Intermediates in O2 Insertion Reactions

Goldberg and coworkers proposed Pd(III) intermediates during an investigation of

the reaction of dimethyl Pd(II) complex 24 with O2 (Fig. 15) [83].

Consistent with a radical chain mechanism, the rate of O2 insertion was found to

be sensitive to light, and the addition of radical initiator AIBN was required in order

to observe reproducible reaction rates. Based on analysis of the kinetics of O2

insertion into the Pd–C bond of 24, a mechanism involving mononuclear Pd(III)

intermediates was proposed (Fig. 16). Palladium(III) intermediate 27, formed by

the combination of dimethyl Pd(II) complex 24 with peroxy radical 26 [84],

generates the observed Pd(II) peroxide 25 by homolytic Pd–C cleavage to reduce

Pd(III) complex 27 and generate radical chain carrier Me�.
The mechanism of O2 insertion into the Pd–C bond of 24 differs from the

autoxidation of organic substrates due to the ability of Pd to attain high oxidation

state intermediates. In hydrocarbon autoxidation, peroxy radical abstracts hydrogen

without the intermediacy of hypervalent intermediates. In the oxidation of 24, the

coordination number of Pd is proposed to increase from four to five upon reaction of

Pd(II) complex 24 with peroxy radical (26).
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Fig. 14 Mechanism proposed to account for the rate acceleration of cross-coupling observed in

the presence of radical promoters
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Fig. 15 Pd(II) peroxide 25 is obtained by insertion of O2 into the Pd–C bond of 24
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2.3 Organometallic Chemistry of Isolated Pd(III) Complexes

The first example of organometallic chemistry from isolated, well-defined mononu-

clear Pd(III) complexes was reported by Mirica in 2010 [85]. Organometallic Pd(III)

complexes 30 and 31 were prepared by controlled bulk electrolysis of Pd(II) pre-

cursors 28 and 29, respectively (Fig. 17). Complex 33 was prepared by chemical

oxidation of 32 with Fc+. X-ray crystallographic analysis of 30, 31, and 33 revealed

tetragonally distorted octahedral complexes, consistent with the expected Jahn–Teller

distortion for mononuclear, low-spin Pd(III) complexes [6]. A combination of EPR

spectroscopy and computational results suggests that the unpaired electron resides in

the 4dz2 orbital, consistent with the MO description of octahedral Pd(III) in Fig. 1.

Photolysis of 30 afforded a mixture of ethane, methane, and methyl chloride,

along with Pd(II) complex 34 (Fig. 18).
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Fig. 16 Proposed mechanism for the insertion of O2 into the Pd–C bond of 24
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The addition of radical scavengers, such as TEMPO, suppressed the formation of

ethane, methane, and methyl chloride, instead leading only to the observation of

TEMPO-Me (35) and Pd(II) complex 34 (Fig. 19). The observed reaction with

radical scavengers is consistent with photo-induced homolytic Pd–C bond cleavage
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Fig. 17 a) Mononuclear Pd(III) complexes 30 and 31were prepared by controlled potential electroly-
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as the operative pathway for the formation of the observed organic products,

although the observed organic products may also arise from radical combination

of Me� with 30 to afford a transient Pd(IV) intermediate, which subsequently

generates the observed products.

3 Dinuclear Pd(III) Chemistry

3.1 Dinuclear Pd(III) Complexes

Palladium(II) has a d8 electronic configuration; the HOMO of mononuclear Pd(II)

complexes is typically the dz2 orbital (Fig. 1) [5]. When two palladium nuclei are

held in proximity such that electronic communication between the two metals is

possible, mixing of the d orbitals gives rise to the qualitative molecular orbital

picture in Fig. 20 [86]. Bonding and antibonding interactions result from mixing of

the dz2 , dxy, dxz, and dyzorbitals; the dx2�y2 is predominantly metal–ligand bonding

and does not significantly participate in metal–metal bonding interactions.

