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Preface

Palladium and platinum continue to play very significant roles in the development of

fundamental organometallic chemistry and organic synthesis employing these metal

centers in both stoichiometric and catalytic processes. The most common oxidation

states exhibited by these elements cover the range 0 to +IV, and this volume has

a central theme emphasizing the chemistry of oxidations states >+II, including

metal–metal-bonded systems. At a broader level, there is significant emphasis on

synthesis, structural chemistry of higher oxidation states, and mechanisms of stoi-

chiometric and catalytic reactions involving the higher oxidation states. The synthetic

and mechanistic chemistry of the higher oxidation states mandates a discussion

of many aspects of lower oxidation states, in particular +II. In a formal electron

book-keeping sense, some of the “higher oxidation state” complexes discussed here

are closer to oxidation state +II, e.g., some metal–metal-bonded systems where Pd(II)

and Pt(II) can be regarded as donors toward more electrophilic centers. The Editor

has enlisted authors who are research active at the forefront of a selection of research

areas of considerable current interest in the organometallic chemistry of palladium

and platinum in higher oxidation states.

The Editor is very grateful indeed for the enthusiasm shown from the outset by

authors for this venture and the manner in which they have adhered to the timeline

for assembling their contributions: John Bercaw, Karen Goldberg, Kyle Grice, Jay

Labinger, Helena Malinakova, Marc-Etienne Moret, David Powers, Joy Racowski,

Tobias Ritter, Melanie Sanford, Margaret Scheuermann, and Manab Sharma. I am

also appreciative of the timeliness of responses to my questions from the Springer

staff, and the flexibility they have shown in accommodating requests.

Hobart, Tasmania, Australia Allan J. Canty
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Five-Coordinate Platinum(IV) Complexes

Kyle A. Grice, Margaret L. Scheuermann, and Karen I. Goldberg

Abstract Octahedral organometallic platinum(IV) complexes have been known

for more than a century. Mechanistic studies suggest that many reactions of these six-

coordinate platinum(IV) complexes proceed through unobservable five-coordinate

platinum(IV) intermediates. Only recently have five-coordinate platinum(IV)

complexes been isolated and characterized. These novel complexes serve as models

for unobserved intermediates in stoichiometric and catalytic reactions involving high

oxidation state platinum. The isolation of five-coordinate complexes allows the unique

reactivity of these unsaturated species to be investigated directly. This contribution

describes the development of five-coordinate platinum(IV) from proposed intermedi-

ates to isolable complexes. The syntheses, characterization, and reactivity studies of

complexes with this new coordination geometry of platinum(IV) are also presented.
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Abbreviations

acac acetylacetonate

anim N-(2,6-diisopropylphenyl)-2-[N-(2,6-diisopropylphenyl)imino-

methyl]-benzenamide

Ar aryl

ArF 3,5-bis(trifluoromethyl)phenyl

BAB 1,2-bis(N-7-azaindolyl)benzene
bpy 2,20-bipyridine
BPICO N-benzyl-N0,N0-dimethyl-N-(2-picolyl)ethylenediamine

BPMA bis(2-pyridylmethyl)amine

Cp cyclopentadienyl

dmdpb dimethyldi(2-pyridyl)borate

dppbz 1,2-bis(diphenylphosphino)benzene

dppe 1,2-bis(diphenylphosphino)ethane

dpms di(2-pyridyl)methanesulfonate

i-Pr isopropyl

L neutral ligand

Me-dpms (6-methyl-2-pyridyl)(2-pyridyl)methanesulfonate

nacnac N,N0-diaryl-b-diketiminate

NSiN bis(8-quinolyl)methylsilyl

OTf trifluoromethanesulfonate

PICO N,N,N0-trimethyl-N0-(2-pyridylmethyl)ethylenediamine

Pyphane [2.1.1]-(2,6)-pyridinophane

pz* 3,5-dimethylpyrazole

solv solvent molecule

tacn 1,4,7-triazacyclononane

t-Bu tert-butyl
t-Bubpy 4,40-di-tert-butyl-2,20-bipyridine
tmeda N,N,N0,N0-tetramethylethylenediamine

Tp hydridotris(pyrazolyl)borate

Tp0 hydridotris(3,5-dimethylpyrazolyl)borate

TPAB 1,2,4,5-tetrakis(5-(4-heptylphenyl)-7-azaindol-1-yl)benzene

TPMA tris(2-pyridylmethyl)amine

X anionic ligand

1 Introduction

Just as the octet rule is a key principle in main group chemistry, the 18-electron rule

is a basic tenet taught in every class covering organometallic chemistry [1–23]. We

learn that metal complexes with 18 valence electrons are stable, and that a metal

with a dn electron count will surround itself with dative ligands to supply 18–n

electrons. For high-valent d6 Pt(IV) and Pd(IV), the 18-electron rule is satisfied by

2 K.A. Grice et al.



arranging six ligands around the metal center in an octahedral geometry. Organo-

metallic complexes of Pt(IV) have been known for more than 100 years, and until

recently, all of them rigorously obeyed the 18-electron rule. The first reported

Pt(IV) alkyl compounds were the [PtMe3X]4 tetrameric complexes that satisfy the

18-electron rule through bridging halide interactions within a cubic structure

(Fig. 1) [4, 5]. A very large number of six-coordinate octahedral Pt(IV) complexes

with alkyl, silyl, and hydride ligands have since been reported and some represen-

tative examples are shown in Fig. 1 [6–12]. Note that the “three-legged piano stool”

complex CpPtMe3 is also considered octahedral, with the anionic Cp� ring repre-

senting three 2-electron donors in a facial configuration, an arrangement similar to

that of the Tp ligand.

Octahedral, 18-electron d6 metal complexes of Pt(IV) are electronically and

coordinatively saturated. These factors contribute to the high stability of the complexes

as well as their limited reactivity with external reagents. Studies of the reactivity of

Pt(IV) complexes have found that ligand loss to generate a five-coordinate intermedi-

ate is generally required as a preliminary step before a range of reactions including

b-hydride elimination, insertion, and reductive elimination can occur.

Although five-coordinate complexes have been proposed intermediates for dec-

ades, until recently no examples of Pt(IV) complexes with this unique coordination

environment had been reported. In fact, it was generally thought that five-coordinate

Pt(IV) organometallic complexes would be too reactive to isolate or even observe.

Proposed structures of these intermediates formed by ligand loss often had a solvent

Fig. 1 Examples of octahedral Pt(IV) organometallic complexes [4–12]

Five-Coordinate Platinum(IV) Complexes 3



molecule coordinated to adhere to the construct of the 18-electron rule [13, 14]. As

we present in this chapter, unsaturated Pt(IV) species have now been prepared,

isolated, and fully characterized. The synthesis of unsaturated Pt(IV) species

validates the numerous mechanistic proposals put forth over the past several

decades. Undeniably, a five-coordinate Pt(IV) species is a reasonable structure for

a proposed reaction intermediate and it is not necessary to invoke the intermediacy

of a six-coordinate solvento complex. Studies of the reactivity of these novel

unsaturated Pt(IV) complexes are revealing unique and interesting chemistry rele-

vant to fundamental transformations in organometallic chemistry.

2 Proposed Five-Coordinate Platinum(IV) Intermediates

2.1 Reductive Elimination from Pt(IV)

Reductive elimination from a six-coordinate octahedral Pt(IV) center results in the

coupling of two formally anionic ligands and the formation of a four-coordinate

square-planar Pt(II) species. It has been typically observed that coordinatively

saturated six-coordinate Pt(IV) organometallic complexes are remarkably stable

toward reductive elimination. It is generally only after loss of an ancillary ligand

from the octahedral complex that reductive elimination takes place from Pt(IV).

The first suggestion that ligand loss was important in reductive elimination

reactions from Pt(IV) complexes dates back more than 40 years. In 1969, Ettore

observed that added iodide inhibited the reductive elimination of PhI from

L2PtPh2I2 in methanol and suggested iodide loss to form a six-coordinate solvento

intermediate [13]. Several years later, a five-coordinate intermediate was proposed

by Puddephatt in studies of C–C reductive eliminations from Pt(IV) complexes (see

Sect. 2.1.1) [15]. Since then, the involvement of five-coordinate intermediates has

been supported so consistently in both experimental (e.g., [10, 13–42]) and compu-

tational studies (e.g., [29, 30, 43–48]) of alkyl C–C, C–H, and C–X reductive

elimination that it is now accepted as the norm in mechanistic schemes for reductive

elimination from Pt(IV).

2.1.1 C–C Reductive Elimination

In 1974, Puddephatt and coworkers studied C–C reductive elimination reactions

from the Pt(IV) complexes L2PtMe3X (L2 ¼ (PR3)2, dppe) in solution [15]. The

pyrolyses of these compounds had been investigated several years earlier by

Ruddick and Shaw [7]. Both groups saw high to quantitative yields of ethane and

L2PtMeX, the products of C–C reductive elimination from L2PtMe3X. Most inte-

resting was Puddephatt’s observation of a significant decrease in the C–C reductive

4 K.A. Grice et al.



elimination rate in the presence of added phosphine ligand. This kinetic result

suggests that an intermediate species is formed in the reaction by the loss of

phosphine prior to C–C bond forming as shown in Scheme 1, a. Evidence of ligand

exchange at the Pt(IV) complexes upon addition of ligand L0 to the reaction was

also presented. The data are consistent with a mechanism involving the preliminary

dissociation of a phosphine ligand to form a five-coordinate Pt(IV) intermediate

prior to rate-determining C–C reductive coupling. Concerted C–C coupling occurs

from the five-coordinate intermediate and the resulting unsaturated Pt(II) species is

trapped by exogenous ligand to form the stable square-planar product. In virtually

every subsequent study investigating sp3C–sp3C reductive elimination reactions

from Pt(IV) or Pd(IV), the mechanistic evidence has supported the formation of a

five-coordinate intermediate on the reaction pathway [10, 16–30, 49–52].

Five-coordinate intermediates in C–C reductive elimination from L2PtMe3X can

be generated in a variety of ways depending on the nature of L and X (Scheme 1).

If L is a monodentate neutral ligand (e.g., a phosphine), the intermediate is

generated by dissociation of L as described earlier (Scheme 1, a) [15, 16]. The

use of a bidentate phosphine ligand would make phosphine dissociation less

favorable and so a decrease in the rate of reductive elimination is expected. Indeed,

C–C reductive elimination of ethane from (dppe)PtMe3I was found to require much

higher temperatures than C–C reductive elimination from (PMePh2)2PtMe3I [15].

Scheme 1 Five-Coordinate intermediates in C–C reductive elimination reactions [10, 15–23, 27, 28]

Five-Coordinate Platinum(IV) Complexes 5



Later mechanistic studies determined that the reductive elimination reactions of the

bidentate phosphine complexes do proceed via a ligand loss pathway but involve a

different type of five-coordinate intermediate [17, 18]. When L2 is a chelating

ligand, dissociation of the X– anion takes place to generate a five-coordinate

cationic intermediate (Scheme 1, b) [17–22, 27, 28]. When L2 is a chelating

phosphine and X is a group that cannot readily dissociate (e.g., an alkyl), reaction

rates are very slow and very high temperatures (e.g., 165 �C) are required to induce
reductive elimination [10]. The mechanism for reductive elimination of ethane

from these complexes was determined to involve reversible dissociation of one

arm of the chelating phosphine to generate a five-coordinate intermediate prior to

C–C coupling (Scheme 1, c) [10, 23, 24].

2.1.2 C–X Reductive Elimination

Five-coordinate Pt(IV) intermediates have also been proposed as key intermediates in

carbon–heteroatom (C–X) reductive elimination reactions from Pt(IV) [17, 18, 21,

22, 27, 28, 40–42]. For example, upon thermolysis of L2PtMe3X (L2 ¼ chelating

phosphine; X ¼ I, OAc, O2CCF3, OAr, NHSO2R, OH), the kinetic evidence supports

dissociation of X– anion from the Pt center to generate a five-coordinate Pt(IV)

cation. Nucleophilic attack of the X– on a Pt–Me group of the cationic intermediate

generates the MeX product as shown in Scheme 2 [17, 18, 21, 22, 27, 28]. This

mechanism is the microscopic reverse of MeX oxidative addition to a square planar

d8 metal complex [1–3] and also models the product release step in catalytic alkane

functionalization by platinum [40, 41, 53, 54]. C–C reductive elimination, which

takes place by concerted C–C coupling from the cationic five-coordinate intermedi-

ate, was also observed as a competitive reaction in the thermolyses of these

L2PtMe3X complexes. With an understanding of the mechanisms of the alkyl C–C

and C–X reductive elimination reactions from Pt(IV) (Scheme 2), it was possible to

change the reaction conditions to favor either C–C or C–X coupling [17, 18, 21, 22,

27, 28]. For example, addition of excess X– inhibits C–C reductive elimination while

not affecting C–X reductive elimination. This occurs because the first step of both

reactions, formation of the five-coordinate intermediate, is inhibited by added X– as

shown in Scheme 2. The rate of the second step in the C–X reductive elimination

reaction, nucleophilic attack on the intermediate by X–, increases with added X–. The

opposite dependences of the two reaction steps on the X– concentration cancel one

another. Increasing the solvent polarity or adding Lewis acid additives accelerates

the formation of the five-coordinate intermediate, but these conditions also reduce the

nucleophilicity of X– resulting in a preference for C–C coupling over C–X coupling.

Nucleophilic attack on a Pt(IV) alkyl has been proposed as the product forming

step in Shilov catalysis wherein alkanes are converted to alcohols and alkyl

chlorides using Pt salts in aqueous solution [40, 41, 53, 54]. Kinetic studies of the

proposed product-forming step using the model platinum complex [MePtCl5]
2�

found that the loss of a chloride ligand occurs prior to nucleophilic attack [40, 41].

As these investigations were carried out in aqueous solution, it was not possible to

6 K.A. Grice et al.



distinguish between attack at a five-coordinate Pt(IV) intermediate or at a solvento

(aquo) six-coordinate complex. Similarly, the formation of C–O bonds via nucleo-

philic attack on Pt(IV) alkyl complexes has been proposed in reductive elimination

reactions from (dpms)Pt(IV) complexes [55, 56]. The dpms ligand bears a hemi-

labile sulfonyl group, which is coordinated to the platinum in the Pt(IV) complexes

but not in the Pt(II) products. While a five-coordinate intermediate has not been

formally proposed, it is notable that the Pt(IV) complex isomerizes to place the

alkyl group trans to the sulfonyl prior to the C–O coupling step. It is difficult to

assess experimentally whether the sulfonyl group in these systems dissociates prior

to or concurrently with the nucleophilic attack. The former would involve a true

five-coordinate intermediate.

A mechanism of concerted C–O coupling (not a nucleophilic attack pathway)

from a (dpms)Pt(IV) system to produce substituted epoxides has also been reported

[57]. In these examples, whether the reaction procceds via a concerted C–O

coupling directly from the six-coordinate Pt(IV) complex or after dissociation of

the sulfonyl group to generate a five-coordinate intermediate is difficult to distin-

guish experimentally. It is notable that isomerization resulting in placement of the

strong trans influence alkyl portion of the oxetane ring trans to the sulfonyl was

observed prior to the reductive elimination. Such isomerizations generally proceed

through five-coordinate intermediates, suggesting that the formation of a fluxional

five-coordinate intermediate prior to C–O coupling would be a kinetically viable

pathway for this reductive elimination.

2.1.3 C–H Reductive Elimination

Five-coordinate Pt(IV) intermediates are also proposed in C–H reductive elimination

from Pt(IV) alkyl hydrides. Protonation of Pt(II) alkyls at low temperature (�78 �C)
with HX resulted in the first spectroscopic observations of Pt(IV) alkyl hydride

Scheme 2 Five-coordinate intermediates in C–X reductive elimination reactions [17, 18, 21, 22,

27, 28]
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complexes (Scheme 3) [58, 59]. As the solutions were allowed to stand or were

warmed to room temperature, the products of C–H reductive elimination were

observed. Kinetic evidence supported the dissociation of halide to generate a cationic

five-coordinate Pt(IV) center prior to the C–H coupling reaction. In 1996, the first

examples of isolable Pt(IV) alkyl hydride species, which are stable at room tempera-

ture, were reported [8, 60]. The complexes, TpPtMe2H and Tp0PtMe2H, do not

contain any labile ancillary ligands. This lack of labile ligands has been recognized

as a key factor in the unusual thermal stability of these complexes. All subsequently

reported isolable Pt(IV) alkyl hydride complexes share this characteristic of nonlabile

ancillary ligands as illustrated by the examples in Figure 2 [10, 23, 35, 61–69].

In most studies of C–H reductive elimination from Pt(IV) alkyl hydride com-

plexes, a mechanism involving dissociation of a ligand and formation of a five-

coordinate Pt(IV) intermediate prior to concerted C–H coupling has been proposed

Fig. 2 Stable platinum(IV) alkyl hydride complexes [8, 10, 23, 35, 60–69]

Scheme 3 Five-coordinate intermediates in C–H reductive elimination reactions [58, 59]
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[31–39, 44, 47, 70, 71]. There have been only a few exceptions where C–H

reductive elimination has been reported to proceed by a concerted C–H coupling

from the six-coordinate Pt(IV) complex. Calculations have shown that such a direct

C–H reductive elimination can be favored if the entropy gained by ligand dissocia-

tion is minimized with a chelating ligand [45, 46, 48]. This suggestion was

confirmed by experimental work in which the reductive elimination of methane

from L2PtMe3H (L2 ¼ dppe, dppbz) was studied [23]. However, the reactivity of

these two Pt(IV) alkyl hydride complexes are notable exceptions to the more

general observation of preliminary ligand dissociation occurring prior to C–H

reductive elimination from Pt(IV). The vast majority of the studies of C–H reduc-

tive elimination from Pt(IV) suggests the involvement of a five-coordinate interme-

diate. Notably, the principle of microscopic reversibility then implies that the same

five-coordinate intermediates are also involved in most C–H oxidative addition

reactions to Pt(II) [70–73].

2.2 b-Hydrogen Elimination from Pt(IV)

b-Hydride elimination reactions are ubiquitous transformations in organometallic

chemistry. It is well known that in order for b-hydride elimination to occur from

a metal alkyl, an open site cis to the alkyl is needed [1–3]. It is not surprising then

that without facile ligand loss octahedral Pt(IV) alkyls are stable with respect to

b-hydride elimination. However, once ligand loss occurs, the five-coordinate Pt(IV)

intermediates are susceptible to b-hydride elimination [23, 74]. For example, the

b-hydride elimination product ethylene was produced competitively with the C–C

reductive elimination products, ethane and propane, upon thermolysis of (dppe)PtMe3Et

at 165 �C [23]. Methane was also observed as a product in this reaction. In this system,

the results of mechanistic experiments were consistent with chelate opening to generate

a five-coordinate intermediate from which both concerted C–C coupling and b-hydride
elimination occur (Scheme 4). The (dppe)PtMe3H product expected after the release of

ethylene in the b-hydride elimination process was not observed under the reaction

Scheme 4 Five-coordinate intermediates in b-hydride elimination reactions from Pt(IV) [23]
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conditions. However, this is not surprising as (dppe)PtMe3H is known to undergo

reductive elimination of methane at much lower temperatures than those at which the

thermolysis reaction of (dppe)PtMe3Et was studied [23]. C–H reductive elimination

from (dppe)PtMe3H yields methane and the Pt(II)Me2 product, (dppe)PtMe2.

The products of formal b-hydride elimination were also observed upon thermo-

lysis of (dppbz)PtMe3(YMe) (Y ¼ O, NSO2R) [27, 28]. This reactivity is interest-

ing because the dppbz ligand is more rigid than the dppe ligand and is significantly

more resistant to chelate opening. Despite the strongly chelated dppbz phosphine

ligand, the products expected from b-hydride elimination of the YMe group were

clearly observed to form competitively with the products of C–C and C–X reductive

elimination. Detailed studies of these reactions indicate that the mechanism of b-
hydride elimination for these heteroatom groups on Pt(IV) differs from the accepted

mechanism for metal alkyl groups. However, a five-coordinate Pt(IV) species is still

involved. Evidence supports the dissociation of the anionic heteroatom group to

generate a five-coordinate cationic Pt(IV) intermediate. The five-coordinate Pt(IV)

center then abstracts a hydride from the dissociated anion to yield the observed

products (Scheme 5). Thus, the same five-coordinate Pt(IV) intermediate is

involved in b-hydride abstraction and in C–C and C–X reductive elimination

from these complexes.