3.1.1 Dinuclear Pd(II) Complexes

Both the metal–metal s and s* orbitals should be filled for dinuclear Pd(II)

complexes (Fig. 20). On the basis of these considerations alone, no attractive

metal–metal interaction is expected; there is no Pd–Pd bond [87]. Second-order,

symmetry-allowed mixing of the Pd dz2 orbital with the 5pz and the 5s orbital,

however, perturbs the molecular orbital diagram based only on d orbital interactions
[88–91]. In 2010, an evaluation of the bonding interactions between the Pd centers

in acetate-bridged, dinuclear Pd(II) complex 36 was reported (Fig. 21) [88]. On the

basis of DFT calculations, the authors predicted a weak attractive interaction

between the Pd centers in 36 and computed a Pd–Pd bond order of 0.11.
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3.1.2 Pd(II)/Pd(III) Mixed Valence Complexes

Oxidation of dinuclear Pd(II) complexes by one electron is predicted to afford

dinuclear Pd(II)/Pd(III) mixed valence complexes with a Pd–Pd bond order of 0.5

(Fig. 20) [92]. Dinuclear Pd(II)/Pd(III) mixed valence complexes have been

detected by EPR spectroscopy, although, similar to mononuclear systems, the

unpaired electron is not always metal-centered [87, 93]. Two examples of dinuclear

Pd(II)/Pd(III) complexes bearing a metal-centered unpaired electron have been

reported [94, 95]. In 1988, Bear reported the EPR spectrum of tetrabridged dinuc-

lear complex 38, prepared by electrochemical oxidation of 37 (Fig. 22a) [95]. In

2007, Cotton reported the only crystallographically characterized mixed valence Pd

(II)/Pd(III) complex (40; Fig. 22b) [94]. Both 38 and 40 are paramagnetic and have

EPR spectra consistent with a metal-based oxidation. The metal– metal distance in

40 is 0.052 Å shorter than the corresponding distance in Pd(II) complex 39,

consistent with a Pd–Pd bond order of 0.5.
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Fig. 21 Acetate-bridged
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is computed to have a Pd–Pd

bond order of 0.11, arising
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orbitals with the 4d orbitals

bonding

anti
bonding

bond order

σ

π

δ

d-orbital
combination

Pd(II)Pd(II)
d8d8

0

Pd(III)Pd(II)
d7d8

0.5

Pd(III)Pd(III)
d7d7

1

dz2 – dz2

dxz – dxz and dyz –dyz π∗

σ∗

δ∗dxy – dxy

dxy + dxy

dxz + dxz and dyz + dyz

dz2 + dz2

Fig. 20 Qualitative molecular orbital diagram for electronically coupled dinuclear Pd complexes

based on d-orbital mixing. Oxidation of dinuclear Pd(II) complexes can result in the formation of
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Elegant electrochemical studies related to Bear’s report of dinuclear Pd(II)/Pd(III)

mixed valence complex 38 emphasize an important difference between the oxidation

chemistry of mono- and dinuclear complexes. The electrochemistry of complex 38,

bearing four bridging ligands, and 41, in which two ligands are bridging and two are

chelating, was studied (Fig. 23) [95]. Complex 41 displays oxidation behavior

consistent with two electronically isolated Pd centers; a single two-electron oxidation

wave was observed at 1.02 V. By contrast, complex 38 displays electrochemical

behavior consistent with electronically coupled metal centers; a one-electron oxida-

tion wave is observed at 0.65 V. On the basis of these electrochemical measurements,

it was concluded that the electronic interaction between two palladium centers raises

the HOMO energy by 370 mV and renders the dinuclear complex easier to oxidize

than the complex with noninteracting metal centers. The disparate electrochemical
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behavior of 38 and 41 is likely a reflection of relative distances between the Pd

centers (in 38, Pd–Pd ¼ 2.576 Å; in 41, Pd–Pd ¼ 2.900 Å) [92, 96].

3.1.3 Dinuclear Pd(III) Complexes

Oxidation of dinuclear Pd(II) complexes by two electrons can result in dinuclear

Pd(III) complexes with a metal–metal s bond (Fig. 20). Cotton reported the first

dinuclear Pd(III) complex (43) in 1998 (Fig. 24) [97]. Complex 43 was obtained by

oxidation of dinuclear Pd(II) complex 42with PhICl2 and is diamagnetic, consistent

with the formation of a spin-paired Pd–Pd bond. Further, the metal–metal bond

distance in 43 is 2.39 Å, a contraction of 0.16 Å as compared to Pd(II) complex 42

(Pd–Pd ¼ 2.55 Å).