2.3 Five-Coordinate Rh(III) and Ir(III) Complexes

Although five-coordinate Pt(IV) species have long been proposed as intermediates

in the fundamental organometallic transformations described earlier, until recently,

isolable five-coordinate Pt(IV) complexes were unknown. This is somewhat

surprising since isoelectronic five-coordinate Rh(III) and Ir(III) complexes have

been known since the 1960s and 1970s, respectively [75, 76]. A range of five-

coordinate Ir(III) organometallic complexes have been reported including bis-

hydrocarbyl, hydrido aryl, and even hydrido alkyl species [77, 78]. The results of

mechanistic studies of reductive elimination reactions to form C–C and C–H

bonds from these complexes are consistent with direct, concerted couplings from

the five-coordinate species [78, 79]. Five-coordinate Ir(III) alkyl hydride species

Scheme 5 Five-coordinate intermediates in b-hydride abstraction reactions from Pt(IV) [27, 28]
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are particularly important because they are proposed as intermediates in iridium

catalyzed alkane dehydrogenation and alkane metathesis reactions [80–82].

3 First Isolable Five-Coordinate Pt(IV) Complexes

In 2001, the first examples of isolable five-coordinate Pt(IV) complexeswere reported

(Fig. 3) [83, 84]. The neutral complex (i-Prnacnac)PtMe3 (1a) was prepared from

Ki-Prnacnac and [PtMe3(OTf)]4 in pentane solvent [83] and silyl hydride complexes

[k2-((Hpz*)BHpz*2)Pt(H)2SiR3][BAr4
F] (R3 ¼ Et3 (2a), Ph3 (2b), Ph2H (2c)) were

prepared by the addition of [H(Et2O)2][BAr4
F] to Tp0Pt(H)2SiR3 or by the reaction of

[k2-((Hpz*)Bhpz*2)PtH(solv)][BAr4
F] with R3SiH [84]. These unprecedented five-

coordinate Pt(IV) complexes are stable in solution at room temperature and were

characterized by NMR spectroscopy. Compounds 1a and 2a were also characterized

in the solid state by X-ray crystallography. An almost perfect square pyramidal

geometry about the Pt center was observed for (i-Prnacnac)PtMe3, with close to 90 �

angles between the ligands around the metal [83]. In contrast, the structure of the

cationic Pt(IV) species [k2-((Hpz*)Bhpz*2)Pt(H)2SiEt3][BAr4
F] (2a) has N–Pt–Si

angles that are close to 120 �, suggesting a distorted square pyramid in which the

metal is not in the plane of the base of the pyramid, but more toward the center [84].

The Pt-hydrides were not located crystallographically.

The 1H NMR spectrum of (i-Prnacnac)PtMe3 (1a) at room temperature contains

only one resonance for the three Pt–Me groups, a sharp singlet with 195Pt satellites

(2JPt–H ¼ 74 Hz) [83]. If the complex existed in solution as a static square pyramid,

separate signals would be expected for the basal and the axial Pt–Me groups. If it

existed as a static trigonal bipyramid in solution, separate signals would also be

expected as Me groups would be located in both the axial and the equatorial

positions. The observation of a single resonance suggests a fluxional molecule

that exchanges the three Pt–Me groups on the NMR timescale. The 2JPt–H is

consistent with the average value expected based on two equatorial Pt–Me groups

trans to N and an axial Pt–Me group trans to an open site. For comparison, in the

complexes (NN)PtMe3OTf (NN ¼ bpy, tmeda, diimine), the Me groups trans to the

nitrogen donor ligands have 2JPt–H values of ca. 66 Hz, whereas the 2JPt–H trans to

Fig. 3 First reported five-coordinate Pt(IV) complexes [83, 84]
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the weak donor OTf is ca. 80 Hz [20]. Thus, a Pt–Me group trans to an open site

could be expected to have a 2JPt–H value of ca. 80 Hz or higher. Such a high value

was later confirmed in studies of [(BAB)PtMe3][OTf] (see Section 4). Fluxionality is

common for five-coordinate d6metal species [85–88]. The observed scrambling of the

Pt–Me groups in L2PtMe3X prior to C–C reductive coupling [15, 23, 37] has been

explained by the expected fluxionality of the five-coordinate Pt(IV) intermediates

that form prior to reductive elimination. No change in the NMR spectrum of 1a was

observed when the sample was cooled to�50 �C, indicating that the fluxional process
is still rapid at low temperatures [83]. In comparison, evidence of positional exchange

between the silyl ligand and the hydrides was not observed in the solution NMR

spectra of [k2-((Hpz*)BHpz*2)Pt(H)2SiR3][BAr4
F] (2a–c) [84].

4 Survey of Known Five-Coordinate Pt(IV) Complexes

Following the first reports of isolable five-coordinate Pt(IV) species, several other

stable five-coordinate Pt(IV) species have been prepared and characterized. These

complexes are illustrated in Fig. 4 [89–99].

A variety of methods have been used to prepare five-coordinate platinum(IV)

complexes. The five-coordinate Pt(IV) species with trimethyl substitution at platinum

have been synthesized by reaction of bidentate ligands with [PtMe3OTf]4 (1a–d, 3,

4a–c, 9), or by reaction of MeOTf with a Pt(II)Me2 species (9 and 10) [83, 89, 90,

92–95, 99]. The first examples of five-coordinate Pt(IV) species with silyl ligands

(2a–c) were obtained by reaction of six-coordinate Tp0PtH2Me specieswith acid in the

presence of silanes. These conditions resulted in C–H reductive elimination followed

by Si–H oxidative addition [84]. Later, five-coordinate Pt(IV) species were synthe-

sized directly from the reaction of silane with a Pt(II) precursor (5a–c, 7a) [97, 98].

Complex 6 was obtained by reaction of an anionic Pt(II) dialkyl species with

Me3SiOTf [91]. Complexes 8a and 8b, which each have a silyl group incorporated

into the chelating ligand backbone, were synthesized from six-coordinate Pt(IV)OTf

precursors via salt metathesis with the noncoordinating anion B(C6F5)4 [96].

Most of the reported five-coordinate Pt(IV)Me3 complexes are fluxional and the

Pt–Me groups exchange on the NMR time scale, as described earlier for 1a.

Complexes 1b–d, 3, and 4a–c are reported to exhibit such fluxionality and only a

single Pt–Me 1H NMR signal is observed for these complexes at room temperature

[89, 90, 92–94]. Complex 9 exhibits two broad Pt–Me 1H NMR signals in a 2:1 ratio

at room temperature [95]. The broadness of the signals indicates a slow exchange of

the Pt–Me groups and warming to 45 �C resulted in coalescence of the signals.

Cooling the solution to –53 �C results in sharp Pt–Me signals in the 1H NMR

spectrum, with 2JPt–H ¼ 67.2 and 84.4 Hz for the basal and axial positions, respec-

tively [95]. The limited fluxionality of 9 compared to the other fluxional PtMe3
complexes is likely due to a higher rigidity of the BAB ligand and/or increased steric

interference by the benzene ring that inhibits efficient isomerization. The dinuclear

complex 10 shows no fluxionality of the Pt–Me groups at room temperature by
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NMR (2JPt–H ¼ 68.0 and 78.8 Hz for the basal and axial positions, respectively)

[99]. The 2JPt–H for the axial Pt–Me group measured in solution is relatively low for a

Me group trans to an open site. The binuclear structure might simply be too rigid or an

interaction of the Pt open site with the central benzene ring of the ligand may be

inhibiting the fluxionality of the Pt–Me groups. Notably, in the crystal structure of 10,

each platinum center is only 2.51 Å away from the nearest carbon on the central

benzene ring of the ligand backbone. This situationmay be somewhat similar to that of

the (dmdpb)PtMe3 complex (11) where the potential “open site” was instead shown to

be occupied by a C–H agostic interaction. A short distance (2.02 Å) was observed

between the Pt center and a proton on the B–CH3 group (Fig. 5) [100]. No fluxionality

of this complex was observed in solution with two separate signals for the basal and

axial Pt–Me groups (2JPt–H ¼ 64.9 and 84.9 Hz, respectively). Coupling from 195Pt to

the B–CH3 group observed in the
1HNMR spectrum of 11 (JPt–H ¼ 58.1Hz) provides

strong evidence for the existence of an interaction between the Pt and the B–CH3

group in solution. NMR spectra at elevated temperaturewere not reported for 10 or 11.

Fig. 4 Other reported five-coordinate Pt(IV) species [89–99]
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The Pt(IV) silyl complexes 2a–c, 5a–c, 6, and 7a–b are not fluxional on theNMR time

scale, and exist solely as the isomers with the silyl group trans to the open site [84, 91,

96–98]. This rigidity could be attributable to steric factors and/or the high trans-

influence of the silyl group.

The stability of five-coordinate Pt(IV) complexes is striking considering their

unsaturated coordination environments. We can note some similarities among this

small group of isolable complexes (Fig. 4) and can begin to speculate on factors that

may help stabilize these unusual complexes against coordination of a sixth ligand

or decomposition, possibly through b-hydride elimination or reductive elimina-

tion. First, b-hydride elimination cannot occur because the alkyl groups in the

known five-coordinate Pt(IV) complexes do not contain any b-hydrogens. Second,
all the complexes have chelating nitrogen donor ligands, which are known to

stabilize Pt(IV) (and Pd(IV)) with respect to reductive elimination [19, 43, 101,

102]. Third, all the complexes bear anionic strong s-donating monodentate groups

(alkyls, hydrides, and silyls) and one of these strong trans influence ligands is

always trans to the open site, which may inhibit coordination to the open site.

Finally, the open site in many of the reported complexes is sterically protected,

which likely plays a role in stabilizing some of the complexes by preventing

coordination of a sixth ligand. This is particularly evident for 9 where an arene

ring appears to completely block the approach of any incoming ligand [95].

Complexes similar to 9 such as (t-Bubpy)PtMe3OTf, which do not have steric

protection to prevent coordination of triflate, solvent, or adventitious ligands, are

reported to exist as six-coordinate Pt(IV) complexes at room temperature [20]. It

is notable as well that in the examples of cationic five-coordinate Pt(IV) com-

plexes, which do not have steric congestion around the open site, a noncoordinat-

ing counterion such as BAr4
F or B(C6F5)4 is employed (complexes 2a–c and

8a–b) [84, 96]. For the neutral (i-Prnacnac)PtMe3 complex 1a, steric protection

of the open site is significant as can be seen in the space filling model shown in Fig. 6

[83]. When 1a was reported as the first five-coordinate Pt(IV) alkyl complex, it was

thought that this steric protectionwas a key element in its stability. However, as can be

seen in Fig. 4, a variety of complexes with considerably less steric congestion about

the open site such as the (Rpypyr)Pt and (pyind)Pt complexes 4, 6, and 7 are also

isolable. The open site of the (t-Bupypyr)PtMe3 complex, 4b, is clearly accesible as

shown in Fig. 6 [93].

Fig. 5 Agostic interaction between Pt(IV) and a ligand C–H [100]
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Although (nacnac)Pt(IV) complexes are five-coordinate, the related acac-ligated

Pt(IV) complex is not [6]. [(acac)PtMe3]2 is a dimer of two potentially five-coordinate

(acac)PtMe3 species in which the central carbon on the acac backbone coordinates to

another Pt center, giving each Pt an electron count of 18 (Fig. 1) [6]. A similar

dimerization could occur in the (nacnac)PtMe3 species 1a–d, but the steric hindrance

provided by the aryl substituents likely prevents such dimerization. Steric bulk on the

ligand, even if distant from the open site, can also limit the propensity for dimerization.

While (t-Bupypyr)PtMe3 complex 4b was characterized as a mononuclear five-coordi-

nate Pt(IV) complex by X-ray crystallography [93], the closely related but the less

sterically encumbered methyl-substituted (Mepypyr)PtMe3 complex 4c forms a noncen-

trosymmetric dimer in the solid statewith aweak interaction (2.52 Å) between themetal

center and the 2-pyrrolide carbon of an adjacent molecule [94]. This interaction may

also be important in solution at low temperature as the 1HNMRNOESY spectrum of 4c

at –53 �C inCD2Cl2was consistent with such dimer formation.However, the interaction

is relativelyweak and all NMR spectra recorded at room temperature are consistent with

a description of 4c as a mononuclear fluxional five-coordinate Pt(IV) complex.

5 Reactivity of Five-Coordinate Platinum(IV) Complexes

As discussed earlier, five-coordinate species have been identified as key intermedi-

ates in the reactions of six-coordinate Pt(IV) and four-coordinate Pt(II) metal

complexes. The recent isolation of model five-coordinate platinum(IV) complexes

Fig. 6 Space filling models of (i-Prnacnac)PtMe3 (1a) and (t-Bupypyr)PtMe3 (4b)
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has offered the first opportunity to probe the reactivity of such species directly.

Reductive elimination reactions have been observed from several of the isolable

five-coordinate complexes and the reactivity of the open site with various ligands

and reagents has been examined. A survey of the investigations of the reactivity of

these unusual complexes is presented in this section.

5.1 Coordination of Monodentate Ligands

In early syntheses of five-coordinate species, it was thought that potential ligands

could readily occupy the empty coordination site and needed to be avoided. Thus,

coordinating solvents were deliberately not used. Yet some of the first five-

coordinate complexes, 2a–c, and later the five-coordinate complexes, (NSiN)

PtR2 (8a–b), were prepared using reagents with coordinated ether molecules (i.e.,

[H(Et2O)2][BAr4
F] and [Li(Et2O)3][B(C6F5)4]). Despite the presence of poten-

tially coordinating ether in the reaction mixture, no evidence of ether coordina-

tion was observed in the solid state structures [84, 96]. Indeed, subsequent studies

of stable five-coordinate species have shown them to be considerably more

discerning in their reactivity with nucleophiles than had been initially antici-

pated. For example, (Clnacnac)PtH2SiPh3 5a showed no interaction with nitriles,

even neat acetonitrile [104]. The (NSiN)PtR2 complex 8a, which has an unob-

structed open site, was exposed to an atmosphere of ethylene with no observable

reaction [96].

Some five-coordinate Pt(IV) complexes have been observed to react with L-type

ligands to generate the expected six-coordinate complexes, although the strengths

of these interactions are variable. For example, (Phpypyr)PtH2SiEt3 (7a) reacts with

4-dimethylaminopyridine to give an isolable six-coordinate Pt(IV) complex [97].

In contrast, the typically strongly coordinating PMe3 was found to bind only weakly

to (Clnacnac)PtH2SiPh3 (5a) at room temperature, as evidenced by the unusually

low Pt–P coupling constant of 745 Hz in the six-coordinate adduct [104]. The

(Phpypyr)PtMe3 complex (4a) was shown to coordinate ethylene at low temperature

to form a six-coordinate complex, as demonstrated by three inequivalent Pt–Me

signals in the 1H NMR of 4a in the presence of ethylene at �69 �C [93]. Coeles-

cence of the signals was observed upon warming, indicative of reversible binding of

the ethylene to 4a. The reactivity of (t-Bunacnac)PtMe3 (1b) with CO and tert-
butylisocyanide (t-BuNC) has also been investigated [103]. Carbon monoxide was

found to bind reversibly to form a six-coordinate species. In the absence of CO, the

Pt–Me groups of (t-Bunacnac)PtMe3 undergo rapid exchange at temperatures as low

as –80 �C as evidenced by a single Pt–Me resonance in the 1H NMR spectrum. In

the presence of CO, distinct resonances for the axial and equatorial methyl groups

were evident at –40 �C. Upon warming to room temperature, a very broad Pt–Me

resonance, shifted upfield from that of the five-coordinate species, was observed

suggesting reversible CO binding on the NMR time scale. In contrast, the isolable

six-coordinate complex (t-Bunacnac)PtMe3(CNt-Bu) was formed with t-BuNC
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[103]. The isocyanide t-BuNC is generally considered a better s-donor and poorer

p-acceptor than CO [3]. Thus, these five-coordinate complexes, though unsaturated,

appear to be somewhat discriminating in their coordination of ligands.

5.2 Reductive Elimination

Mechanistic studies of C–C reductive elimination from six-coordinate platinum(IV)

complexes have consistently indicated the involvement of five-coordinate species on

the reaction pathway (see Sect. 2.1.1). If the novel five-coordinate Pt(IV) complexes

that have been isolated over the last decade are to serve as functional models for

these intermediates, then direct C–C coupling, without preliminary ligand associa-

tion or dissociation, should be observable from the alkyl complexes. Studies of the

thermolyses of several five-coordinate Pt(IV)Me3 complexes have provided con-

vincing evidence for direct, concerted C–C reductive elimination from the five-

coordinate species.

Ethane, the expected product of C–C reductive elimination was observed upon

thermolysis of the five-coordinate complexes (Phpypyr)PtMe3 (4a) and (t-Bupypyr)

PtMe3 (4b) in benzene [93]. The production of methane was also observed in these

reactions. In the case of (Phpypyr)PtMe3 (4a), no stable platinum product could be

identified. However, upon thermolysis of the t-Bu substituted 4b, a bimetallic

complex (12) was isolated in good yield (Scheme 6). If the thermolysis of 4b

was carried out in benzene-d6, CH3D was observed in addition to CH4 and the

cyclometalated alkyl group in the bimetallic complex was completely deuterated.

The mechanism shown in Scheme 6 accounts for these results. Reductive elimina-

tion from (t-Bupypyr)PtMe3 (4b) yields the three-coordinate Pt(II) intermediate, A,

which may be stabilized by an interaction with solvent or by an agostic C–H

interaction. Such unsaturated or weakly ligated Pt(II) species are known to be

involved in the activation of C–H bonds [31, 70, 71]. Two options are available

to this reactive Pt(II) species: C–D activation of solvent (path a) or intramolecular

C–H bond activation leading to cyclometalation of a t-Bu substituent (path b). Both
options lead to Pt(IV) species that would reductively eliminate methane (or meth-

ane-d1) to yield intermediate B. The observation of both CH3D and CH4 indicates

that intermolecular arene activation and intramolecular cyclometalation are com-

petitive. The full deuteration of the alkyl arm in the product indicates that arene

activation and cyclometalation are both reversible. Formation of the final binuclear

product, 12, was proposed to result from trapping of the unsaturated intermediate

B by starting material, (t-Bupypyr)PtMe3 (4b).

Thermolysis of either 4a or 4b in the presence of ethylene led to isolable

products 13a and 13b in which efficient trapping of B0 (the orthometalated analog

of B) or B, respectively, with ethylene occurs as shown in Scheme 7. Analysis of the

rates of reaction of 4a with respect to ethylene concentration showed that ethylene

can bind to the five-coordinate Pt(IV) species and inhibit C–C reductive elimina-

tion. These results support direct C–C coupling from the five-coordinate complexes

and establish the validity of these species as functional models for the intermediates
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previously proposed in C–C reductive elimination reactions from six-coordinate

Pt(IV) complexes. The rates of reductive elimination from 4a were measured in

the presence of varying amounts of ethylene, and the rate constant for the concerted

C–C reductive elimination, k2, was determined (k2 ¼ 6.3(4) � 10–4 s-1). Previous

determinations of rate constants for alkyl C–C reductive elimination were from six-

coordinate Pt(IV) and therefore included a contribution from a preliminary ligand

dissociation step [10, 15–18, 21–25, 27, 28].

C–C reductive elimination was also observed upon thermolysis of (i-Prnacnac)

PtMe3 (1a) and (anim)PtMe3 (3) [83, 92]. The rate of ethane elimination from

these complexes was slower than from (Phpypyr)PtMe3 4a with rate constants of

3.0(2) � 10–6 s–1 and 2.1(2) � 10–5 s–1 measured for 1a and 3, respectively.

Although the (i-Prnacnac)PtMe3 and (anim)PtMe3 complexes appear quite similar

in their structures, the change in the electronics of the ligand backbone with the

incorporation of an arene ring in the anim ligand results in almost an order of

magnitude difference in their rate constants for reductive elimination. It had

previously been difficult to make such direct comparisons concerning the key

C–C bond-forming step as prior measurements of rate constants of reductive

elimination from Pt(IV) involved contributions from the preliminary ligand

dissociation step.

Scheme 6 Reductive elimination from 4b to yield 12 [93]
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In addition to the C–C coupling product ethane, methane was also detected in the

thermolysis of (i-Prnacnac)PtMe3 (1a) and (anim)PtMe3 (3). The platinum products

of the thermolysis reactions are the Pt(II) hydride complexes 14 and 15 in which the

isopropyl substituent on the aryl group of the ligand has undergone dehydrogena-

tion and coordination to the metal center [89, 92]. When the reaction was carried

out in deuterated benzene solvent, complete deuteration of the isopropyl groups

of the product (including the dehydrogenated group) was observed. This result is

explained by the mechanism shown in Scheme 8. Reductive elimination of ethane

from either five-coordinate complex generates a three-coordinate Pt(II) species.

Intramolecular oxidative addition of a C–H bond of one of the isopropyl groups

generates a five-coordinate Pt(IV) methyl hydride complex. Rapid reductive elimina-

tion of methane produces the unsaturated cyclometalated Pt(II) complex. This cyclo-

metalated Pt(II) intermediate can undergo either intermolecular oxidative addition of a

solvent C–D bond or intramolecular b-hydride elimination to generate the Pt(II) olefin

hydride product. Reversible C–H/C–D oxidative addition/reductive elimination prior

to theb-hydride elimination step results in the deuteration of the isopropyl groups [92].