The first organometallic Pd(III) complexes (44–46) were reported in 2006

(Fig. 25) [98]. Complexes 44–47 have been used as precatalysts for both the

diborylation of terminal olefins and diborylation/cross-coupling tandem reactions

(Fig. 26) [99]. The role of the Pd(III) complexes in these reactions has not been

established; the diborane reagents employed have been shown to immediately

reduce the dinuclear Pd(III) complexes to Pd(II) species, and thus the Pd(III)

complexes may be a precatalyst for lower-valent active catalysts.
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3.2 Dinuclear Pd(III) Complexes in Catalysis

3.2.1 Pd-Catalyzed C–H Acetoxylation

Palladium-catalyzed aromatic C–H acetoxylation was first reported in 1966 [100,

101]. In 1971, Henry proposed Pd(IV) intermediates in the Pd-catalyzed acetoxyla-

tion of benzene with K2Cr2O7 in AcOH [102]. Subsequent reports by Stock [103]

and Crabtree [104] also discussed the possible intermediacy of Pd(IV) complexes in

the acetoxylation of benzene (Fig. 27a). In 2004, Sanford reported the regioselec-

tive ortho-acetoxylation of 2-arylpyridines and proposed a reaction mechanism

involving aromatic C–H metallation at Pd(II), oxidation of the resulting aryl

Pd(II) intermediate to a Pd(IV) complex, and product-forming C–O reductive

elimination (Fig. 27b) [105–108].

In 2009, we suggested that Pd-catalyzed aromatic C–H acetoxylation may

proceed via dinuclear Pd(III) complexes instead of via mononuclear Pd(IV)

intermediates [109]. On the basis of dinuclear Pd(II) complex 36, the product

of cyclometallation of 2-phenylpyridine (48) with Pd(OAc)2 [110], a synthesis

cycle based on dinuclear Pd(III) complexes was established (Fig. 28). Oxidation

of 36 with PhI(OAc)2, a common oxidant in Pd-catalyzed aromatic acetoxyla-

tion, afforded dinuclear Pd(III) complex 50. Complex 50 was observed to

undergo C–O reductive elimination under pseudocatalytic conditions to gene-

rate 49 in 91% yield. The critical dinuclear Pd(III) intermediate (50) was

crystallographically characterized; the Pd–Pd distance in 50 was measured to

be 2.555 Å (compared with 2.872 Å for 36 [111]), consistent with the formation

of a Pd–Pd single bond. Dinuclear Pd(III) complex 50 was found to be a

kinetically competent catalyst in the acetoxylation of 2-phenylpyridine with

PhI(OAc)2.
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3.2.2 Pd-Catalyzed C–H Chlorination

Fahey reported the Pd-catalyzed directed aromatic C–H chlorination of azobenzene

using Cl2 in 1970 (Fig. 29) [112, 113], and Sanford reported the Pd-catalyzed

directed aromatic C–H chlorination of 2-arylpyridines with N-chlorosuccinimide

(NCS) in 2004 (chlorination reaction shown in Fig. 30) [105, 114–116].

In 2010, we reported an investigation of the mechanism of the Pd(OAc)2-

catalyzed chlorination of benzo[h]quinoline (51) with NCS (Fig. 30) [96, 117].

Elucidation of the salient features of the mechanism operative in catalysis was
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Fig. 28 A synthesis cycle for the acetoxylation of 2-phenylpyridine (48) based on dinuclear
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enabled by identification of the catalyst resting state, which was found to be

succinate-bridged dinuclear Pd(II) complex 53. The two palladium centers in 53

are held in proximity (Pd–Pd ¼ 2.863 Å) by the bridging succinate ligands as

established by X-ray crystallography.

Using resting state 53 as the catalyst for the chlorination reaction shown in

Fig. 30, the rate law of chlorination was determined to be as follows: rate ¼ k [53]
[NCS] [AcO–], which implies that oxidation is the turnover-limiting step in cataly-

sis. Further, the observed first-order dependence on dinuclear resting state 53

implies that two Pd centers participate in oxidation. The unexpected cocatalysis

by acetate ions – generated by acetate for succinate exchange during formation of

53 – is consistent with a rate-determining transition state for oxidation in which

acetate and NCS each interact with one of the Pd centers of resting state 53,

generating a dinuclear Pd(III) intermediate (Fig. 31).

The experimentally derived rate law for chlorination is consistent with

dinuclear Pd(III) complex 54 being the immediate product of oxidation during

catalysis. Complex 54 has one apical chloride ligand and one apical acetate

ligand and thus, upon thermolysis, could undergo either C–Cl reductive elimi-

nation, to generate 52, or C–O reductive elimination, to generate 55 (Fig. 32).