An important element of the reductive elimination of ethane from these five-

coordinate Pt(IV) complexes is that three-coordinate Pt(II) species capable of C–H

activation are generated. As described above, a three-coordinate Pt(II) species can

participate in an intramolecular activation of a ligand C–H bond or an intermolecu-

lar activation of a solvent C–H bond. When the cyclometalated group formed by

intramolecular activation can undergo b-hydride elimination, dehydrogenation of

the ligand has been observed. Notably, intermolecular dehydrogenation of solvent

was observed when intramolecular dehydrogenation was not possible. Thus, ther-

molysis of the (t-Bunacnac)PtMe3, 1b, wherein the isopropyl groups of 1a have been

replaced by methyl groups, in neohexane or cyclohexane solvent, led to efficient

intermolecular alkane activation followed by b-hydride elimination to yield a Pt(II)

Scheme 7 Reductive elimination from 4a and 4b in the presence of ethylene [93]
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olefin hydride complex [90]. The Pt(II) neohexene hydride was capable of

performing stoichiometric transfer dehydrogenation in cyclohexane solvent to

form the Pt(II) cyclohexene hydride and free neohexane. However, no catalytic

transfer dehydrogenation of cyclohexane was observed with excess neohexene.

Catalytic transfer dehydrogenation of diethyl ether (1.3 turnovers) was achieved

with the related unsubstituted nacnac ligand complex, (nacnac)Pt(neohexene)

hydride, in the presence of excess neohexene in diethyl ether solvent [104].

Reductive elimination of ethane from five-coordinate Pt(IV) alkyl complexes

has also led to the generation of three-coordinate complexes that have shown

catalytic activity in the hydroarylation of olefins. In contrast to the t-Bu or Ph

substituted pypyr ligands which underwent facile cyclometalation and trapping

with ethylene (Scheme 7), when the Me-substituted (Mepypyr)PtMe3 (4c) was

heated in benzene solvent under a pressure of ethylene, ethyl benzene product

was produced with a TON of 26 [94]. Other combinations of arenes and olefins were

also observed to yield hydroarylation products when (Mepypyr)PtMe3 complex 4cwas

used as a catalyst precursor. Presumably C–C reductive elimination of ethane is

followed by C–H activation of the arene, reductive elimination of methane, and then

Scheme 8 C–C Reductive elimination from 1a and 3 and H–D exchange [92]
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coordination and insertion of the olefin.Mechanistic studies were consistent with olefin

insertion into thePt–Ph bond followed by intramolecular areneC–Hoxidative addition,

alkyl C–H reductive elimination, intermolecular arene C–H oxidative addition, and

C–H reductive elimination of the product. Five-coordinate intermediates are implied in

this mechanism immediately after each C–H bond oxidative addition to Pt(II) and

immediately prior to each C–H reductive elimination from Pt(IV).

Five-coordinate Pt(IV) species with silyl ligands are poised to perform Si–C

or Si–H reductive elimination from Pt(IV). Note that the microscopic reverse of the

latter reaction, Si–H oxidative addition, was used to synthesize the first five-coordinate

Pt(IV) complexes with silyl ligands (2a–c) [84]. Complex 6, which has Pt–Me groups

and a Pt–SiMe3 group, was observed to react over time at room temperature to

form tetramethylsilane, the product of Si–C reductive elimination, and intractable Pt

products [91]. The five-coordinate complex (Phpypyr)Pt(H)2SiEt3, 7a, was found to

react with HSiMe2Et to form product 7b. Study of this reaction showed that Si–H

reductive elimination from 7a was rate-determining and it occurred directly from the

five-coordinate complex [97]. Reaction of 7awith phosphines at room temperature led

to the formation of a Pt(II)H(PR3) complex and free silane, the product of Si–H

reductive elimination. Complex 7a was observed to be an active catalyst for the

hydrosilylation of ethylene, tert-butylethylene, and alkynes [97].
The syntheses of isolable five-coordinate Pt(IV) complexes have allowed the

direct study of C–C and Si–H reductive elimination processes. Rate constants can

now be determined for these bond-forming reactions that do not include contribu-

tions from preliminary dissociation of ligands as is generally the case when the

reactions occur from octahedral complexes. In addition, reductive elimination from

five-coordinate Pt(IV) complexes allows access to highly reactive Pt(II) species,

which have been shown to perform intra- and intermolecular C–H activation and to

provide entry points into catalytic hydroarylation and hydrosilylation reactions.

5.3 Metal–Ligand Cooperativity

Recently, it was found that (t-Bunacnac)PtMe3, 1b, reacts with ethylene (reversibly)

and 3,3-dimethylbutyne to form cycloaddition products 16 and 17 wherein both the

open site at the metal center and the ligand backbone are involved in reaction with the

exogenous substrate (Scheme 9) [103]. This type of reactivity to form bicyclic com-

plexes has also been observed with another five-coordinate Pt(IV) nacnac complex.

(Clnacnac)PtH2SiPh3, 5a, reacts with acetylene, phenylacetylene, and phosphaalkynes

to form the coordinatively saturated six-coordinate products shown in Scheme 9 [104].

Both the open site and the reactive site on the ligand are important in these reactions.

Other coordinatively unsaturated, typically trigonal planar, (nacnac)M complexes

have been observed to undergo analogous cycloaddition reactions of alkenes, alkynes,

ketones, ketenes, and diazo compounds to form bicyclic products [105–110].

A closely related bicyclic product was also recently observed in the activation of

molecular oxygen by a five-coordinate Pt(IV) complex [103]. The five-coordinate

(t-Bunacnac)PtMe3, 1b, was found to react with dioxygen in toluene-d8 to form a
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six-coordinate peroxo species, (19), in which one oxygen atom is bound to the

metal center and the other to the central carbon of the ligand backbone (Scheme 10).

The peroxo species, 19, was characterized in solution by 1H and 13C NMR spectro-

scopies. Over time, the peroxo species generates a more stable complex in which

the O–O bond has been cleaved (20, Scheme 10). This latter complex was char-

acterized by X-ray crystallography. Pt(IV) complexes bearing a similar chelate

structure to this final product have been formed from the reaction of (DPK)PtMe2
(DPK ¼ di-2-pyridyl ketone) with H2O2 [111].

The observation of the peroxo intermediate in the reaction of (t-Bunacnac)PtMe3,

1b, with oxygen is significant. Therewas one previous report of a (nacnac)Cu complex

being oxidized by molecular oxygen at the central carbon of the ligand backbone

[112]. In this (nacnac)Cu case, a peroxo species analogous to 19was proposed, but not

observed, as an intermediate in the reaction. A formal cycloaddition of molecular

Scheme 9 Cycloaddition reactions involving five-coordinate Pt(IV) nacnac complexes [103, 104]

Scheme 10 Cycloaddition of dioxygen with (t-Bunacnac)PtMe3 1b [103]
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oxygen to form a peroxo species has also been found with (t-Bupypyr)PtMe3 complex

4b. The crystallographically observed product was a bimetallic peroxo species, in

which the peroxo moiety binds to both the metal centers and the carbon in the ligand

backbone of one of the metals (21, Scheme 11). This bimetallic structure could be

viewed as a monomeric peroxo complex, wherein the oxygen is bound to the metal

and the ligand backbone (somewhat analogous to 19) acting as a ligand to a second

five-coordinate Pt(IV) center. Under an oxygen atmosphere, the spectroscopic data

support a monomeric peroxo complex in solution [113].

It appears that the presence of a site where a negative charge can be localized on

the ligand may play a significant role in promoting the observed reactions of oxygen,

olefins, and alkynes with the five-coordinate (t-Bupypyr)PtMe3, (
t-Bunacnac)PtMe3,

and (Clnacnac)Pt(H)2SiPh3 complexes. In the pypyr ligand, electron density can

potentially be localized on the 2-position of the pyrrolide ring and, in the nacnac

ligands, on the central carbon of the ligand backbone. The reactivity of this site in

nacnac is also seen when (i-Prnacnac)PtMe3 (1a) is exposed to light. Formal methyl

cation migration from Pt to the central carbon of the ligand backbone is observed

resulting in a diimine Pt(II) dimethyl complex 22 (Scheme 12) [83]. The examples

of metal–ligand cooperativity in the reactions of five-coordinate complexes ligated

by nacnac and pypyr ligands (above) are significant because they suggest that

the involvement of reactive sites on the ligand may prove critical in the transforma-

tions of five-coordinate complexes and unobserved five-coordinate intermediates.

Further investigations of five-coordinate complexes beyond those ligated by nacnac

or pypyr ligands are needed to more fully understand the importance of this ligand

involvement.

Scheme 11 Reaction of dioxygen with (t-Bupypyr)PtMe3 (4b) [113]

Scheme 12 Methyl migration from Pt(IV) to a ligand carbon [83]
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6 Conclusions and Future Directions

Five-coordinate intermediates are important in many fundamental reaction steps at

Pt(IV) including C–C, C–X, and C–H bond formation. Once thought to be too

reactive to isolate or observe, 16 electron, five-coordinate platinum(IV) complexes

have now been synthesized, isolated, and fully characterized. The existence and

reactivity of these complexes validate the many proposals of five-coordinate inter-

mediates in the reactions of octahedral six-coordinate platinum(IV) complexes.

In addition, we can now study their structures and reactivity with a wide range

of substrates to better guide the development of catalytic reactions. Interesting

reactivity has been observed with exogenous reagents such as olefins and molecular

oxygen. The direct, thermally promoted C–C or Si–H reductive elimination from

five-coordinate Pt(IV) complexes has allowed access to reactive Pt(II) species,

which can perform catalytic bond activation and functionalization reactions

such as hydroarylation and hydrosilylation. As more examples of complexes

sharing the five-coordinate Pt(IV) structure become available, we will further our

understanding of the factors that govern the stability and reactivity of these novel

species. The insight gained from studying these five-coordinate Pt(IV) complexes is

also likely to be applicable to reactions of Pd(IV), where five-coordinate inter-

mediates have also been proposed but not yet observed.
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The Role of Higher Oxidation State Species

in Platinum-Mediated C–H Bond Activation

and Functionalization

Jay A. Labinger and John E. Bercaw

Abstract The Shilov system, a mixture of di- and tetravalent chloroplatinate salts

in aqueous solution, provided the first indication of the potential of organotransition

metal complexes for activating and functionalizing alkanes under mild conditions;

the participation of higher-valent species plays a crucial role. In this chapter, we

discuss the experimental and computational studies that have led to detailed

mechanistic understanding of C–H activation and functionalization by both the

original Shilov system and the many subsequent modifications that have been

developed, and assess the prospects for practical, selective catalytic oxidation of

alkanes using this chemistry.

Keywords Alkane functionalization � Hydrocarbon oxidation � Platinum

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2 Formation and Decomposition of RPt(IV) in the Shilov System . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.1 Conversion of RPt(II) to RPt(IV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.2 Formation of R–X from RPt(IV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3 Does C–H Activation in the Shilov System Involve Pt(IV) Intermediates? . . . . . . . . . . . . . . . 36

3.1 Studies on Protonolysis of R–Pt(II) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.2 Computational Studies on the Shilov System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4 Pt(IV) in Alkane Activation and Functionalization by Ligand-Substituted Complexes . . . . 43

4.1 The Catalytica System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.2 Stoichiometric C–H Activation at Ligated Pt(II) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.3 Oxidation by Dioxygen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5 Conclusions and Prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

J.A. Labinger and J.E. Bercaw

Arnold and Mabel Beckman Laboratories of Chemical Synthesis, California Institute of

Technology, Pasadena, CA 91125, USA

e-mail: jal@its.caltech.edu, bercaw@caltech.edu



1 Introduction

Today, there are well-established examples of facile C–H bond activation by just

about every transition metal in the periodic table, but the historical pride of

precedence goes to platinum. The conversion of alkanes to alcohols by chloropla-

tinate salts, under what appeared at the time to be remarkably mild conditions, was

first reported by Alexander Shilov and his coworkers around 1970. The initial

triggering discovery was actually made by Garnett and Hodges [1], who examined

H/D exchange in arenes catalyzed by acidic solutions of [PtIICl4]
2�. In itself this

reaction may have seemed unremarkable, perhaps just an analog of the well-known

mercuration of arenes; but the paper also mentioned (with no details) that aliphatic

C–H bonds of methyl substituents on arenes, and even in cyclohexane, also

exhibited some exchange. Following up on this observation, Shilov demonstrated

that alkane C–H bonds undergo the exchange reaction [2] and subsequently decided

(for reasons that are not completely obvious [3]) to add [PtIVCl6]
2� to the system,

thus obtaining a much more interesting reaction: moderately selective oxidation of

alkanes to alcohols and chloroalkanes (Scheme 1) [4].

This paper and subsequent studies by Shilov and other Soviet groups – published

primarily in Russian-language journals – initially attracted relatively little attention,

and much of that was rather dubious: how could such “ordinary” metal complexes

effect so unprecedented a transformation under near-ambient conditions? The first

appearances of definitive examples of alkane activation at transition metal centers,

around a decade later, did not really dispel these doubts. Activating species such as

[(C5Me5)(PMe3)Ir
I], in Bergman’s pioneering work [5], were coordinatively unsat-

urated, often photogenerated, and very electron-rich. What correspondingly

extraordinary properties do these chloroplatinate salts have to offer? Many believed

that this was actually heterogeneous catalysis, with the chemistry taking place at the

surface of colloidal metallic platinum, not at a discrete, soluble metal complex.

All such suspicion proved unfounded: detailed mechanistic work, carried out both

by Shilov and his collaborators in the 1970s and by other groups starting in the late

1980s, has conclusively demonstrated that Shilov’s original proposal was correct and
provided at least a partial explanation of just what is special about the Shilov system:

the interplay between low-valent Pt(II) and high-valent Pt(IV) species, exploiting their

differing chemical properties, is crucial in making this remarkable chemistry work.

Here, we examine the roles played by high-valent Pt complexes, not only in the

Shilov system itself but also in the many subsequent examples of C–H activation

that have been studied as models for and/or improvements upon the original

work. To be sure, this topic has previously been addressed to some degree in

general reviews of C–H activation (these are much too numerous for a complete

listing, but for historical reasons we cite two by Shilov himself [6, 7]). More to the

R−H + [PtIICl4]2– + [PtIVCl6]2– 120°C

H2O
R−OH + R−Cl

Scheme 1
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point, several reviews specifically cover the Shilov and mechanistically related

systems [8] and/or C–H activation chemistry of platinum [9, 10] and provide quite

thorough pictures of the state of understanding at the time they were written. Hence,

in the following sections, we focus on work subsequent to the last of those three

reviews (2005) with an emphasis on the role of Pt(IV) in C–H bond activation and

functionalization. We highlight the main developments of earlier work for back-

ground, but make no attempt at comprehensive coverage or in-depth analysis.

2 Formation and Decomposition of RPt(IV) in the Shilov

System

The overall mechanism shown in Scheme 2, outlined by Shilov at an early stage in

the research, has been essentially validated by all subsequent work. The reaction

begins with activation of a C–H bond at a Pt(II) center. (There are examples of

arene, but not alkane, activation by Pt(IV); these probably involve “classical”

electrophilic routes via p-complexes and Wheland intermediates [10].) This fact

seems incontrovertible since Pt(II) by itself catalyzes H/D exchange; the detailed

mechanism of the activation is much less obvious, as discussed in Sect. 3. The

resulting RPt(II) complex is extremely sensitive to electrophilic cleavage – no

[RPtIIClx(H2O)3�x]
(x�1)� species can be observed in the presence of any proton

source – so using Pt(II) alone, no alkane conversion beyond isotopic exchange

would be feasible. However, [PtIVCl6]
2� effects oxidation to RPt(IV), which is

virtually completely inert to protonolysis but quite susceptible to nucleophilic

Cl

Cl

Cl
PtII

Cl

Cl

PtIV

H2O Cl

Cl

Cl

+  CH4

–

–

net reaction:
CH4 + [PtIVCl6]2– + H2O

H2O
PtII

OH2 CH3

H2O
+  H+

2 Cl–

CH3OH + H+

CH3Cl

H2O
Cl–

[PtIVCl6]2– 

[PtIICl4]2– 

CH3

[PtII]
CH3–OH + [PtIICl4]2– + 2HCl

Scheme 2
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attack by water or chloride, leading to the organic products and regenerating Pt(II).

The intermediacy of RPt(IV) also appears incontrovertible: species such as

[MePtIVCl5]
2� can be synthesized independently and undergo the appropriate

transformations under the conditions of the Shilov system. (Observation of an

NMR signal corresponding to the latter complex, in a cooled-down solution from

a methane oxidation reaction, has even been reported [11]; however, the failure to

observe any such signal from a working reaction, at temperature in a pressurized

NMR tube [12], casts some doubt on that claim.)

The two keys to the success of the system, then, are (1) the remarkable rapidity

of the oxidation step, which can outcompete protonolysis even though the latter is

too fast to measure independently; and (2) the complete “umpolung” of the C–Pt

bond, from Rd�–Pt(II)d+ to Rd+–Pt(IV)d�, which facilitates functionalization rather
than simple protonolytic reversion to alkane. In the following two sections, we

discuss each of these steps.

2.1 Conversion of RPt(II) to RPt(IV)

The reaction of RPt(II) with [PtIVCl6]
2� could proceed by either electron transfer or

alkyl-chloride exchange; the two alternatives could be distinguished by enriching

one or the other of the reactants with 195Pt, if an authentic RPt(II) species were

available. This experiment was eventually accomplished by two different means.

First, oxidation of Zeise’s salt ([(C2H4)Pt
IICl3]

�) to [(HOCH2CH2)Pt
IVCl5]

2� was

shown, by kinetics analysis, to proceed via the intermediate (HOCH2CH2)Pt(II)

species [13]; then an insoluble salt of [(CH3)Pt
IICl3]

2�, obtained by reduction in an
aprotic solvent, was oxidized to [(CH3)Pt

IVCl5]
2� when added to a solution of

[PtIVCl6]
2� [14]. In both cases, the label showed up entirely in inorganic Pt(II), not

RPt(IV) (Scheme 3), establishing the electron transfer route.

That finding implies it should be possible to replace Pt(IV) with any suitable

oxidant and thus escape the requirement for stoichiometric consumption of Pt in the

original Shilov reaction; however, there are two severe constraints on what counts as

“suitable”. Oxidation of RPt(II) must be fast enough to compete with protonolysis,

but the oxidant must not be so powerful as to also oxidize inorganic Pt(II), which is

needed to carry out the C–H activation step. The rapidity of the oxidation step with

[PtIVCl6]
2� appears quite remarkable: while the absolute rate cannot be measured,

the relative rate of oxidation to protonolysis can be estimated from the amounts of

the corresponding products obtained when [(CH3)Pt
IICl3]

2� is generated transiently

from nucleophilic attack of Cl� at a methyl of [(CH3)2Pt
IVCl4]

2� in an aqueous

–

Cl

Cl Cl
PtII

Cl

Cl Cl

Cl

Cl Cl
PtII

Cl

Cl

CH2

CH2

H2O

H+
PtII

CH2CH2OH

2–2–

– [195PtIICl4]2–

+ [195PtIVCl6]2– CH2CH2OH

Scheme 3
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solution of [PtIVCl6]
2�, giving a rate constant ratio of around 20 in favor of

oxidation at 95�C [15, 16]. The ratio is likely to be still higher at the Shilov operating

temperature of 120�C, as a similar experiment using the insoluble [(CH3)Pt
IICl3]

2�

salt mentioned above gave a ratio close to unity at room temperature [14, 16].

Knowing that protonolysis is so fast that [(CH3)Pt
IICl3]

2� can never be observed

in protic solvents, we can estimate that its oxidation by [PtIVCl6]
2� is at least

several orders of magnitude faster than the closely related exchange reaction of

[PtIICl4]
2� with [PtIVCl6]

2� [17]. The electron-releasing properties of a methyl

ligand compared to those of chloride should make the RPt(II) easier to oxidize

kinetically as well as thermodynamically, but an effect of that size seems

surprising. Presumably, the oxidation takes place via the inner-sphere “chloronium

ion transfer” mechanism of Scheme 4, as was demonstrated for redox reactions of

related N-ligated complexes [18], so the ability of alkyl ligands to facilitate

substitution reactions may also play a role, although it does not appear that a true

trans effect can come into play.

The mechanism of Scheme 4 (which is somewhat specific to a Pt(II)/Pt(IV)

couple or something very closely related) suggests there might be some question

whether we could replace [PtIVCl6]
2�; but in fact there is ample evidence that we

can. A number of reports have demonstrated oxidative functionalization of aliphatic

C–H bonds using catalytic Pt(II) and stoichiometric oxidants such as chlorine [12],

hydrogen peroxide [19], peroxydisulfate [20], and the anode of an electrochemical

cell [21]. Most interesting are Wacker-like systems that use catalytic amounts of an

oxidant that can in turn be reoxidized by dioxygen, making the latter the stoichio-

metric oxidant; significant numbers of turnovers have been achieved with both

CuIICl2 [22] and a polyoxometalate [23]. Recently, a microfluidic device was used

for rapid screening of methane oxidation by Pt/cocatalyst/O2 combinations; Fe(III)

Cl

Cl Cl

R
2–

2–

+
Cl

Cl Cl

Cl
Cl

Cl

Cl

Cl Cl
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Cl

Cl
Cl

Cl Cl
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Cl

Cl Cl
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+

Cl

Cl Cl
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2–
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PtII
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was found to be the best cocatalyst (a polyoxometallate also showed some success),

giving a mixture of methanol and formic acid in up to 50 turnovers [24].

The successful use of these alternate oxidants implies that they rapidly oxidize

RPt(II) while not oxidizing inorganic Pt(II). (H2O2 does not need to satisfy the

second of these criteria: it is both an oxidant and a reductant, so a sufficient steady-

state concentration of inorganic Pt(II) can be maintained, albeit at the cost of highly

inefficient oxidant consumption [19].) Indeed, CuICl has been shown to be oxidized

by [PtIVCl6]
2� [25], so the reverse reaction would not take place. The (relative)

oxidation rates have been measured for several oxidants using the methods

described above. Rather unexpectedly, CuIICl2 was found to oxidize [(CH3)-

PtIICl3]
2� faster than [PtIVCl6]

2�, by around an order of magnitude at 95�C;
FeIIICl3 is somewhat less reactive [16].

One might presume that Cu(II) acts as a one-electron oxidant, which would

require a two-step oxidation sequence (the reaction of CuICl with [PtIVCl6]
2�

appears from kinetics to be stepwise, although the results were not completely

conclusive [25]), making this finding even more remarkable. Conceivably, the

actual oxidant involves a cluster of Cu(II) centers, as has been suggested for

other oxidations of Pt(II) by Cu(II), where the intermediacy of Pt(III) may appear

unattractive [26]; similar considerations may apply to the reoxidation of Pd(0) in

the Wacker system (a step that is not very well characterized mechanistically).

Mixed Pt(II)–Cu(II) clusters are also known [27] and might play a part here.

However, other one-electron oxidants such as [IrIVCl6]
2� and Ce(IV), where such

clustering seems most unlikely, also oxidize [(CH3)Pt
IICl3]

2� at rates competitive

with protonolysis [16].

A two-step sequential sequence would imply an RPt(III) intermediate. Organo-

platinum species in that oxidation state have been shown to be rather unstable in

one system: oxidation of a (diimine)PtIIMe2 complex with ferrocenium affords only

MePt(II) and Me3Pt(IV) species, the result of disproportionation by methyl transfer.

The two-electron oxidation products, Me2Pt(IV), are observed only when electro-

chemical oxidation is carried out at higher potentials (Scheme 5) [28]. However, it

is quite possible that the instability is largely due to the second methyl group and

that a monomethyl-Pt(III) species might be sufficiently long-lived to undergo a

second one-electron oxidation more efficiently.

The high reactivity of RPt(II) toward a variety of oxidants, while still unex-

plained, offers considerable encouragement for ultimately devising practical

fastMeCN

slower

L2PtIIMe2
–e–

–e–

[L2PtIIIMe2]+
[L2PtIIIMe2]+

[L2PtIIMe(MeCN)]+ + [L2PtIVMe3(MeCN)]+

[L2PtIVMe2(MeCN)2]2+

Scheme 5
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applications of the Shilov chemistry. Unfortunately, O2 by itself does not affect the

needed rapid oxidation of [RPtIICl3]
2�, although obviously it is thermodynamically

competent to do so, since it reoxidizes Cu(I) to Cu(II) and the latter does oxidize

RPt(II). (Oxidations of several N-ligated alkyl-Pt(II) species by O2 have been

observed; see Sect. 4.3) To date the most promising modification of the Shilov

system has been the Wacker-like system of [PtIICl4]
2�/CuIICl2/O2, which oxidizes

water-soluble substrates such as ethylsulfonic acid and p-tolylsulfonic acid to the

corresponding aliphatic alcohols and alkyl chlorides (Scheme 6), with turnover

numbers in excess of 100 based on Pt [22, 29]. Of particular interest is the fact that

these catalytic systems do not deactivate by precipitation of Pt metal, which is the

eventual fate of virtually every experiment using the original Shilov system or most

of the alternate oxidants enumerated above; instead, all of the Pt in solution is

eventually converted to [PtIVCl6]
2� [16, 29]. Since, as noted above, Cu(II) by itself

is not capable of oxidizing Pt(II) to Pt(IV), there must be some stronger oxidant

generated by the combination of Cu and O2 under the reaction conditions; further

mechanistic study on this catalytic combination might well prove rewarding.

2.2 Formation of R–X from RPt(IV)

Stoichiometrically, the liberation of RX from R–Pt(IV)–X amounts to reductive

elimination; however, mechanistically, there are issues. Does the reaction proceed

directly from six-coordinate Pt(IV), or is prior dissociation of a ligand required?

There have been extensive studies on the mechanism of reductive elimination

from Pt(IV) in general, especially with regard to C–C bond formation, where

preformation of a five-coordinate intermediate is required, although some (kinet-

ically more favored) C–H eliminations from Pt(IV) appear to proceed directly

L L
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–
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from the six-coordinate state. This topic has been well reviewed [30] and is not

further considered here.

For RX generation, there is the additional question of whether the C–X bond is

formed via “straightforward” intramolecular reductive elimination, or by nucleo-

philic attack by external X�. Model studies, such as Goldberg’s classic work with

(dppe)PtII(X)(Me)3 complexes (X¼ I or OR), all point toward external nucleophilic

attack on a five-coordinate intermediate [31, 32]. Early work on the actual Shilov

intermediate, [(CH3)Pt
IVCl5]

2�, strongly supports external nucleophilic attack; for

example, in the presence of added bromide, methyl bromide forms faster than the

substitution of Br� for Cl� in the coordination sphere [33]. A later study demon-

strated that Walden inversion accompanies formation of 2-chloroethanol from

[(HOCH2CH2)Pt
IVCl5]

2� (Scheme 7), a clear sign of nucleophilic displacement;

it also provided evidence from kinetics that nucleophilic attack takes place at a five-

coordinate intermediate, [RPtIVCl4]
� [13]. One implication of these findings, if

they are indeed universal, is that a catalytic alkane functionalization scheme via any

similar route will have to generate a Pt(IV) intermediate with at least one readily

dissociable ligand – most probably in the position trans to the strongly labilizing R
group – which may place additional constraints on viable candidates for such a

catalyst.

3 Does C–H Activation in the Shilov System Involve Pt(IV)

Intermediates?

Oxidative addition is the most common mode of reaction of C–H bonds with low-

valent transition metal centers; but Pt(II), especially with hard ligands such as

chloride and water, does not appear to be particularly low-valent or electron-rich.

Hence, alternate mechanisms have been considered as perhaps more probable, the

trans
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most common being direct deprotonation of an alkane sigma complex, by analogy

to the known acidity of dihydrogen sigma complexes. The two main alternatives

(including the intermediacy of a sigma complex in the oxidative addition route,

implicated in a very large number of studies on a variety of metal complexes), are

shown in Scheme 8; other variants, such as something akin to the sigma bond

metathesis mechanism common for d 0 complexes, could also be envisioned.

Shilov’s earliest papers postulated oxidative addition, on no particular grounds

[2]; later he appeared to have changed his mind in favor of the sigma complex

deprotonation route, again with no clear reason stated [11]. Another early paper

proposed an “SE2-mechanism with base assistance” [34]; most likely it would have

been described as deprotonation of a sigma complex, but the possibility of the latter

had not been recognized at the time.

Of course, we now know that RPt(IV) hydrides can be isolated from reactions of

alkanes at Pt(II) under the right circumstances, as first demonstrated by Goldberg

(Scheme 9); here, the ambidentate nature of the Tp ligand facilitates stabilization of

six-coordinate Pt(IV) [35]. However, assessing the generality of that route, and its

applicability to cases where RPt(IV)H is not observable, is far from straightforward.

It should be noted that there is a huge body of work, of which we can only scratch

the surface, that bears on this question; we recommend that readers interested in a

deeper exploration consult the afore-mentioned reviews (particularly the 2006

review by Lersch and Tilset [10], which is specifically devoted to this topic).

3.1 Studies on Protonolysis of R–Pt(II)

The daunting prospects of achieving direct experimental support for either alter-

native in the actual Shilov system, given the instability of the RPt(II) species

formed, led us to an indirect approach involving study of protonolysis of ligand-

stabilized RPt(II) complexes, models for the microscopic reverse of C–H activa-

tion. Depending on the choice of ligand L, solvent, and reaction temperature, we
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observed (by NMR) a metastable RPt(IV)H prior to loss of methane; use of

deuterated solvent often resulted in extensive H/D scrambling in the liberated

alkane and, in some cases, the RPt(IV) group as well [36]. Similar results have

since been obtained for a number of other systems [10]. These results strongly

support the mechanism shown in Scheme 10, involving protonation at Pt,
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reductive coupling to form a sigma alkane complex, and dissociation of alkane;

the reversibility of the first two steps accounts for the observed isotopic exchange,

with the extent depending on the relative rates of the various processes. The

principle of microscopic reversibility implies that C–H activation follows the

oxidative addition route.

There are several caveats that must be kept in mind. First, of course, these studies

were carried out on models, not the “real” Shilov system; conceivably, the use of

stabilizing ligands could alter the mechanism. Some evidence against that possibil-

ity is provided by the observation of H/D exchange in the deuterolysis of transiently

generated [(CH3)Pt
IVCl5]

2� in CD3OD (but not in D2O, possibly because the loss of

methane, which proceeds by associative displacement, may be considerably faster

in the presence of the better ligand water), suggesting that the mechanisms are

closely related [36]. On the basis of isotope distributions, Zamashchikov also

argued for the intermediacy of an ethyl-Pt(IV) hydride in the loss of ethane

accompanying decomposition of [(CH3)2Pt
IVCl4]

2� [37]; his analysis relied on

the (questionable) assumption of no isotope effect on alkane sigma complex

stability.

Another possibility is that the observed RPt(IV)H species do not actually lie on

the main pathway. One could imagine a situation such as that shown in Scheme 11,

where RPt(IV)H is formed reversibly but has nowhere else to go; protonolysis (and

isotope exchange) proceed only via direct protonation of the Pt–C bond. This seems

extremely unlikely, given the ample evidence of facile interconversion between

M(R)(H) and M(Z2-RH) for the vast majority of C–H activation systems, but it is

hard to exclude rigorously for the Shilov system. However, it can be ruled out for

some of the model systems. Consider, for example, the two reactions shown in

Scheme 12: the isotopic scrambling in the protonolysis (top) reaction [38] might

conceivably follow the scenario of Scheme 11, but that in the benzene activation

[39] clearly could not. Further support is provided by the reaction shown in

Scheme 13, where the ratio of RPt(II) to RPt(IV)H products decreased with
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increasing amounts of trapping ligand MeCN. Such a result is consistent with

reductive coupling of RPt(IV)H to Pt(II)(Z2-RH) competing with trapping, but not

with the latter being the sole relevant intermediate on the protonolysis pathway [40].

A good deal of work has been invested in determining KIEs for protonolysis of

metal alkyls, including those of Pt(II), but definitive mechanistic conclusions have

proven very hard to attain: there are just too many complications, as discussed by a

number of commentators and well summarized in an earlier review [10]. Indeed,

one of the leading researchers in this field, toward the end of a major paper

surveying KIE and other experiments, comes close to giving up on the possibility
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of distinguishing between the alternative mechanisms: “In conclusion, the similar-

ity of the energy profiles . . . describing the coordinate reaction for a rate determin-

ing proton transfer to the substrate, suggests that, under these circumstances, any

discussion of the site of proton attack risks becoming semantic in nature [41]”.

A more recent observation, however, may offer new opportunities: protonolysis

of one particular Pt(II) complex, (COD)PtIIMe2, along with that of several related

alkyl-Pd(II) species, was found to exhibit an abnormally large KIE, around 18 at

room temperature [42]. Such a value is normally associated with the presence of a

large tunneling component, a conclusion also supported by the large temperature

dependence of the KIEs. No Pt(IV) hydride species could be detected on proton-

ation at low temperature, nor was any H/D exchange observed, in contrast to the

earlier studies on analogs with N-centered ligands; the KIE for one example of

the latter, (tmeda)PtIIMeCl, is normal in both room temperature value (around 4.4)

and temperature dependence [43]. These results suggest, as a working hypothesis,

that the appearance of KIEs, characteristic of tunneling, might be signaling a

mechanistic switch: the earlier cases, with N- and P-centered ligands, proceed via

protonation at metal to give RPt(IV)H, but the initial site of protonation in (COD)

PtIIMe2 is the Pt–C bond to directly form an alkane complex, which loses alkane

without ever going through a Pt(IV) species. This is consistent with the greater

electron-withdrawing power of the p-accepting bis(olefin) ligand, in comparison to

the stronger donor amine and phosphine ligands, as well as with the fact that

abnormal KIEs are also observed with the Pd analogs, for which the tetravalent

state will be less accessible.

Theoretical studies also agree with this proposal. DFT calculations on the above

two examples indicate that the lowest-energy pathways for the two alternative

mechanisms are those shown in Scheme 14. For (COD)PtIIMe2, the overall barrier

calculated for the top pathway, protonation at Pt–C, is lower than that for the bottom

one, protonation at Pt (DG{ ¼ 26.9 and 32.5 kcal/mol respectively), whereas for

(tmeda)PtIIMeCl, the reverse result is obtained (30.1 and 29.0 kcal/mol, respec-

tively) [43]. To be sure, the differences are not large (especially for the latter case)
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and complicated by a number of features common to computational studies of this

class of reaction (see following section), but the overall pattern is at least suggestive.

No experimental results for the actual Shilov system point clearly in any

direction. Analysis of the methane obtained when [MePtIVCl5]
2� was reduced

in a mixture of H2O/D2O indicated a KIE around 9 at 0�C, a borderline number,

and one whose interpretation is made more difficult by the possible involvement of

so-called fractionation factors [36]. Further study, perhaps making use of the

[MePtIICl3]
2� salt described above, might be worthwhile, although complicated

by the necessarily heterogeneous reactions of this insoluble material.

3.2 Computational Studies on the Shilov System

Given the difficulty of obtaining direct experimental evidence as outlined above,

computation would seem the obvious way to go. A useful and thorough review of

computational studies on C–H activation has recently appeared [44]. However,

there are problems here too, arising in particular from the fact that the reaction

involves ionic species in water. Handling solvation often challenges computational

chemists, especially when, as here, one may need to take into account hydrogen-

bonding interactions of solvent molecules with coordinated ligands as well as more

general effects. The first computational study to tackle the Shilov system recog-

nized and devoted particular attention to these difficulties. For the actual C–H bond

cleavage step, their DFT calculations predicted that two different mechanisms were

very close in energy: the oxidative addition route via RPt(IV)H and a sigma bond

metathesis-like mechanism in which an H atom of a coordinated methane transfers

directly to an adjacent chloride. These are closely related to the reverse processes

corresponding to the bottom and top mechanisms in Scheme 14, respectively; the

calculations actually showed a small preference for the oxidative addition route, but

the authors tended to prefer the other, although not definitively [45].

More recently, Ziegler has examined the effect of the detailed structure of the Pt

species participating in C–H activation (which is, of course, not known from any

definitive experimental results). The calculated transition state for C–H activation

leads to the intermediate resulting from the oxidative addition mechanism; it is not

clear whether the methodology used would have identified and compared any

alternatives. For species [PtIIClx(H2O)4�x]
(x�2)�, the rate-determining step was

always found to be coordination of methane by ligand displacement, rather than

the actual C–H activation itself [46] (contrary to the findings of the earlier study

[45]). Replacing chloride with other anionic ligands leads to a decreased barrier for

methane coordination (and hence for the overall reaction) as the ligand becomes a

stronger trans director; but for really strong ones, such as cyanide, the C–H

activation barrier increases and becomes rate-limiting [47]. A subsequent study

examined the effect of neutral ligands (alcohols, amines, and phosphines) and

reached a similar conclusion [48].
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These latest results imply that direct study of the kinetics of C–H activation in

the original Shilov system to probe the participation of Pt(IV) would be not only

extremely difficult, as has already been remarked, but also largely irrelevant, since

that step is apparently rarely, if ever, rate-determining. Indeed, most of the

mechanistic studies, as well as of the attempted approaches to a more practical

alkane functionalization catalyst, have been directed at ligand-substituted Pt(II)

complexes, the subject of the following sections.

4 Pt(IV) in Alkane Activation and Functionalization

by Ligand-Substituted Complexes

In the discussion of mechanistic studies of protonolysis, the microscopic reverse of

C–H activation, it was noted that the requirement for complexes bearing stabilizing

ligands raises a potential issue: to be comfortable with the implicit assumption that

these species really do model the Shilov system, one should show that they can

themselves effect C–H activation. The first such demonstration was achieved using

[(tmeda)PtIIMe(C5F5N)]
+, which reacts with benzene at 85�C to give methane and

the corresponding phenyl complex, taking advantage of the weakly coordinating

(and hence readily displaced during alkane coordination) pentafluoropyridine

ligand [49]. A large number of related examples followed, of which the cationic

complexes [(diimine)PtIIMe(TFE)]+ (TFE ¼ CF3CH2OH) [50] have perhaps been

the most fruitful in terms of mechanistic study, while (bipym)PtIICl2 (bipym ¼
bipyrimidine) [51] is unquestionably the most encouraging in terms of potential

practical applicability. Again, we have space only to highlight a small fraction of

this work.

4.1 The Catalytica System

Following up on their earlier report of surprisingly selective mercury-catalyzed

oxidation of methane to methyl bisulfate by sulfuric acid (which was also the

reaction medium) [52], Periana and coworkers discovered that a bipyrimidine

complex of Pt(II) worked even better, generating the same product in over 70%

yield – a remarkable achievement, given that “selective” oxygenation of methane

to methanol or derivatives thereof rarely surpasses yields of a few percent.

A mechanism closely akin to that of the Shilov system was proposed (Scheme 15),

with SO3 replacing Pt(IV) as the oxidant to convert RPt(II) to RPt(IV); whether

the initial C–H activation involved an RPt(IV)H intermediate or not was left an

open question [52].

As with the Shilov system (even more so, given the conditions: typically around

200�C in fuming sulfuric acid!), a direct experimental assault on the mechanism
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seems unattractive; but several groups have addressed the problem through

computational studies, on both the actual bipym catalyst and the simplified analog

(NH3)2Pt
IICl2. Perhaps not too surprisingly, the conclusions depend on the struc-

ture of the activating complex, which is not known experimentally; besides the

question of whether chloride remains attached to Pt or is replaced by bisulfate,

there is the further issue of whether the free N centers of the bipym ligand are un-,

singly, or doubly protonated, and whether the bisulfate ligand (if present) is further

protonated to become coordinated sulfuric acid, in such a strongly acidic medium.

One study found that the oxidative addition path is slightly favored if the precursor

methane complex is [(bipym)PtIICl(CH4)]
+, whereas a deprotonation route is

substantially favored if it is [(bipym)Pt(OSO3H)(CH4)]
+. The authors came

down in favor of a nonoxidative route via [(bipymH2)Pt
II(OSO3H)]

3+ [53].

Another group argued that the methane-activating complex has a chloride, not a

bisulfate ligand, and an unprotonated bipym, but agreed that the deprotonation

route is preferred, avoiding a discrete Pt(IV)–H intermediate [54]. More recent

calculations by that group, however, seem to prefer the oxidative addition route

[55]. Both groups, as well as another [56], find that the barrier to coordination of

methane is higher than that for C–H activation, as in most of the findings for the

Shilov system itself (see above). An attempt to assess the probable effect of

protonation of a free N in bipym by comparing the reactivity (for H/D exchange)

of the N-methylated complex was thwarted by the facile demethylation observed

under reaction conditions [57].

There appears to be considerable residual uncertainty about the detailed course

of C–H activation – probably not too surprising, in view of the difficulty of

dealing with solvation and related issues in this far-from-innocent medium. It is

perhaps more important to note that all of these studies indicate that – in contrast
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to the original Shilov system – oxidation of RPt(II) to RPt(IV) is rate-limiting,

although the calculated relative barrier heights can depend to a significant extent

on the exact nature of the catalytic intermediates; as might be expected, proton-

ation of a ligand makes oxidation considerably more difficult [56]. Such sensitivity

to positive charge has also been observed in related experimental studies: [(dii-

mine)PtIIMe(solvent)]+ is much more difficult to oxidize than the corresponding

neutral (diimine)PtIICl2, despite the fact that replacing Cl with Me generally makes

oxidation much more favorable [18]. The prediction that oxidation is the slow step

also accords with the experimental observations that H/D exchange is much more

pronounced for the Catalytica system and that (NH3)2Pt
IICl2 is actually more

active, at least initially, than the bipym catalyst [52], since all the calculations

suggest that the bis(ammine) catalyst is more readily oxidized to Pt(IV). Unfortu-

nately, it is much less stable, decomposing within minutes under reaction condi-

tions (one set of calculations [58] even indicates that methane coordinates by

displacing an ammonia ligand, which would be expected to be detrimental to

stability). Because one of the drawbacks to the Catalytica system that make it

uncompetitive with existing technology for converting methane to methanol (via

syngas) is the low rate, these findings suggest an approach to optimization, by

designing ligands that improve access to Pt(IV) without sacrificing the stability to

harsh reaction conditions imparted by bipym. Unfortunately, to date no such

combination has been developed.