We evaluated and confirmed the kinetic and chemical competence of 54 as an

53

N N

Cl

51 52

N

N

Pd N
O

Pd N
O

O

O

CH3CN, 100 °C
90 %

NCS
Pd(OAc)2 (5 mol %)

Catalyst Resting
State

Fig. 30 The resting state of Pd-catalyzed chlorination of benzo[h]quinoline (51) is succinate-

bridged dinuclear Pd complex 53. Pd–Pd bond length in 53: 2.8628(4) Å
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intermediate for chlorination. Chemoselective C–Cl reductive elimination from

54 was observed upon warming 54 above –78�C (200:1 ratio of 52 to 55). The

observed ratio of 52 to 55 in the thermal decomposition of preformed 54 is

consistent with the product distribution from the Pd(OAc)2-catalyzed chlorination

of benzo[h]quinoline (51). Using 10 mol% Pd(OAc)2, a 200:1 ratio of 52 to 55

was observed (Fig. 32).

3.2.3 Pd-Catalyzed C–H Arylation

Deprez and Sanford reported an investigation of the mechanism of Pd(OAc)2-

catalyzed arylation of 2-arylpyridine derivatives with diaryliodonium salt 57 in

2009 (Fig. 33) [118]. The catalyst resting state was proposed to be mononuclear Pd

complex 59. By examining the initial rate of arylation as a function of [Pd(OAc)2],
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the rate law of arylation was determined to be second order in Pd. In combination

with the observation that oxidation is the turnover-limiting step in catalysis, the

experimentally determined rate law is consistent with two Pd centers participating

in oxidation during catalysis.

Sanford proposed the product of oxidation during catalysis to be one of the

two constitutional isomers of a high-valent dinuclear Pd complex shown in

Fig. 34 and suggested that the second palladium center in either 60 or 61

functions as an auxiliary ligand to the metal center that mediates the C–C bond

formation.
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3.3 Role of Dinuclear Core During Redox Chemistry

Carbon–heteroatom reductive elimination from dinuclear transition metal com-

plexes, as was proposed by us [96, 109] as the product-forming step in Pd-catalyzed

C–H acetoxylation and chlorination reactions, is rare. The two formulations of the

high-valent, dinuclear Pd intermediate in arylation proposed by Sanford (60 and 61)

highlight that reductive elimination from dinuclear Pd structures could, in principle,

proceed with either redox chemistry at both metals (bimetallic reductive elimina-

tion; reductive elimination from 60) or with redox chemistry at a single metal

(monometallic redox chemistry; reductive elimination from 61). While structures

60 and 61 do not differ in composition, they do differ in their respective potentials

for metal–metal redox cooperation to be involved in C–C bond-forming reductive

elimination.

In 2010, we reported a study regarding the role of the dinuclear core during C–Cl

reductive elimination from 62, an analog of the dinuclear Pd complexes that have

been proposed in catalysis (Fig. 35) [96, 119]. Experimental results established that

reductive elimination from 62 proceeds without fragmentation of the dinuclear

core; C–Cl bond formation proceeds from a dinuclear complex.

To probe the role of the dinuclear core during reductive elimination (i.e., mono-

versus bimetallic reductive elimination), the electron binding energies of each Pd

center were computed as a function of reaction progress. The electron binding

energy is a measure of the energy required to remove an electron from a particular
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orbital to infinite separation. The electron binding energy of an electron decreases

during reduction and increases during oxidation. For metal centers with similar

ligand environments, electron binding energy is well correlated with formal oxida-

tion state [120–124].

The computed electron binding energies of Pda and Pdb during the low-energy

reductive elimination pathway fromA, the computed structure of 62, monotonically

decrease during reduction from Pd(III) (A) to Pd(II) (D). The observed trends are

consistent with simultaneous redox chemistry at both metal centers during C–Cl

reductive elimination (Fig. 36).

For comparison, the electron binding energies of the palladium centers during a

hypothetical pathway involving a Pd(II)/Pd(IV) mixed valence intermediate were

also computed (Fig. 37). For hypothetical reductive elimination via a Pd(II)/Pd(IV)

mixed valence complex (E), the electron binding energies of Pda and Pdb diverge

during Pd(III)/Pd(III) to Pd(II)/Pd(IV) disproportionation (A ! E). Subsequent

reductive elimination is accompanied by a convergence of the electron binding

energies as both Pd centers are becoming Pd(II) (E! D). That the electron binding

energy profiles for the computed reductive elimination pathway (Fig. 36) and

hypothetical monometallic reductive elimination pathways (Fig. 37) are different

is consistent with the assertion of metal–metal redox synergy during reductive

elimination from 62.
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In addition, the energetic barrier to reductive elimination from 62 has been

calculated as a function of metal–metal bond length. As the metal–metal dis-

tance is increased, orbital overlap, which mediates redox communication during

reductive elimination, is reduced. The barrier to reductive elimination is posi-

tively correlated with the metal–metal distance; as the metals are increasingly

separated, reductive elimination becomes increasingly energetically demanding.