Lowering the barrier for C–H activation should give an improved H/D exchange

catalyst; following leads provided by computation, Periana showed that a Pt(II)

picolinate complex catalyzes exchange between C6H6 and CF3COOD at 70�C,
about 300 times faster than the original bipym-based complex [59]. It is worth

remarking, though, that the observation of aromatic H/D exchange in the presence

of a combination of a metal complex and an acid does not necessarily demonstrate

that C–H activation is taking place at the metal; it is at least conceivable that

simple acid-catalyzed exchange could be involved, resulting from lowering the pKa

of the acid by coordination to the metal. Only rarely have explicit tests of such a

possibility (for example, by changing the acid strength of the D source [60]) been

carried out.

Another limitation is the fact that the reaction requires fuming sulfuric acid;

the catalyst is deactivated by even small amounts of water (a reaction byproduct).

One explanation, based on calculations, is that the presence of SO3 is required

because H2SO4 is not a competent oxidant [56]; another suggests that coordina-

tion of methane is much more facile when it occurs via displacement of a

protonated H2SO4 ligand rather than water [55]. The introduction of an ionic

liquid cosolvent has been proposed to circumvent the problem; experimental [61]

and theoretical [62] studies (not including the bipym ligand in either case) have

been reported for that approach, which shows some modest improvement in

stability to water, but with no clear indication of why it works. (Still another

economic hurdle is the cost of carrying huge quantities of sulfuric acid through a

multistep process; there does not appear to be any way to fix that through better

understanding of mechanism.)
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4.2 Stoichiometric C–H Activation at Ligated Pt(II)

As noted above, a good deal of mechanism-oriented work has been carried out on C–H

activation reactions of [(diimine)PtIIMe(TFE)]+, which as shown in Scheme 16 can

lead to a variety of products: isotopicmethyl exchangewith 13CH4 [63]; aryl complexes

with arenes [39, 50]; Z3-benzyl complexes with alkyl-substituted arenes [38, 64]; and

cationic olefin hydride complexes with linear or cyclic alkanes [65]. Studies strongly

indicate a common basic mechanism (Scheme 17), in which the C–H activation step

proceeds via oxidative addition to give an RPt(IV)H intermediate – demonstrated, for

example, by the isotopic exchange shown in Scheme 12 above.

(solv)N
Ar

N
Ar

Ar
N

Ar
N

R–H

solv N
Ar

N
Ar

Ar
N

Ar
N

H

R

+ +

R

+H

R

+H

R

(solv)
+

solv

PtII

PtII

N
Ar

Ar
N

PtII

PtII PtIV
CH3CH3 CH3

CH3– CH4

Scheme 17

(solv)
N
Ar

Ar
N +

(solv)
N
Ar

N
Ar

N
Ar

N
Ar

Ar
N

Ar
N

Ar
N

Ar
N

+

(solv)

Ar

Ar-H

H+

CHR

CHR′

PtII

PtII

+

+

PtII

PtII

PtII

CH3

RCH2CH2R′

13CH4

13CH3

+ CH4

+ CH4

+ CH4

+ CH4

Scheme 16

46 J.A. Labinger and J.E. Bercaw



For the latter, one could invoke instead a sigma bond metathesis-like mechanism

(also described as a sigma-complex-assisted metathesis, or s-CAM), in which H or

D passes from Ar–H to R without ever completely breaking all C–H bonds, thus

avoiding a discrete Pt(IV)–H intermediate. Calculations suggest such a process

might be favorable for the case of activation of benzene by a phenyl complex,

where the isotopic scrambling takes place between two aryl groups, although in

such a case the involvement of p orbitals at both sites was thought to play a key role;
for alkane activation, the oxidative addition pathway would be more likely [66]. It

might be noted that a Pt(IV) hydride can be observed (stabilized by coordination of

acetonitrile as a sixth ligand) during low-temperature protonolysis of a diphenyl

complex [67]. Calculations accompanying experimental study of the gas-phase

reaction of [(bipy)PtIIMe]+ with C6DxH6�x showed no strong preference for either

of the two mechanisms [68].

In any case, it is usually formation of the sigma complex Pt(II)(Z2-R–H) and not
the actual C–H activation that is rate-determining; interconversion between the

sigma complex Pt(II)(Z2-R–H) and RPt(IV)H is typically quite rapid. Only for the

formation of aryl complexes of sterically undemanding diimine ligands is there

evidence for rate-determining C–H activation, presumably because of the better

coordinating ability of arenes [39]. In the large majority of cases – in particular, all

that involve aliphatic C–H bonds – formation of a sigma complex by displacement

of coordinated solvent is the slow step. (Formation of an alkyl-Pt(IV)H has been

calculated to be the most energetically demanding step in the case of intramolecular

benzylic C–H activation, but there the formation of the sigma complex is relatively

much more favorable, as an agostic interaction [69].) Hence, while a wide array of

interesting mechanistic complexities and subtleties are revealed in these studies,

they are mostly unrelated to the behavior of the Pt(IV) intermediates.

More recently, C–H activation has been extended to inorganic Pt centers, better

analogs of the original Shilov system, although the chemistry is limited to substrates

that lead to p-stabilized products – Z3-benzyls, Z3-allyls, or other chelated alkene-

hydrocarbyls. Dicationic [(diimine)PtII(TFE)2]
2+ reacts with ethylbenzene (but not

toluene!) and other arenes and olefins as shown in Scheme 18 [70]; a similar set

of transformations can be effected by the dimers [(diimine)Pt(m2-OH)]2
2+ [71].

The reactions are generally considerably slower than the corresponding reactions

of [(diimine)PtIIMe(TFE)]+, reflecting tighter binding of TFE to the dicationic Pt(II)

center, which slows coordination of the C–H bond by ligand displacement. One

might expect the C–H activation step to be slower as well, assuming that the

oxidative addition route continues to operate; however, there is no evidence that it

ever becomes rate-limiting. Hence, again, this chemistry does not provide much

access for probing the detailed involvement of high-valent Pt.

Vedernikov has made extensive use of ambidentate (or “semilabile”) ligands to

modulate interconversion of Pt(II) and Pt(IV) species, exploiting the same principle

as the (k2- or k3-Tp)Pt example discussed earlier, where a dangling arm in a Pt(II)

precursor coordinates to and stabilizes a Pt(IV) product. A dimethyl-Pt(II) complex

of a sulfonated dipyridyl ligand not only undergoes facile H/D exchange with

deuterated solvent, but can be converted to a stable Pt(IV) hydride in a nonpolar
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medium; loss of methane is considerably slower (Scheme 19). Clearly, the forma-

tion of the Pt–O bond stabilizes six-coordinate Pt(IV), resulting in a situation where

the energies of the several species – (k2-dpms)PtIIMe2, (k
3-dpms)PtIV(H)Me2, and

(dpms)PtIIMe(Z2-Me–H) – are balanced closely enough to allow exceptionally

facile scrambling. In a nonpolar solvent, dissociation of the Pt–O bond is disfavored

sufficiently to permit isolation of the Pt(IV) hydride [72].

While C–H activation has not been reported for complexes based on dmps, it has

been observed with a dimethyldi(2-pyridyl)borate ligand, even though it lacks the
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potentially coordinating extra arm: in the presence of small amounts of water,

[(dmdpb)PtIIMe2]
� reacts with benzene or cycloalkanes to afford the products

shown in Scheme 20. The reaction is thought to proceed via protonation to Pt(IV)

H followed by reductive coupling, loss of methane, and activation of C–H by the

resulting Pt(II) center; in the absence of an appended ligating group, the Pt(IV)

intermediates are probably stabilized by coordination of hydroxide. That proposal

is supported by the fact that the reaction rate is highly dependent on the counterion,

being much faster for the Na+ than nBu4N
+ salt [73]. Perhaps the most interesting

aspect of the dpms and dmdpb systems is their support of facile oxidation by O2,

which is covered in the next section.

Structurally related species that exhibit C–H activation include the bis(pyrazolyl)

borate complex in Scheme 21, for which (as in the above dmdpb system) protonation

(or methide abstraction) generates an intermediate that reacts readily with benzene

[74]; the bis(azaindolyl)methane complex in Scheme 22, which activates both aro-

matic and benzylic C–H bonds [75, 76] (some stable Pt(IV) complexes based on the

same architecture have also been isolated and shown to undergo reductive elimina-

tion of MeX [77]); and complexes based on anionic bidentate ligands such as 2-(20-
pyridyl)indolide [78]. Intramolecular C–H activation was observed for one example

of a series of N-heterocyclic carbene complexes of Pt(II); distortions induced by

steric crowding appear to influence reactivity strongly [79].

A substantial body of C–H activation chemistry can be initiated by reductive

elimination from Pt(IV) species: either of ethane from stable, five-coordinate

(b-diketiminate)PtIVMe3 or of alkane from six-coordinate TpPtIVHR2. In some

cases, usually involving arene activation, new stable Pt(IV) products are obtained;

the course of benzene activation by the TpPt system has been examined theoreti-

cally [80]. For alkane activation, the final product is often a Pt(II)–olefin hydride
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complex resulting from b-hydride elimination, but there is no reason to doubt that

the actual C–H activation involves oxidative addition to give an RPt(IV)H interme-

diate. This work has been the main topic of an earlier review [81] as well as another

chapter in this volume [82] and is not examined further here.

4.3 Oxidation by Dioxygen

Only a very few oxidations of inorganic Pt(II) to Pt(IV) by O2 have been reported

(reviewed in [9], as well as a more recent feature article on O2 oxidations [83]); as

noted earlier, the Shilov intermediate, [(CH3)Pt
IICl3]

2�, is not oxidized (at least not
rapidly) by O2 either. In contrast, N-ligated complexes of alkyl-Pt(II), especially

ones having two methyl groups, show much greater reactivity toward O2. Presum-

ably, this reactivity is largely a consequence of the electron-donating power of

methyl substituents (as well as the N-centered ligand); unquestionably methyl

substituents do foster oxidizability. For example, electrochemical oxidation of

(diimine)PtIVMe4 (which ultimately leads to homolytic Pt–Me cleavage) is just

about as easy as that of (diimine)PtIIMe2, even though the complexes are formally

Pt(IV) and Pt(II), respectively [84].

Reactions of MexPt(II) with O2 can be classified into two groups: those in which

O2 inserts into a Pt–C bond and those in which Pt(IV) is generated. (A somewhat

fanciful biochemical analogy would be to call these oxygenase-like and oxidase-

like, respectively.) There are two well-characterized examples of the former, both

light-promoted. The first (Scheme 23) involves a cationic monomethyl-Pt(II) spe-

cies, which is not expected to be easily oxidized, and indeed there is no indication

that any Pt(IV) species is involved; rather it appears that the terpyridine-based ligand

sensitizes generation of singlet oxygen, which undergoes insertion much as an olefin

might; the resulting methylperoxo complex is also light-sensitive, decomposing to

formaldehyde and Pt–OH [85]. The second (Scheme 24) is much slower and

probably proceeds via a radical chain pathway (the ligand in this case is unlikely

to support formation of singlet O2); again there is no evidence for participation of

Pt(IV) [86]. Insertion of O2 into a Pt(IV)–H bond is also known (Scheme 25); the
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initially proposed radical chain pathway [87] has been confirmed by recent detailed

mechanistic studies [88].

Oxidation to Pt(IV) by O2 was first reported for (tmeda)PtIIMe2 and related (phen)

and (diimine) complexes; the reaction proceeds by the two-step sequence shown in

Scheme 26. Neither the monomethyl ((tmeda)PtIIMeCl) nor the diphenyl ((tmeda)-

PtIIPh2) analog reacts with O2. The mechanism of formation of intermediate Pt(IV)–

OOH is not clear; observation (under some conditions) of highly colored species

suggests a radical pathway, although (in contrast to the above insertion reactions) there

does not appear to be any effect of light [89, 90]. A dimeric Pt(II) complex of a related

ligand has recently been reported to react with O2; while the product was not clearly

characterized, it reacts further with MeOTf to produce dimethyl peroxide and a new

Pt(IV) dimer (Scheme 27) [91]. (Me3TACN)Pt
IIMe2 is oxidized by (moist) air to give

a cationic Pt(IV) hydroxo complex, [(Me3TACN)Pt
IV(OH)Me2]

+ [92].

As noted earlier, the semilabile ligand systems introduced by Vedernikov exhibit

interesting O2 chemistry [83]. The dimethyl-Pt(II) complex, [(dmps)PtIIMe2]
�, is

the most reactive, undergoing oxidation to Pt(IV) in minutes at room temperature in

water [72]. The related monomethyl analogs (dmps)PtIIMe(HX) react similarly but

more slowly, probably because they are neutral (actually zwitterionic); it is probable

that O2 actually reacts with a small equilibrium concentration of the corresponding

conjugate base [(dmps)PtIIMeX]� [93, 94]. The mechanism of oxidation appears to

be similar to that of the related tmeda system, involving an intermediate Pt(IV)–OOH

species that oxidizes another molecule of Pt(II). In all cases, the stereochemistry of

the product corresponds to addition of OH and coordination of the sulfonate arm in

the original axial positions of the Pt(II) square planar complex (Scheme 28). The

analogous phenyl complexes are similarly oxidized by O2, but more slowly [95].

(dmps)Pt(II)(olefin) complexes also react with O2; here (as in the oxidation of Zeise’s
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salt, discussed earlier), the reactive species are (2-hydroxyalkyl)Pt(II) complexes,

and products include (2-hydroxyalkyl)Pt(IV), Pt(IV)-oxetanes, or epoxides, depend-

ing on the olefin and reactions conditions [96, 97].

Reductive elimination of methanol, the last step in a hypothetical methane

functionalization scheme, can be observed from the monomethyl-Pt(IV) species,

but only at elevated temperature; mechanistic studies indicate that the formation of

methanol is preceded by isomerization, as shown in Scheme 29 [73]. This finding is

in accord with earlier studies on C–X bond formation, which require dissociation of

a ligand trans to the alkyl group before nucleophilic attack at C in the five-coordi-

nate intermediate. The original oxidation product has a pyridine ligand trans to
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methyl, strongly disfavoring dissociation. Protonation of a hydroxy ligand is also

required; no methanol forms in neutral solution. Some of the C–O bond formation

involves a bimolecular pathway, in which OH (or OMe, in which case some

dimethyl ether is formed) coordinated to one Pt attacks a methyl group on another.

The related complex [(dmdpb)PtIIPh2]
� likewise reacts readily with O2 in

alcoholic solvent, but in a very different manner: a methyl group moves from

B to Pt, leaving an opening for RO to add to B and occupy the sixth coordination

site in the Pt(IV) product (Scheme 30) [98]. Presumably the absence of a potential

sixth ligand in intact dmdpb (in contrast to dpms) accounts for this unexpected

behavior. No C–X bond formation has been reported for this system.
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5 Conclusions and Prospects

Obviously, the main reason for interest in all of this chemistry is the potential for

mild, selective, catalytic functionalization of alkanes. There have been a number of

transformations based on C–H activation at Pt, including a stoichiometric dehydro-

genation in a natural product synthesis [99] and some hydroarylations of olefins

[100, 101]. With regard specifically to catalytic oxidative functionalization via

high-valent Pt intermediates, while many examples of the individual steps that

would likely be involved in such processes – activation of C–H, redox chemistry of

alkyl-Pt species, formation of C–X bonds, as well as dehydrogenation – have been

demonstrated and (reasonably) well understood mechanistically, finding a single

system that can effect all of them sufficiently well to add up to a practical catalyst

remains elusive. There are, of course, systems that are catalytic, but not yet

practical: the original Shilov system is too slow and unstable; the catalyst in the

Catalytica system is stable, but the reaction is still too slow, and there are other

problems as discussed earlier. Incorporation of ligands often improves one step, but

only at the cost of retarding another.
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Two issues seem to be ubiquitous. First, the redox chemistry needs to be finely

balanced: oxidation of RPt(II) has to be fast to compete with protonolytic cleavage

and selective, so that the Pt(II) species that activates the C–H bond is not itself

oxidized. Second, the RPt(IV) species has to be able to undergo facile dissociation,

so that a five-coordinate intermediate needed to facilitate nucleophilic C–X bond

formation is readily accessible; for complexes of multidentate ligands, this criterion

will probably require the ability to isomerize easily, as in Scheme 29 above. And, of

course, all of this must be achieved within the context of maintaining a Pt(II) center

capable of activating the C–H bond.

Nonetheless, recent accomplishments provide ample grounds for encourage-

ment. For example, C–H bonds can be activated by aquo- and hydroxo-Pt(II)

complexes (Scheme 18). The oxidation/functionalization sequence of Schemes 28

and 29 ends by producing such a complex; while complexes of the dmps ligand

do not also effect C–H activation, it does not seem unreasonable that some other

ligand might support all of the steps. One possibly promising approach is the

introduction of “pincer” ligands, which have been shown to have interesting

properties in C–H activations and other chemistry involving metals other than

Pt. The pincer complex in Scheme 31 was shown to catalyze oxidation of 1-propanol

to amixture of 1,3- and 1,2-propanediol, usingH2O2 as oxidant and Pt(IV) or Cu(II) as

cocatalyst – an interesting result, although there are several limitations: only a few

turnovers could be obtained; the combination of Cu(II) and O2 did not work; and the

pincer ligand itself is partially chlorinated under reaction conditions [102]. The

cationic pincer complex [(triphos)PtIIMe]+ shown in Scheme 32 undergoes facile

protonolysis even with very weak acids, in contrast to cationic methyl complexes

that lack the tridentate ligand structure; the enhanced reactivity was attributed to

torsional strain [103], which (by microscopic reversibility) could conceivably be

exploited to accelerate C–H activation reactions as well.

In addition, of course, many of the principles established for Pt may be (and have

been) extended to other metals, Pd in particular; we do not have space to address
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any of that comparative chemistry here. With the high level of current research

activity, including the continuous introduction of novel ligand architectures, it

seems highly probable that the right combination of metal, ligand, and reaction-

environment will eventually pay off.
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Abstract This work provides a comprehensive review (1986–2010) of the synthe-

sis, characterization, and reactivity of palladium(IV) complexes that undergo car-

bon–heteroatom bond-forming reductive elimination reactions. In cases where

mechanistic information is available, the molecular pathway for C–X bond forma-

tion is described in detail. Examples of catalytic transformations that may involve

this mechanistic manifold are also presented.
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1 Introduction

Carbon–heteroatom bond-forming reductive elimination from transient PdIV inter-

mediates has been proposed as the product release step of a variety of important

Pd-catalyzed transformations, including arene and alkane C–H bond functionaliza-

tion [1, 2], allylic acetoxylation [3], alkene borylation [4], and olefin difunctiona-

lization [5]. Over the past 25 years, a variety of PdIV model complexes have been

synthesized to study reductive elimination reactions at PdIV centers. For instance, in

1986, Canty reported the first example of a crystallographically characterized

organometallic PdIV complex, fac-[(bpy)PdIV(CH3)3(I)] (bpy ¼ 2,20-bipyridine)
(1). In addition, his group has demonstrated that this species undergoes facile

C–C bond-forming reductive elimination to release ethane (Eq. 1) [6].

I
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N

N

(1)

CH3

CH3

CH3

CH3
+ CH3CH3

CH3

CH3
Pd

N

N rt rt
30 min

I
Pd

N

N

CH3I

ð1Þ

Since this seminal report, numerous examples of C–C bond-forming reductive

elimination from PdIV complexes have been demonstrated [7–11]. In contrast,

carbon–heteroatom bond-forming reactions from PdIV species remain much rarer.

This chapter presents a comprehensive review of the synthesis and reactivity of

detectable PdIV complexes that undergo carbon–heteroatom coupling. Furthermore,

mechanistic aspects of these reductive elimination reactions are discussed in detail.

2 Mechanistic Considerations

While the mechanism of many of the transformations described herein has not been

investigated in detail, there are several examples where the reductive elimination

pathway has been thoroughly evaluated via experiment and/or theory. Ultimately, a

molecular-level mechanistic understanding of these processes should provide

insights into the factors that control the relative and absolute rates of C–X bond-

formation (and other fundamental organometallic transformations) at PdIV. This, in

turn, will serve as critical data to inform the rational design of new catalytic

transformations via the PdII/IV manifold.

Neutral PdIV complexes are typically octahedral and contain two L-type and four

X-type ligands. As summarized in the following lines, four general mechanisms are

most commonly proposed for carbon–heteroatom (C–X) bond-forming reductive

elimination from these species.

1. Direct. Direct mechanisms proceed via direct C–X bond formation from the

octahedral starting material without dissociation of any other ligands.

2. Dissociative Ionic (DI). DI mechanisms involve dissociation of an X-type ligand to

generate a cationic five-coordinate PdIV intermediate prior to C–X bond formation.
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3. Dissociative Neutral (DN). DN transformations proceed via initial dissociation

of an L-type ligand to form a neutral five-coordinate PdIV adduct, which is

followed by C–X bond-forming reductive elimination.

4. Radical. Radical mechanisms entail homolytic cleavage of the PdIV–C bond to

generate a carbon-based radical (Cl). C–X bond formation then occurs by

subsequent reactions of Cl.

5. Carbocation. Carbocation mechanisms involve heterolytic cleavage of the

PdIV–C bond to generate PdII and a carbocation (C+). Nucleophilic attack on

this free carbocation then yields the C–X coupled product.

3 Carbon–Chalcogen Bond Formation

3.1 Carbon–Chalcogen Bond-Forming Reactions
in Oxidative Pd Catalysis

As early as 1971, C–O bond-forming reductive elimination from a PdIV(Ph)(OAc)

species was implicated in the Pd(OAc)2-catalyzed oxidation of benzene with

K2Cr2O7 (Eq. 2) [12].

OAc
Pd

OAc
H

10 mol % Pd(OAc)2
2.5 equiv LiOAc

1.5 equiv K2Cr2O7

AcOH, 90°C
(15 %)

putative PdIV

phenyl acetate
intermediate

ð2Þ

Subsequently, similar mechanisms have been proposed for benzene acetoxyla-

tion with K2S2O8 [13] and PhI(OAc)2 [14]. In addition, the ligand-directed oxyge-

nation of sp2 and sp3 C–H bonds with PhI(OAc)2 [15, 16], Oxone [17, 18], K2S2O8

[17], IOAc [19], CH3CO2O
tBu [20], lauroyl peroxide [20], and O2 [21] (see Eq. 3

for a representative example) have all been suggested to proceed via PdII/IV path-

ways in which C–O bond-forming reductive elimination serves as the product-

forming step of the catalytic cycle.

NH3CO

AcO

N

H
CH3CN, 100 °C, 12 h

(72 %)

6 mol % Pd(OAc)2
2.3 equiv PhI(OAc)2

H3CO

ð3Þ

Numerous Pd-catalyzed olefin difunctionalization reactions are also hypothesized

to involve C–O bond-forming reductive elimination from PdIV as a key step. For

example, diverse a-olefins have been shown to undergo Pd-catalyzed dioxygenation
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with oxidants including PhI(OAc)2 [22, 23], O2 [24, 25], and peracetic acid [26] via a

putative PdII/IV pathway (Eq. 4). In addition, the Pd-catalyzed aminooxygenation of

olefins with PhI(OAc)2 is thought to involve C–OAc bond formation at PdIV as the

product release step (Eq. 5) [27–29].

Ph
Ph

Ph
Ph

OAc

OAc

[dppp = diphenylphosphinopropane]

2  mol % [Pd(dppp)(H2O)2]2(OTf)2
PhI(OAc)2

3 equiv H2O / AcOH, 50°C, 2 h
(72 %)

ð4Þ

O O
NPhth

OAcHN

O

O
(HNPhth)

+

2 mol % PdCl2(CH3CN)2
PhI(OAc)2

DCE, 70°C, 24 h
(78 %)

ð5Þ

In contrast to C–O bond-forming reactions, C–S and C–Se coupling are rare in

oxidative Pd catalysis. However, a recent report byDong and coworkers demonstrated

the Pd-catalyzed ligand-directed sulfonylation of arylpyridine, arylpyrazole, and

aryloxime ether derivatives with ArSO2Cl (Eq. 6) [30]. The authors speculated that

a PdII/IV mechanism (involving oxidative addition into the S–Cl bond and subsequent

C–S bond-forming reductive elimination from PdIV) was potentially operative.

N
S

Cl
+

O O

N
S

O
OH

p -CH3C6H4

p -CH3C6H4

10 mol % PdCl2(CH3CN)2
2 equiv K2CO3

4 Å MS, 1,4-dioxane
120°C, 6 h

(88 %)

ð6Þ

As discussed earlier, all of the reactions in eqs. (2–6) have been proposed to

proceed via PdII/IV catalytic cycles. Thus, it is of great interest and potential relevance

to establish the viability of carbon–chalcogen bond-forming reductive elimination

from PdIV centers. In addition, it is important to understand the effects of steric and

electronic factors as well as the influence of ancillary ligands on the mechanisms of

reductive elimination from PdIV to design improved catalytic transformations.

3.2 C–S and C–Se Bond Formation

The earliest reports of carbon–chalcogen bond formation from detectable PdIV

intermediates appeared in 1998. In the first example, the Canty group demonstrated

that the reaction of [TpPdII(CH3)2]
� (Tp ¼ tris(pyrazol-1-yl)borate) with (SePh)2

at 0�C in acetone-d6 afforded a transient intermediate assigned as TpPdIV(CH3)2
(SePh) (2) (Eq. 7) [31]. This complex was characterized by 1H NMR spectro-

scopy, and its structure was assigned based on the synthesis of a Pt analog. The
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corresponding thiophenolate complex TpPdIV(CH3)2(SPh) (3) was prepared via an

analogous procedure, but at lower temperature (�10�C, Eq. 7).

TpPd

[Tp = tris(pyrazol-1-yl)borate]

TpPd

SePh

CH3

CH3 CH3
CH3

CH3
CH3

TpPd

SPh

– 10°C
acetone-d6

0°C
acetone-d6(3)

(SPh)2

–K+

(SePh)2

(2)
ð7Þ

Upon standing in acetone solution at 0�C (complex 2) or �10�C (complex 3),

these PdIV species underwent competing carbon–chalcogen and C–C bond-forming

reductive elimination to form ethane and CH3–XPh (X ¼ S or Se). The yields of

nongaseous organic products were determined by NMR spectroscopy and GCMS

and are shown in Eq. 8.

CH3

CH3TpPd

XPh

40 %
52 %

[nd = not determined ]

CH3–CH3  +  CH3–XPh

X= Se: nd
X = S:  nd

acetone
–10 or 0°C

– [PdII]
ð8Þ

Canty conducted more detailed studies of related reductive elimination reactions

from (N~N)PdIV(CH3)2(XPh)2 [N~N ¼ 1,10-phenanthroline (phen) or 2,20-bipyri-
dine (bpy), X ¼ Se and S] [32]. In general, the bpy and phen complexes showed

similar reactivity; thus, the current discussion will focus on the bpy analogs for

conciseness. As shown in Eq. 9, (bpy)PdIV(CH3)2(SePh)2 (4) was prepared in 73%

yield via the reaction of (bpy)PdII(CH3)2 with (SePh)2 in acetone at low temperature

(below�25�C). Complex 4 was stable for at least 1 week at�20�C in the solid state,

and it was characterized by 1H and 13C NMR spectroscopy (at �20�C) as well as X-
ray crystallography. The sulfur analog of 4 [(bpy)PdIV(CH3)2(SPh)2, 5] was prepared

in a similar fashion (Eq. 9). However, due to the lower reactivity of (SPh)2, this

reaction had to be conducted at 20�C (conditions where reductive elimination is fast).

Thus, complex 5 was detected transiently by 1H NMR spectroscopy, but was not

isolated.

SePh

Pd

SePh

N

N
Pd

N

N

(4)

CH3

CH3 CH3
CH3

CH3
CH3

SPh

Pd

SPh

N

N

detected by 1H NMR
(5)

(SPh)2 (SePh)2

acetone-d6
20°C

acetone
–70 to –25°C

(73 %)

ð9Þ

Warming solutions of 4 and 5 to above 0�C resulted in fast reductive elimination

to form mixtures of CH3–CH3 and CH3–XPh. The nongaseous organic products
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were quantified by NMR spectroscopy and GCMS, and CH3–XPh was formed in

17–50% yield, as shown in Eq. 10.

CH3

CH3
Pd

N

N

X = Se: nd
X = S:   nd

17 %
50 %

acetone

XPh

XPh

20°C
– [PdII]

CH3–CH3   +  CH3–XPh

[nd = not determined ]

ð10Þ

Mechanistic studies implicated a DI mechanism for these transformations. In

particular, the authors used Eyring analysis to establish a DS{ of�40.7 cal M�1 K�1

for reductive elimination from 4 inCDCl3. This large, negative value suggests a highly

ordered transition state, which is consistent with dissociation of PhSe� to generate

an ion pair [6, (Eq. 11)] with highly ordered solvation. In addition, the activation

energy (Ea) for the transformation was ~11 kcal mol�1, which is significantly lower

than the homolytic bond energy for PdIV–CH3 (estimated at ~31 kcal mol�1) [33].

As such, this piece of data suggests strongly against a radical mechanism.

CH3
CH3

CH3
CH3

CH3– CH3 + CH3–SePh

SePh

Pd

SePh

N

N
Pd

SePh

N

N

(4)

+PhSe–

(6)
– [PdII] ð11Þ

A final set of studies by Canty focused on C–Se bond formation from the mixed

alkyl/aryl PdIV complex (bpy)PdIV(CH3)(p-CH3OC6H4)(p-ClC6H4Se)2 (7) [34].

Complex 7 was prepared in 93% yield by oxidative addition of (p-ClC6H4Se)2 to

(bpy)PdII(CH3)(p-CH3OC6H4) at �40�C (Eq. 12). Complex 7 allowed for direct

comparison of the relative rates of sp2 versus sp3 C–Se bond-forming reductive

elimination. As shown in Eq. 12, only the CH3–Se(p-ClC6H4) was detected,

demonstrating that sp3 C–Se coupling is considerably faster in this system.

Pd

Se(p - ClC6H4)

N

N

CH3

CH3

Pd
N

N

p - CH3OC6H4

(p - ClC6H4Se)2

CH2Cl2, –40 °C
(93 %)

p-CH3OC6H4

Se(p - ClC6H4)

(7)

–25°C –[PdII]

H3C – Se(p - ClC6H4)

only reported C–Se
coupled product

(yield nd) ð12Þ

3.3 C–O Bond Formation

In 2001, Canty reported that the complex (bpy)PdII(CH3)2 reacts with (PhCO2)2 to

generate the C–O coupled product CH3O2CPh [35]. Although this transforma-

tion appears similar to the analogous reactions of (bpy)PdII(CH3)2 with (ArX)2
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(X ¼ S, Se; eqs. 9, 10), the authors demonstrated that C–O coupling proceeds via a

different pathway. When the reaction between (bpy)PdII(CH3)2 and (PhCO2)2 was

monitored at �70�C by 1H NMR spectroscopy, (bpy)PdIV(CH3)2(O2CPh)2 (8)

was not detected (Eq. 13). Instead, this species apparently underwent fast dis-

proportionation with residual (bpy)PdII(CH3)2 to generate the PdIV complex (bpy)

PdIV(CH3)3(O2CPh) (9) and the Pd
II complex (bpy)PdII(CH3)(O2CPh) (10) (Eq. 13,

step ii). Warming this mixture to �30�C resulted in C–C bond-forming reductive

elimination from 9 to liberate ethane and a second equivalent of 10 (Eq. 13, step iii).

Finally, at �10�C, 10 underwent reaction with (PhCO2)2 to generate the C–O

coupled product CH3O2CPh (Eq. 13, step iv). While this latter transformation

may proceed by a PdIV intermediate, none was detected [36]. This work illustrates

the complexities inherent to high oxidation state palladium chemistry, and it shows

that extreme caution should be exercised in extrapolating reactivity observed in one

system to even closely related transformations.

Pd

O2CPh

O2CPh
N
N

CH3
CH3

Pd
N
N

O2CPh

Pd
N

N
O2CPh
CH3Pd

N

N+

O2CPh
CH3

CH3
CH3

CH3

CH3

CH3

Pd
N
N CH3–O2CPh

(PhCO2)2
acetone-d6

–70°C

(i )

CH3–CH3  +

(10)

–30°C(iii )

(9)

no detectable
intermediates

–10°C
– [PdII]

(PhCO2)2

(10)

(bpy)Pd(CH3)2

–70°C

(8, not detected)

(iv)

(ii )

ð13Þ

In 2002, Yamamoto published the first account of C–O bond-forming reductive

elimination from an isolated Pd(IV) complex (11) [37]. As shown in Eq. 14, 11 was

synthesized by the reaction of Pd2(dba)3 (dba ¼ dibenzylideneacetone), tetra-

chloro-1,2-benzoquinone, and benzonorbornadiene, followed by the addition of

pyridine. This PdIV adduct is stable in the solid state to >100�C and was character-

ized by 1H and 13C NMR spectroscopy as well as X-ray crystallography [38].

O

O

Pd
Cl

Cl

Cl
Cl

O

O
Cl

Cl

Cl
Cl

py

(dba = dibenzylidene acetone; py = pyridine)

O
Cl

O

Cl

Cl

Cl
+

2. 1 equiv py
(78 % )

1. Pd2(dba)3

(11)

ð14Þ

Carbon–Heteroatom Bond-Forming Reductive Elimination 67



Heating 11 at 70�C for 4 h in benzene resulted in complete decomposition of the

starting material. The major organic product was benzonorbornadiene (43% yield);

however, minor quantities of C–O coupled products 12 (12%) and 13 (4%) were

also formed (Eq. 15). The thermal decomposition of 11 was inhibited by pyridine,

for example, in the presence of 5 equiv of pyridine, the reaction took 50 h (versus

4 h) to reach completion (Eq. 15).

O

O

Pd
Cl

Cl

Cl
Cl

O

O
Cl

Cl

Cl
Cl

py

O
O

Cl
Cl

Cl

Cl
O

Cl
Cl

Cl

Cl

O
+

0 equiv py: Reaction time = 4 h
5 equiv py: Reaction time = 50 h

(11)

0 or 5
equiv py

70°C
C6H6

(12, 12-15 % )
(13, 4-7 % )

(43-57 % )

ð15Þ

On the basis of this data, the authors proposed that C–O coupling from 11 pro-

ceeds via a dissociative neutral (DN)/carbocation mechanism. The proposed path-

way involves pre-equilibrium dissociation of the pyridine ligand to generate the

neutral four-coordinate PdIV intermediate 14 (Eq. 16). Heterolytic cleavage of

the PdIV–C bond then releases [PdII] and carbocation 15, which can be trapped by

the intramolecular phenoxide (to form 12) or undergo rearrangement followed by

trapping (to afford 13).

O

O

Pd
Cl

Cl

Cl
Cl

O

O
Cl

Cl

Cl
Cl

11
– py

+ py

+
O

Nucleophilic
trapping 12

Rearrangement /
nucleophilic

trapping

13

O–

Cl

Cl

Cl Cl

– [PdII]

(14)

(15)

ð16Þ

Most recently, our group has studied C–O bond-forming reductive elimination

from PdIV complexes of general structure 16 (Eq. 17) [39]. Complex 16 was

synthesized by reaction of (phpy)2Pd
II (phpy ¼ 2-phenylpyridine) with the hyper-

valent iodine oxidant PhI(OAc)2 in CH2Cl2 for 1 min at room temperature. This

PdIV species was stable for at least 12 months at �35�C and was characterized by
1H NMR and IR spectroscopy as well as X-ray crystallography.
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N

OAc
Pd

N

OAc

Pd
N N PhI(OAc)2

CH2Cl2
25°C
1 min
(93 %)

(16)

ð17Þ

Complex 16 and derivatives thereof undergo clean C–O bond-forming reductive

elimination upon thermolysis in a variety of solvents. For example, heating samples

of 16 at 80�C for 30 min in CH3CN resulted in C–O coupling to afford 17 in 95%

yield (Eq. 18). Interestingly, none of the product derived from C–C bond-forming

reductive elimination from 16 (18 in Eq. 18) was detected under these conditions.

The high-yielding formation of a single organic product in this system facilitated

the first detailed mechanistic investigation of carbon–chalcogen bond formation

at PdIV.

N

OAc
Pd

N
OAc

N
AcO

N
N

+80°C, 30 min

(16)

CH3CN
– [PdII]

(17, 95 %)
(18)

not observed

ð18Þ

An original communication on this work suggested a DN mechanism involving

pre-equilibrium dissociation of one of the pyridine ligands followed by C–O

coupling [39]. A subsequent DFT study proposed that direct C–O bond-forming

reductive elimination from 16 was operative [40]. However, a very recent thorough

experimental mechanistic analysis implicated a dissociative ionic (DI) pathway

(Eq. 19) for C–O bond-forming reductive elimination from 16 and its derivatives

[41]. In the proposed mechanism, fast pre-equilibrium dissociation of AcO�

(step i) is followed by slow C–O bond formation (step ii) to release 17.

N

OAc
Pd

N
OAc

N
AcO

N

Pd
slowfast

N
OAc

(17)

(ii)

+AcO–

(i )

(16)

ð19Þ

Numerous pieces of data supported the proposed DI mechanism. First, complex

16 underwent facile carboxylate exchange with Bu4N(O2C10H19) in acetone-d6 at
25�C over 5 min. In contrast, C–O bond-forming reductive elimination required

heating at 80�C for 30 min. This result indicates that step i of the mechanism in

Eq. 19 is fast and reversible.
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Second, the carboxylate exchange process showed similar solvent effects and

activation parameters to reductive elimination. For example, DS{ for C–O bond-

forming reductive elimination in CDCl3 was �1.4 � 1.9 cal M�1 K�1, while DS{

for carboxylate exchange was�7.2 � 3.0 cal M�1 K�1. In addition, Brønsted acids

(like AcOH) and Lewis acids (like AgOTf) accelerated both reductive elimination

and carboxylate exchange to similar extents. All of these results are consistent with

the two processes being mechanistically linked in a DI pathway.

Substituent effects on both the carboxylate and the arylpyridine coupling

partner were also studied to gain insights into the electronic character of the

C–O bond-forming step. A r value of �1.36 was obtained for para-X-substituted
benzoate derivatives (19 in Eq. 20), consistent with RCO2

� acting as the

nucleophilic coupling partner during C–O bond formation. With complexes con-

taining para-Y-substituted arylpyridines (20 in Eq. 20), a poor Hammett correla-

tion was observed between the rate of reductive elimination and s, s+ or s�;
however, qualitatively the reactions were fastest with electron withdrawing sub-

stituents (Y).

N

O
Pd

N
O O

X

O

X

N

O
Pd

N
O O

O

O

O

Y
Y

(20)(19)

ð20Þ

It is important to note that the electronic effects in this system are complicated

by the fact that there are two different carboxylate ligands and two different

arylpyridine ligands, each of which plays a different role in the C–O bond-forming

process. However, overall, the data are consistent with a transition state like 21 or

22 for this transformation (Eq. 21). Notably, reductive elimination could also occur

with the other (inequivalent) phenylpyridine ligand.

N
δ+

Pd
N

Oδ–
O

R

N

Pd
N

O Oδ–

R

(21) (22)

+RCO2
– +RCO2

–

δ+
ð21Þ
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Interestingly, moving from the phenylpyridine complex 16 to the more rigid

benzo[h]quinoline (bzq) complex 23 resulted in a reversal of chemoselectivity for

reductive elimination. With 23, the product of C–C bond-forming reductive elimi-

nation (25) was favored under most conditions (particularly in acetone and ben-

zene). Mechanistic analysis suggests that C–C bond formation in this system

proceeds via a direct mechanism.

N

N
N

+

N

O2C10H19

O2C10H19

Pd
N

Ratio = 1:13

(25)(24)

C10H19O2

80°C, 30 min

acetone

– [PdII]

(23)

ð22Þ

4 Carbon–Halogen Bond Formation

4.1 Carbon–Halogen Bond-Forming Reactions in Oxidative
Pd Catalysis

A wide variety of Pd-catalyzed ligand-directed C–H halogenation reactions have

been reported over the past 20 years. For example, C–H iodination with N-iodo-
succinimide (NIS) [42], IOAc/Bu4NI [43], and I2/PhI(OAc)2 [44]; C–H bromina-

tion with N-bromosuccinimide (NBS) [42], Cu(OAc)2/CuBr2 [45], BrOAc/Bu4NBr

[46], and CuBr2/LiBr [47, 48]; C–H chlorination with Cl2 [49], N-chlorosuccini-
mide (NCS) [42], PhICl2 [42], and Cu(OAc)2/CuCl2 [45, 48]; and C–H fluorination

with N-fluoropyridinium reagents [50, 51] have all been applied to both arene and

alkane substrates (e.g., see eqs. 23–25). The structures of reactive Pd intermediates

in these transformations have not been definitively elucidated. However, PdII/IV

mechanisms that involve carbon–halogen bond formation from transient PdIV

intermediates have been proposed in many of these systems.