These calculations suggest that metal–metal redox synergy, in which the redox

chemistry of reductive elimination is shared by two metals, lowers the energetic

barrier to reductive elimination versus related processes involving a single

metal.

3.3.1 Discussion of High-Valent Pd Intermediates Relevant in Pd-Catalyzed

C–H Oxidations

From the seminal studies regarding the oxidation of benzene by Henry [102], Stock

[103], and Crabtree [104], to the vast array of Pd-catalyzed aromatic C–H functio-

nalizations reported in the last 5 years [125–128], it is evident that Pd-catalyzed

aromatic C–H oxidation continues to be an area of intense methodological and

mechanistic investigation. Early mechanism proposals for the acetoxylation of

aromatic C–H bonds invoked Pd(IV) intermediates. While mononuclear Pd(IV)

complexes have been prepared and the intimate mechanisms of reductive elimina-

tion from these complexes have been elucidated [107, 108, 129–132], the relevance

of Pd(IV) complexes to catalysis has not yet been established. Frequently, aromatic

C–H palladation is the turnover-limiting step in Pd-catalyzed C–H oxidation reac-

tions [109, 133]. When palladation is turnover limiting, reaction kinetics analysis

provides detailed information about the mechanism of metallation, not the mecha-

nism of oxidation, and cannot provide any information regarding the identity of

potential high-valent intermediates.

Elucidation of the catalysis cycle that is operative during a given transformation

requires direct investigation of the reaction during catalysis. Elucidation of the

mechanism of oxidation relevant to catalysis by kinetics analysis requires a reaction

in which oxidation is turnover limiting. In both the chlorination [96, 117] and

arylation [118] of 2-arylpyridine derivatives, oxidation is the turnover-limiting step

of catalysis; in both reactions, kinetics analysis has revealed that two Pd centers are

required for oxidation during catalysis. The structures of the proposed dinuclear

Pd(III) complexes relevant to chlorination have been established by independent

synthesis. A catalysis cycle, which is consistent with the results of all studies in

which the identity of high-valent intermediates could be probed, is presented in

Fig. 38. Following C–H metallation, nucleophile-assisted bimetallic oxidation

affords a dinuclear Pd(III) complex. Subsequent reductive elimination from this

high-valent dinuclear complex affords the observed organic fragments and Pd(II).

Although the results were obtained during study of the chlorination of benzo[h]
quinoline, they may be relevant to a variety of other C–H oxidation reactions. While

detailed experimentation regarding the specific mechanism of individual reactions
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remains to be examined, we suggest that a bimetallic redox mechanism based on

dinuclear Pd(III) complexes is a viable conceptual framework for Pd-catalyzed

aromatic C–H oxidation reactions.

4 Outlook

Herein, we have reviewed the organometallic chemistry of Pd(III), discussing

examples of both well-defined Pd(III) complexes that participate in organometallic

reactions and examples in which the potential involvement of Pd(III) is more

speculative at this time. We have discussed oxidative C–H coupling reactions in

which biaryl Pd(II) intermediates may be diverted from the traditional Pd(0)/Pd(II)

redox cycle in the presence of one-electron oxidants, allowing access to catalyti-

cally relevant mononuclear Pd(III) intermediates. We have also examined the

recent proposal that many Pd-catalyzed oxidative C–H functionalization reactions

may proceed via dinuclear Pd(III) complexes that undergo product-forming reduc-

tive elimination with redox participation of both metal centers. In both oxidative

C–H coupling reactions and Pd-catalyzed C–H oxidations, Pd(III) intermediates

have been discovered in reactions previously believed to proceed via more tradi-

tional two-electron, monometallic Pd redox cycles. On the basis of these proposals,

N

PdXL

[O]

Nu

Nucleophile-Assisted
Bimetallic Oxidation

N
[O]

Bimetallic
Reductive

Elimination

Cyclometallation

N

N

PdII

PdII

X
X

X
X

N

N

PdII X
X

Pd X
X

N

N

PdIII

PdIII

X
X

X
X

[O]

Nu

Bimetallic Catalysis Cycle

Nucleophile (Nu), [O]

Substrate

Fig. 38 Proposed bimetallic Pd(II)2/Pd(III)2 catalysis cycle

152 D.C. Powers and T. Ritter



Pd(III), in both mono- and dinuclear complexes, may play a much more prominent

role in catalysis than has previously been appreciated. We anticipate that the unique

reactivity of both mono- and dinuclear Pd complexes will provide a foundation for

the discovery of new reactions mediated by Pd(III) in the future.
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