O

N
I

O

N
H

10 mol % Pd(OAc)2
1 equiv I2

1equiv PhI(OAc)2

CH2Cl2, 24 °C, 48 h

(90 %)

tBu tBu

ð23Þ

N

CF3

N

CF3

BrH

5 mol % Pd(OAc)2
1.5 equiv NBS

AcOH, 100°C, 12 h
(63 %)

ð24Þ
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N N

F

+ N F

BF4
–

+

H

10 mol % Pd(OAc)2

C6H6, μwave
100°C
(57 %)

ð25Þ

Numerous Pd-catalyzed olefin difunctionalization reactions have also been

terminated by oxidative carbon–halogen bond formation. For example, both intra-

and intermolecular aminohalogenations with NCS [52], NIS [53], CuCl2 [54, 55],

CuBr2/O2 [56], and AgF/PhI(O2C
tBu)2 [57] have been achieved (Eq. 26). Henry

has reported a related synthesis of halohydrins via oxypalladation/C–X coupling

(Eq. 27) [58]. In addition, the arylhalogenation of diverse a-olefins with PhICl2,

CuCl2, and CuBr2 was recently disclosed (Eq. 28) [59, 60]. Although the reactive

intermediates in these transformations have not been characterized, carbon–halo-

gen bond-formation from PdIV intermediates has been suggested in many cases.

NHAc
+ N

O

O

Cl
10 mol % PdCl2(CH3CN)2

NAc

Cl

toluene, 25 °C

(89 %)

ð26Þ

OPh OPhCl

OH
20 mol % [Pd]

CuCl2, LiCl

THF/H2O, 25°C

(95%)

ð27Þ

+

Br

Ar
F SnBu3

(Ar–SnBu3)

Et2O, 0°C to 25°C

(48 %)

10 mol % PdCl2(PhCN)2
CuBr2 ð28Þ

Based on the extensive proposals of carbon–halogen bond-forming reductive

elimination from PdIV in catalysis, many groups have pursued model studies to

investigate the viability and mechanism of such transformations. These studies are

detailed in the following lines, and are arranged on the basis of the type of C–X

bond that is being constructed (C–I, C–Br, C–Cl, and C–F, respectively).

4.2 C–I Bond Formation

The first example of C–I bond-forming reductive elimination from PdIV was

reported by Elsevier and coworkers in 1994 (Eq. 29) [61]. They synthesized

(p-Tol-BIAN)PdIV(CH3)3I (26) (p-Tol-BIAN ¼ bis(p-tolylimino)acenaphthene)

by the oxidation of (p-Tol-BIAN)PdII(CH3)2 with CH3I. Complex 26 was
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characterized by NMR spectroscopy and elemental analysis, and this complex

underwent reductive elimination at 20�C in CDCl3. The major product (~85%)

was ethane; however, significant quantities of CH3I (~15%) were also formed. This

reaction is quite unusual because (N~N)PdIV(CH3)3(X) complexes typically

undergo highly selective C–C bond-forming reductive elimination. In the current

system, the authors hypothesize that carbon–iodine coupling is driven in the

forward direction by the reaction of the inorganic product of C–I bond-formation

[(p-tolyl-BIAN)PdII(CH3)2] with CHCl3 to irreversibly generate (p-Tol-BIAN)
PdII(CH3)(Cl) (which was detected in equimolar quantities to CH3I).

N

N

Ar

Ar

Pd
CH3

CH3

CH3

I
CHCl3
20°C

– [PdII]

CH3–CH3
(80-90 %)

CH3–I
(10-20 %)

+

(26)

ð29Þ

This same report also described the synthesis of diorgano PdIV complex

(p-Tol-BIAN)PdIV(CH3)2(I)2. It was characterized by 1H and 13C NMR spectros-

copy and elemental analysis. The authors report that this species is unstable at

room temperature in solution. While the decomposition products were not studied

in detail, they are likely to include compounds derived from C–I bond-forming

reductive elimination.

Subsequent studies from the Canty group showed that C–I bond-forming reductive

elimination occurs in modest yield from palladacyclopentane complex 27 (Eq. 30)

[62]. Complex 27 was prepared in a similar fashion to 26 [by oxidative addition of

ethyl iodide to (bpy)PdII(C4H8)], and was characterized by NMR spectroscopy. As

with 26, thermolysis of 27 in CDCl3 produced predominantly C–C coupled products

[as a mixture of hexenes (48%), hexane (38%), butenes (3.5%), and butane (1.5%)].

However, a significant quantity of iodohexane (9%) was also detected by NMR and

GCMS analysis (Eq. 30). Notably, similar reactivity was also observed with the

analogous PdIV methyl complex (bpy)PdII(C4H8)(CH3)(I).

I

Pd

Et

N
N

EtI
Et

+ + Et

+

(9 %)

CDCl3, 20°C

– [PdII]
(27)

(isomers)
(48 %)

(isomers)
(3.5 %)

(1.5 %)

(38 %)

ð30Þ

Most recently, Canty and coworkers demonstrated that the oxidation of (bpy)

PdII(CH3)2 with I2 at �50�C in acetone-d6 affords the diorgano PdIV complex 28.

The 1H NMR spectrum of 28 displayed symmetry consistent with the trans geome-

try shown in Eq. 31 [36]. This species was too unstable to isolate, and, upon

warming to �10�C, it underwent clean and highly selective C–I bond-forming

reductive elimination to generate CH3I and (bpy)PdII(CH3)(I).
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I

Pd

I

N

N

CH3

CH3 CH3
CH3CH3

Pd
N

N I
Pd

N

N
+ CH3I

(28)
detected by

NMR spectroscopy

acetone-d6
–50°C

acetone-d6
–50°C

I2

ð31Þ

4.3 C–Br Bond Formation

In 1989, Canty and coworkers demonstrated that the thermolysis of 29, which was

formed by the reaction of (bpy)PdII(CH3)2 with phenacyl bromide, yielded traces

of CH3Br (Eq. 32) [63]. However, as expected, the predominant decomposition

pathway for this triorgano PdIV complex involved C–C coupling to generate

mixtures of ethane and ethylmethylketone (Eq. 32).

Br

Pd
N

N
Ph

O

Ph

O

CH3
+ +

CH3

CH3

(29)

acetone-d6
40°C

– [PdII]
(~33 %)

CH3–CH3
(66 %)

CH3–Br
(trace)

ð32Þ

Later work by Elsevier revealed that the diorgano PdIV complex 31 undergoes

more selective C–Br coupling (Eq. 33) [64]. This complex was prepared by oxida-

tive addition of Br2 to palladacycle 30 and was characterized by NMR spectroscopy

and elemental analysis. At �73�C in CH2Cl2 solution, it reacts via C–Br bond-

forming reductive elimination to afford 32. While the low stability of 31 precluded

experimental mechanistic investigations, computational studies suggested a direct

reductive elimination pathway with DG{ of 23.4 kcal mol�1 [65].

N

N

Ar

Ar

Pd

E
E

E

E

N

N

Ar

Ar

Pd

E
E

E
E

Br

Br

N

N

Ar

Pd

E

E
E

Br

E

Br

E = CO2CH3
Ar = p -CH3C6H4

(30)

CH2Cl2
–73°C

Br2

(31)

–73°C
10-15 min

(32)Ar ð33Þ

Most recently, the cyclometalated PdIV adduct 34 was reported by Daugulis

(Eq. 34) [66]. Complex 34 was synthesized by the oxidation of 33 with Br2 at

�78�C in CH2Cl2 and was characterized by X-ray crystallography. This PdIV
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adduct decomposed within hours at 0�C in CH2Cl2 solution and over days in the

solid state. Although no products were identified or characterized, it is likely that

sp3 C–Br bond-forming reductive elimination is a major decomposition pathway.

Pd N

O

Pd N

O
Br

BrBr2
decomposition
(products not

characterized, but C–Br
coupling likely)

CH2Cl2
0°C, hours

(34)

tBuCNtBuCN
CH2Cl2
–78 °C
(85 %)

(33)

ð34Þ

4.4 C–Cl Bond Formation

The first literature example of C–Cl bond-forming reductive elimination from PdIV

involved the mono-organo PdIV complex 36 (Eq. 35) [67]. This pincer adduct was

accessed by van Koten and coworkers via oxidation of the PdII precursor (35) with

excess Cl2 at room temperature in CHCl3. The PdIV trichloride intermediate was

characterized by 1H NMR spectroscopy, but underwent fast reductive elimination

to form 37. However, the decomposition was not very clean, which the authors

attributed to the presence of excess dissolved Cl2.

PdN

NMe2

Cl PdN

NMe2

Cl

Cl

Cl

PdN

NMe2

Cl
Cl

Cl
CHCl3
25 °C

(35) (36)

CHCl3
min, 25 °C

(37)

ð35Þ

van Koten and coworkers reported a related reaction of bimetallic PdIV complex

39 [68]. As shown in Eq. 36, 39 was synthesized by the oxidation of 38 with PhICl2
at room temperature in CHCl3. Complex 39 was characterized by 1H NMR

spectroscopy and could be isolated in low yield. It underwent fast decomposition

in solution. Although the organic product was not definitively identified, it was

proposed to be 40.

Me2N

Me2N

NMe2

NMe2

PdPd ClCl

PhCl2

Me2N

Me2N NMe2

NMe2

PdPd ClCl
Cl

Cl Cl

Cl

Me2N

Me2N NMe2

NMe2

ClCl

(38)

CHCl3
25 °C (39)

(not characterized )

(40)

CHCl3
min, 25 °C

– [PdII]

ð36Þ
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Another example of C–Cl bond-forming reductive elimination involved the

bimetallic complex 42 (Eq. 37) [69]. This species was proposed as an intermediate

in the oxidation of 41 with Cl2 at �30�C. Complex 42 could be detected by NMR

spectroscopy but not isolated. It underwent selective sp3 C–Cl coupling to generate

43 within 50 min at �25�C.

Pd

N

Cl

P

Pd

N

Cl
P

Cl2

Tol
Tol

Tol
Tol

Pd

N

Cl

P

Pd

N

Cl
P

Tol
Tol

Tol
Tol

Cl

Cl

Cl

Cl

Pd
N

P

Cl

Tol
TolCl

Cl
2

detected by NMRTol = p-CH3C6H4

–30°C

(41) (42)

–30°C

(43)

ð37Þ

Whitfield and Sanford investigated C–Cl bond formation from two isolated PdIV

complexes. PhICl2 and N-chlorosuccinimide were used to oxidize (phpy)2Pd
II to

form stable PdIV species 44 and 45 (Eq. 38) [70]. These complexes were stable in

solution for several hours at room temperature and were characterized by 1H and
13C NMR spectroscopy and X-ray crystallography (45).

N

Cl
Pd

N
Cl

Pd
N N

N

Cl

OO

N

Pd
N

Cl
N

O

O

CH2Cl2
25 °C
5 min
(67 %)

(45)

CH2Cl2
25 °C
11 min
(61 %)

PhICl2

(44)

ð38Þ

The distribution of reductive elimination products from 44 and 45 varied

depending on the solvent. For example, when 44 was heated at 80�C for 12 h in

pyridine, C–C coupling predominated; in contrast, C–Cl bond-forming reductive

elimination was favored in AcOH and CH3CN (Eq. 39). The best selectivity for 46

over 47 was observed in AcOH, where these products were formed in a 5:1 ratio.

N

Cl
Pd

N
Cl

N
Cl

N
N

+

pyridine

AcOH

<1 %
42 %
49 %

60 %
10 %
7 %

(44)

80 °C, 12 h
solvent

(46) (47)

CH3CN

ð39Þ
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Complex 45 is a particularly interesting case because the following three

different reductive elimination reactions are possible: C–Cl, C–C and C–N

coupling to generate products 46, 47, and 48, respectively. As shown in

Eq. 40, the ratio of these products was again highly dependent on the reaction

medium, with AcOH favoring 46 and pyridine leading to preferential formation

of 47. Intriguingly, significant quantities (~8%) of the C–N coupled product

48 were also formed in pyridine. The mechanism of this transformation as

well as the mechanistic origin of these intriguing solvent effects is not known

at this time.

N

Pd
N

Cl
N

O

O

N
Cl

N
N

+

pyridine
CH3CN
AcOH

6 %
8 %
67 %

81 %
20 %
5 %

N

N
+

O

O

8 %
<1 %
<1 %

(45)

80°C, 12 h
solvent

(47)(48)(46)

ð40Þ

Finally, Arnold and Sanford have reported C–Cl bond formation from the

PdIV N-heterocyclic carbene complex 50 (Eq. 41) [71]. Complex 50 was pre-

pared by oxidation of 49 with PhICl2 at �35�C in CH3CN and was characterized

by 1H and 13C NMR spectroscopy and X-ray crystallography. This complex could

potentially undergo Ccarbene–Cbzq, Cbzq–O, Ccarbene–Cl, or Cbzq–Cl bond-forming

reductive elimination. Remarkably, only the latter was observed to generate 51 in

75% yield.

Pd
O

N
N

N

Pd
O

N

Cl
Cl N

Pd
O

N

Cl

CliPr N

PhICl2

CH3CN
– 35 °C
(53 %)

(49) (50)

NiPr

CH3CN
–35 –> 33 °C

(75 %)

(51)

iPr N

ð41Þ

4.5 C–F Bond Formation

The most recently discovered carbon–halogen coupling reactions at PdIV centers

involve the formation of sp2 C–F bonds. These transformations are particularly

notable because, until very recently [72], Aryl–F bond-forming reductive elimina-

tion had not been achieved from any transition metal center [73].

Ball and Sanford showed that the treatment of 52 with XeF2 at 70
�C for 2.5 min

afforded the mono-aryl PdIV complex 53 in modest 35% yield (Eq. 42) [74]. This
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species was characterized by NMR spectroscopy and X-ray crystallography and

was stable for hours in solution at room temperature.

F
Pd

N

N

F

F
Pd

N

N

F

F

F
H

F

tBu

tBu

tBu

tBu (52)

XeF2

NO2Ph
70 °C

2.5 min
(35 %) (53)

ð42Þ

Intriguingly, thermolysis of 53 at 80�C for 1 h in nitrobenzene did not lead to

significant quantities of aryl fluoride 54 (Eq. 43a). Instead, biaryl 55 was the major

organic product (35% yield). Compound 55 could be formed via several different

pathways, including (1) transmetalation followed by C–C bond-forming reductive

elimination, (2) generation of Arl and subsequent radical coupling, or (3) a bime-

tallic reductive elimination process.

F
Pd

N

N

F

F

F H
F

NO2Ph

FF

FF

+ FF

(54, not detected )

(55, 35 %)

(a)

80 °C, 1 h

tBu

tBu

(53)

XeF2
80 °C,1 h

NO2Ph

(b)

(54, 92 %)

ð43Þ

In contrast, C–F bond-formation was observed when 53 was treated with an

excess of electrophilic fluorinating reagents (e.g., XeF2) at 80
�C in nitrobenzene

(Eq. 43b). Under these conditions,<5% of the biaryl product 55 was produced. The

mechanism of this transformation (particularly the role of the F+ reagents in

promoting C–F coupling) has not been fully elucidated.

A very thorough mechanistic study of C–F bond-forming reductive elimination

from PdIV complexes 57, 58, and 59 was conducted by Ritter and coworkers. Initial

oxidation of 56 with Selectfluor™ at 23�C in CH3CN formed 57 [75, 76]. The

subsequent addition of pyridine then led to 58, while the use of NMe4F produced

59 (Eq. 44). The solution structures of cationic complexes 57 and 58 were estab-

lished through detailed one- and two-dimensional 1H, 13C, and 19F NMR analysis.

The solid state structure of difluoride 59 was determined using X-ray crystallogra-

phy, and NMR analysis showed that 59 adopts the same structure in CH3CN

solution [76].
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N
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S O
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N
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–
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(Py)
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Pd

N
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N
Py
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Pd

N

F

N
SO2(o-NO2C6H4)

SO2(o-NO2C6H4)

F

NMe4F(56)
(57)

+BF4
–

+BF4
–

(59)

(58)

+

+

ð44Þ

Heating complex 57 at 50�C in CH3CN resulted in rapid and clean C–F bond-

forming reductive elimination to afford 60 (Eq. 45). The addition of pyridine

trapped the Pd-containing product as the cationic bis-pyridine adduct 61 (Eq. 45).

Very similar reactivity was observed with the pyridine-ligated PdIV starting mate-

rial 58.

Py
Pd

N

F

N

O

1. CH3CN, 50 °C

N
F

2. pyridine (Py) N

N

SO2(o-NO2C6H4)

Pd
Py

Py+

+BF4
–

+BF4
–

(57) (60)
(61)

ð45Þ

A full mechanistic analysis was conducted of C–F bond-forming elimination

from complexes 57 and 58 [77, 78]. The authors studied the activation parameters,

kobs as a function of the reaction medium, and kobs as a function of substituents X, Y,
Z, and L (see complex 62 in Eq. 46). As detailed below, all of these experiments

were consistent with a DN pathway for reductive elimination, involving fast pre-

equilibrium dissociation of the sulfonyl or pyridine ligand (step 1) followed by rate

limiting C–F coupling (step 2, Eq. 47). For clarity, the mechanistic discussion

below will focus primarily on complex 57; however, in general, similar results

were obtained in both cases.

Py~N =

N
N

S O
O

Py
Pd

N

F

N
SO2Ar

Complexes for mechanistic study

L

X

Y

Z
+BF4

–

(62)

ð46Þ
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Py
Pd

N

F

N
SO2Ar

L
–L

Py
Pd

N

F

N
SO2Ar

N
F

+BF4
– +BF4

–
(i )

+L
fast

– [PdII]
slow

(ii ) ð47Þ

C–F reductive elimination from 57 showed a DS{ of 12.4 cal M�1 K�1, consis-

tent with a dissociative mechanism, in which the transition state is less ordered than

the starting material. The rate of reductive elimination was independent of the

dielectric of the solvent (which was modified through the addition of Bu4NBF4 to

CH3CN). This suggests that the polarity/charge of the transition state is similar to

that of the ground state, which is again consistent with the mechanism in Eq. 47.

Hammett plots were constructed by variation of each of the substituents X, Y,

and Z in complex 62 (Eq. 46). The r values obtained from this analysis were as

follows: rX ¼ �0.22, rY ¼ �0.19, and rZ ¼ +0.61 [78]. These values are consis-

tent with reductive elimination occurring through a transition state like that shown

in Eq. 48, involving nucleophilic attack of the fluoride on the s-aryl group. DFT
calculations (particularly the computed natural charges) showed a very similar

transition state, providing additional support for the proposed mechanism. The

authors suggest that the electronic requirements for C–F bond formation in this

system are similar to those for nucleophilic aromatic substitution reactions.

Py
Pd

N

F
δ–

δ+

N
SO2Ar

+ ð48Þ

Two final strong pieces of evidence in support of the DN mechanism were

obtained in studies of the pyridine-ligated complex 58. First, equilibration between

57 and 58 was found to be fast at 25�C (49 s�1), a temperature well below that

required for C–F reductive elimination (Eq. 49).

Py
Pd

N

F

N
O

+BF4
–

+BF4
–

+
N

Py
Pd

N

F

N
SO2(o -NO2C6H4)

Py

(57) (Py)
keq = 2.6

(25 °C, CH3CN)

k = 49 s–1 at 25 °C

(58)

ð49Þ

Second, studies of the rate of C–F coupling in the presence of added pyridine

showed an inverse first-order dependence on this additive. These results are both

indicative of rapid pyridine dissociation that occurs prior to the rate-determining

step of the reaction.

The difluoride complex 59 was significantly more thermally stable than either

57 or 58. Nonetheless, this complex did undergo C–F bond-forming reductive
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elimination under forcing conditions. For example, heating 59 for 5 min at 150�C in

DMSO provided C–F coupled product 60 in nearly quantitative yield (97%).

In addition, reductive elimination proceeded neatly in the solid state (98% yield

after 4 h at 100�C) (Eq. 50).

Py
Pd

N

F

N
SO2(o -NO2C6H4)

F
N

F

DMSO, 150 °C, 10 min
(97 % yield)

Solid state, 100 °C, 4 h
(98 % yield)

(59)

Conditions
– [PdII]

(60)

Δ

ð50Þ

However, at lower temperatures, the yield of 60 decreased dramatically (e.g.,

38% yield of 60 was obtained in DMSO at 50�C). Under these conditions, F2
reductive elimination appears to be competitive, as the other benzoquinoline-con-

taining product is 63 (Eq. 51). While the origin of these effects and the mechanism

of reductive elimination from 59 have not been studied in detail, the authors

propose that the change in product distribution as a function of temperature may

be due to a large difference in DS{ between the C–F and F–F bond-forming

processes.

N

N
Pd

NPy
Pd

N

F

N
SO2(o -NO2C6H4)

SO2(o-NO2C6H4)

F
N

F

DMSO, 50 °C
+ [+ F2]

(59) (60, 38 %) (63, 60 %)

ð51Þ

5 Conclusions and Future Directions

Over the last 20 years, numerous reagents have been utilized to oxidize PdII model

complexes to PdIV species. Furthermore, a wide variety of supporting ligands have

been shown to stabilize these PdIV adducts. In many cases, the PdIV compounds

decompose via carbon–heteroatom bond-forming reductive elimination, thereby

establishing the potential feasibility of such transformations in catalytic oxidation.

However, in these model systems, C–C bond-forming reductive elimination is

frequently a competing decomposition pathway. This has often hampered efforts

to conduct detailed mechanistic investigations of C–X bond formation at PdIV.

Several recent studies have begun to uncover the molecular mechanisms of

carbon–heteroatom bond-forming reductive elimination from PdIV centers. This

recent work has addressed such fundamental questions as the electronic require-

ments of C–X coupling, the effects of ancillary ligands, the influence of solvent and

additives, and the relative rates of competing transformations. The future of this

field is bright, as there are still many outstanding mechanistic questions to be

Carbon–Heteroatom Bond-Forming Reductive Elimination 81



answered. For example, the stereochemical outcome (retention vs. inversion) and

stereospecificity of sp3 carbon–heteroatom reductive elimination from PdIV are of

great interest, since both are crucial for developing well-controlled asymmetric

catalytic transformations. In addition, it is important to understand the influence of

ligand structure, solvent, and additives on competing carbon-heteroatom bond-

forming processes, since organometallic PdIV species containing different hetero-

atom X-type ligands are likely present during many catalytic processes. Finally,

studies of C–X reductive elimination from PdIV mono-organo complexes are

important future targets, since such adducts more closely resemble putative cata-

lytic intermediates than most of the complexes discussed herein. Efforts in all of

these areas are sure to inform the development and optimization of novel catalytic

transformations.
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Palladium(IV) Complexes as Intermediates

in Catalytic and Stoichiometric Cascade

Sequences Providing Complex Carbocycles

and Heterocycles

Helena C. Malinakova

Abstract Palladium-catalyzed multicomponent coupling and annulation reactions

have become important tools in organic synthesis. Recently, palladium(IV) com-

plexes have been proposed as intermediates in catalytic cycles of these transforma-

tions, although experimental evidence for their involvement is frequently lacking.

Examples of such catalytic annulation reactions are discussed, followed by a review

of studies performed with stoichiometric isolable or semistable palladium(IV)

complexes seeking experimental evidence for feasibility of the participation of

palladium(IV) intermediates in cascade carbon–carbon and carbon–heteroatom

bond-forming sequences.

Keywords Annulation reaction �Oxidative addition � Palladacycle � Palladium(IV)

complex
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1 Introduction

A rapid construction of complex carbocyclic or heterocyclic frameworks constitu-

tes one of the most challenging goals of synthetic organic chemistry. In recent

years, palladium-catalyzed cascade reactions became recognized as a powerful tool

in the construction of carbocycles and heterocycles due to the capability of palla-

dium complexes to mediate sequential bisfunctionalization of one substrate creat-

ing multiple carbon–carbon or carbon–heteroatom bonds in one operation

(Scheme 1) [1]. Advances in our fundamental understanding of the chemistry of

palladium complexes in higher oxidation states have led to an ever increasing

number of reports on palladium-catalyzed multicomponent annulation reactions

in which palladium(IV) complexes were implicated as key catalytic intermediates.

However, unequivocal experimental evidence for the involvement of palladium

(IV) complexes in such transformations is often lacking.

Studies performed with stoichiometric palladium complexes have been fre-

quently employed to explore feasibility of the individual steps of the catalytic cycles

proposed for the novel catalytic annulation reactions. Herein, evolution of the

sophistication of such palladium-catalyzed annulation protocols is demonstrated

on selected examples, along with a discussion of the existing evidence for the

participation of palladium(IV) complexes. Subsequently, studies performed with

stoichiometric isolable or semistable palladium(IV) complexes seeking evidence for

the involvement of well-defined palladium(IV) intermediates in analogous cascade

carbon–carbon and carbon–heteroatom bond formations are discussed in detail.

2 Processes Catalytic in Palladium

One of the first palladium-catalyzed annulation protocols, in which the involvement

of palladium(IV) intermediates had been proposed, was published by Dyker in the

early 1990s. A homocoupling of ortho-iodoanisole afforded 6H-dibenzo[b,d]pyran,
and a cross-coupling of ortho-iodoanisole with vinyl bromides provided benzo[b]
furans (Scheme 2) [2, 3]. The mechanistic rationale put forward for these processes

invoked an initial Csp3–H activation induced by the palladium(II) center, followed

by the formation of palladium(IV) intermediates via oxidative addition of aryl

iodide or vinyl halide building blocks. Dyker’s reports inspired synthetic chemists

Pd(II)

X Y
+

Z

Pd(IV)
X YZ

Pd(II)
X YZ

+
XY

bifunctional electrophile

Scheme 1 Bisfunctionalization via a Pd(II)–Pd(IV) cycle
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to broaden their conceptual thinking about pathways that could be employed in

palladium catalysis; however, the occurrence of palladium(IV) intermediates in

these transformations had been questioned (vide infra).
A highly versatile palladium-catalyzed multicomponent coupling and annula-

tion reaction proposed to feature palladium(IV) intermediates has been introduced

by Catellani [4]. Since the original report, numerous variations on the key concept

have been reported by Lautens and others [5, 6]. The process was rationalized by a

catalytic cycle involving an initial oxidative addition to a palladium(0) complex

followed by a migratory insertion of norbornene to form a palladium(II) complex,

which was poised for an intramolecular C–H activation to form a pallada(II)cycle.

The pallada(II)cycle then reacted with a second organohalide to form a palladium

(IV) complex that underwent reductive elimination and migratory deinsertion of

norbornene to form a new organopalladium(II) complex capable of participating

in a variety of cascade-terminating carbon–carbon bond-forming steps that regen-

erated the palladium(0) form of the catalyst (Scheme 3). Most recent applications

I

OMe

O
MeO

MeO

O

(II)
Pd

(II)Pd
O

MeOMeO

O Pd(II)

via Pd(IV) ? O
MeO

MeO

Pd(II)via Pd(IV) ?

OMe

oxidative addition
Csp3-H activation

I

O

(II)
Pd

O Pd(II)

via Pd(IV) ?

+

Br
OMe

O

OMe

OMe OMe

Heck reaction

O

OMe

+
Pd(OAc)2 (4 mol %)
K2CO3, nBu4NBr

DMF, 100 °C

oxidative addition
Csp3–H activation

Pd(OAc)2 (4 mol %)
K2CO3, nBu4NBr

DMF, 100 °C

Scheme 2 Dyker’s homocoupling and cross-coupling of two organohalides
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of this concept in catalytic transformations reported by Lautens are shown in

Scheme 4 [5, 6]. Catellani performed studies with stoichiometric palladium

complexes that demonstrated the feasibility of the formation of the pallada(II)

cycle incorporating norbornene, as well as the oxidative addition of an aliphatic

organohalide to the pallada(II)cycle leading to the formation of a Csp2–Csp3 bond

(vide infra).
The impressive chemoselectivity of the transformations shown in Scheme 4

relies on the fact that oxidative addition of aryl halides into palladium(0) complexes

at ambient temperature is faster than oxidative addition of alkyl halides, as well as

the demonstrated feasibility of oxidative addition of alkyl halides to palladium(II)

complexes providing palladium(IV) intermediates [7].

An intriguing variation of Catellani’s reaction accomplished a selective cross-

coupling of two different aryl halides and methyl acrylate (Scheme 5) [8, 9]. It was

suggested that a difference in the rates of oxidative additions of the two differen-

tially substituted aryl halides with the palladium(0) and the palladium(II) com-

plexes accounted for the reported reactivity. However, the mechanistic rationale

invoking palladium(IV) intermediates have not been supported by either an experi-

ment or computations.

Recently, mechanistic and computational studies aiming to establish whether

organic electrophiles bearing halides on a sp2-hybridized carbon could indeed

undergo an oxidative addition leading to palladium(IV) complexes, and to uncover

alternative pathways that could account for the formation of the observed products,

have appeared in the literature. In a representative study, Echavarren reported DFT

calculations comparing the feasibility of a direct oxidative addition of vinyl halides

to pallada(II)cycles analogous to those proposed in Dyker’s and Catellani’s

cat. Pd(OAc)2
additives

+
Z

RCH2I
(excess)I

Pd(II)

+

Pd(II)

I

Pd(IV)

Br

R

Pd(II)

R

Pd(II)

R

Z

C-H activation oxidative addition

C-H activation
oxidative addition

reductive elimination
migratory deinsertionreductive elimination

oxidative addition
migratory insertion

R

Heck reaction

R

R

Z

RCH2Br
(excess)

Scheme 3 Mechanism of Catellani’s multicomponent norbornene-mediated annulations
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reactions, with an alternative pathway involving Pd–Pd transmetalation, e.g., an

aryl transfer between two palladium(II) centers (Scheme 6) [10]. The study con-

cluded that an easy formation of bridged dinuclear complexes allows for a facile

intramolecular transmetalation of organic ligands between two palladium(II) cen-

ters. For organic electrophiles featuring Csp2–halide bonds, the transmetalation

I n-Bu

Pd(IV)
+

I

+
COOMe

COOMe

O
( )n I

n -BuI
(10 equiv)

(5 equiv)
O

( )n
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O
( )n

Me

I

Pd(IV)

+

Br

+

Br

R

Me

R
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R

(II)Pd
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R
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R
(II)
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cat. Pd(OAc)2
Ph3P, Cs2CO3

DME, 80 °C

cat. Pd(OAc)2
ligand

Cs2CO3
CH3CN, 90°C

Scheme 4 Applications of the norbornene-mediated annulation developed by Lautens
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Scheme 5 Cross-coupling variants of Catellani’s norbornene-mediated annulation

Palladium(IV) Complexes as Intermediates in Catalytic and Stoichiometric Cascade 89



process was found to be significantly more favorable than the formation of palla-

dium(IV) intermediates that were found to possess relatively higher energies.

Larock reported a palladium-catalyzed annulation reaction that effectively

achieves a bisfunctionalization of a symmetrical alkyne with ortho-iodobiaryls
(Scheme 7) [11]. The transformation has been proposed to involve a 1,4-palladium

(II) migration featuring an unprecedented hydridopallada(IV)cycle (Scheme 7). To

date no experimental evidence is available to confirm the involvement of palladium

(IV) intermediates in this process. The catalytic process inspired a computational

study on the mechanism of 1,n-palladiummigrations in aromatic hydrocarbons. The

study assessed feasibility of competitive palladium(II) and palladium(IV) pathways

[12] and concluded that in the 1,4-migration relevant to Larock’s annulation, the

palladium(IV) and palladium(II) mechanisms (Scheme 7) become competitive.

aryl transfer between
two Pd(II) centersPd

(II)

Y

Pd(II)Ar

X

+

Pd(II)

Y
(II)
Pd

X

Ar
Ar

Y
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X

Scheme 6 Aryl transfer between two Pd(II) centers
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Novel palladium-catalyzed cross-coupling/annulation sequences performed

under oxidative conditions have been designed to construct complex nitrogen-

containing heterocycles (Schemes 8 and 9). The reaction reported by Li achieved

an intra/intermolecular bisfunctionalization of a propargyl amide with an arene and

phthalimide [13]. The proposed catalytic cycle involves an intermolecular amino-

palladation of the alkyne mediated by a palladium(II) complex. The resulting

palladium(II) intermediate is then oxidized to a palladium(IV) complex by the PhI

(OAc)2 oxidant. Subsequent intramolecular electrophilic palladation of the aromatic

ring by the palladium(IV) complex gives a palladium(IV) metalacycle that forms the

organic product via reductive elimination. However, a precise timing for the

palladium(II) to palladium(IV) oxidation could not be established, and an oxidation

to palladium(IV) might be occurring after the electrophilic aromatic palladation.

Furthermore, an alternative sequence of the elemental steps starting with electro-

philic palladation of the aromatic ring and followed by an intramolecular carbopal-

ladation, oxidation to palladium(IV), and terminated by the C–N coupling could not

be ruled out. Prior studies by others on the palladium-catalyzed oxidative bisamina-

tion reactions [14] and aminoacetoxylation [15] laid the foundation for the mecha-

nistic proposals described above.

In a recent variant on this process reported by Michael [16], a palladium(II)-

mediated intramolecular aminopalladation is followed by an oxidation of the

palladium(II) intermediate by the FN(SO2Ph)2 oxidant to give a palladium(IV)

complex. The palladium(IV) complex then mediates an intermolecular electrophilic

aromatic substitution followed by C–C bond formation via reductive elimination

(Scheme 9).

The selected examples of palladium-catalyzed annulation reactions discussed

herein highlight the synthetic potential of catalytic processes proposed to feature

palladium intermediates in higher oxidation states in the construction of complex

carbocyclic and heterocyclic systems.
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Scheme 8 Sequential C–N/C–C bisfunctionalization of alkynes under oxidative conditions
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3 Processes Stoichiometric in Palladium

3.1 Oxidative Addition Reactions of Palladacyclopentanes

Herein, investigations of the synthesis, structure, and reactivity of stoichiometric

palladium(IV) complexes, aiming to provide relevant insights into the mechanism

of the catalytic annulation protocols described above, are discussed. Palladium(II)

complexes featuring two carbon–palladium bonds constitute a logical starting point

for exploring oxidative transformations that form two new carbon–carbon or carbon–

heteroatom bonds in a tandem fashion via intermediates possessing palladium in

higher oxidation states (Scheme 10). The presence of the two carbon–palladium(II)

bonds within a single bidentate ligand comprising a five-membered ring stabilizes the

resulting pallada(II)cycles, rendering them ideal templates for stoichiometric studies.

A seminal exploration of decomposition pathways of pallada(II)cyclopentanes

in the presence of organic oxidants was published by Canty [17]. In particular,

studies on the reactivity of pallada(II)cyclopentanes with allylic halides opened up

an opportunity for future design of annulation protocols. Canty synthesized allyl

palladium(IV) complex PdBrC4H8(CH2CH¼CH2)(bpy) via oxidative addition of

allyl bromide to pallada(II)cyclopentane (L–L ¼ bipyridine) (Scheme 10). The

palladium(IV) complex proved to be stable in solution at room temperature and

was characterized by 1H NMR spectroscopy and elemental analysis. A single

stereoisomer shown in Scheme 11 was formed as indicated by the 1H NMR

analysis. However, X-ray crystallographic data could not be secured. Decomposi-

tion of the allylpalladium(IV) complex in CDCl3 solution afforded 88% of

cyclobutane and less than 12% of butanes and propenes. The allyl ligand was

recovered bonded to palladium in the form of the Pd(II)(CH2CH¼CH2)(bpy)Br

complex (Scheme 11).

In the same report, a mechanism for the reductive decomposition of a series of

palladium(IV) complexes bearing diverse R groups (R¼Me, Et, Bn, Scheme 10) was

proposed. An initial halide dissociation from the palladium(IV) complex and isomeri-

zation was proposed, followed by the development of an agostic interaction of a C–H

NHCbzMe

Me +

Me
NCbzMe

Me

Me

NCbzMe

Me Pd(II)

NCbzMe

Me
(IV)
Pd

Me

10 mol % Pd(TFA)2
FN(SO2Ph)2 (2 equiv)

butylated hydroxytoluene
/ mol. sieves

Scheme 9 Sequential C–N/C–C bisfunctionalization of alkenes under oxidative conditions
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bond from the R group in an equatorial position to the palladium(IV) center, while the

cyclobutane ligand occupies the apical and equatorial positions. These steps were

proposed to precede the carbon–carbon bond-forming reductive elimination. The lack

of the carbon–carbon bond-forming reductive elimination between the cyclobutane

ligand and the allyl ligand has been rationalized by the inability of the allyl ligand to

form a C–H agostic interaction with the palladium center after the departure of the

halide, possibly due to the preference for the Z3-bonding of the allyl complex. In a

related study on the reactivity of an allylpalladium(IV) complex Me2Pd

(CH2CH¼CH2)Br(bpy), the formation of Pd(II)(Z3-CH2CH¼CH2)Br was also

favored over carbon–carbon bond-forming processes [18, 19].

3.2 Synthesis of 1,3-Dienes from Palladacyclopentadienes

Elsevier prepared functionalized 1,3-dienes from stable isolated pallada(II)

cyclopentadiene and organohalides (R1X) via a proposed oxidation yielding

palladium(IV) complexes as unstable intermediates, which underwent a rapid

reductive elimination forming a new carbon–carbon bond. A subsequent cross-

coupling reaction of the stable palladium(II) complexes with organostannanes

(R2)4Sn (Scheme 12) afforded the 1,3-dienes [20]. No spectroscopic evidence
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Scheme 10 Oxidation of pallada(II)cycles with organic oxidants – a general outline
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for the involvement of the proposed palladium(IV) complexes have been

secured, although the formation of the corresponding palladium(II)dienehalide

complex has been confirmed for reactions with MeI, BnBr, and PhI. In the light

of evidence discussed above in the context of the catalytic processes, the

involvement of the palladium(IV) complexes in the reactions with PhI seems

doubtful [10].

The study emphasized the importance of the rigid bidentate amine ligands in

facilitating the oxidative addition reactions providing the presumed palladium

(IV) intermediates, noting that analogous reactions with complexes bearing

phosphine ligands failed. Taking advantage of the fact that oxidative addition

of the alkyl halide to the pallada(II)cyclopentadiene is strongly favored over the

oxidative addition of the organohalide to palladium(II)dienehalide, a catalytic

variant of the three-component coupling of RI, RSnBu3, and EtOC(O)C�CC(O)

OEt has been successfully demonstrated [20]. In a most recent study, Elsevier

investigated the mechanistic details of the oxidative addition/reductive elimina-

tion sequence of his pallada(II)cyclopentadienes bearing rigid bidentate nitrogen

ligands with molecular halogens [21]. The authors recorded a low temperature
1H NMR spectra on a red complex precipitated at low temperature from the

reaction of the pallada(II)cyclopentadiene with bromide. The spectral features

supported the proposed structure of the palladium(IV) complex featuring the

two bromines in the apical positions and therefore possessing C2v symmetry.

At higher temperatures, the complex converts into a butadienyl palladium(II)

complex with a new Csp2–Br bond. The complex was characterized by X-ray

crystallography; DFT-B3LYP calculations confirmed the feasibility of the pro-

posed pathway.

3.3 Norbornene-Derived Palladacycles

Catellani has supported the mechanism proposed for her unique palladium-cata-

lyzed and norbornene-mediated catalytic cascade protocols (Scheme 3) by the

preparation of stable pallada(II)cycles incorporating the norbornene scaffold and

rigid phenanthroline ligands. The pallada(II)cycle was reacted with p-nitrobenzyl
bromide to give rise to a new complex, which is believed to represent the palladium

(IV) intermediate. The complex was stable in solution for several hours and slowly

underwent a regioselective transformation into the palladium(II) bromide complex

featuring a new aryl–benzyl bond (Scheme 13) [22]. The new palladium(II) bro-

mide complex was isolated and fully characterized by X-ray crystallography. The

presumed palladium(IV) intermediate has been assigned the structure including the

stereochemistry as shown in Scheme 13 on the basis of the 1H NMR spectroscopic

data, including data from NOE experiments, and considerations of the ring current

effects caused by the phenanthroline rings. The authors pointed out that reductive

elimination from the octahedral palladium(IV) intermediate proceeded with a

complete regioselectivity, favoring the formation of a new Csp3–Csp2 bond.
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It was noted that shielding caused by the phenanthroline ligand might have pre-

vented the alkyl migration toward the norbornane ring. In agreement with earlier

observations by Canty, halide dissociation was proposed to occur prior to a rear-

rangement of the complex allowing for the reductive elimination to occur between

groups in an equatorial–axial arrangement with respect to the plane defined by

palladium and the phenanthroline ligand. However, experimental evidence for the

detailed mechanism of reductive elimination has not been provided.

In a recent mechanistic study, Catellani investigated the kinetics of the oxidative

addition of benzyl halides to norbornene-derived pallada(II)cycles via electrochem-

ical techniques [23]. Kinetic measurements indicated that the oxidative addition

was first order with respect to both the pallada(II)cycle and the benzyl bromide, and

the oxidative addition of benzyl bromide (k1Br ¼ 3.6 M�1 s�1, DMF, 29 �C) was
600 times faster than the oxidative addition of benzyl chloride (6 � 10�3, M�1s�1,

DMF 29 �C), both features being consistent with SN2-like mechanism. The rate

constant for a slow subsequent reductive elimination (6(�)1 � 10�4 s�1, DMF,

29 �C) converting the palladium(IV) complex into the palladium(II) bromide

complex was found to be zero order with respect to the concentration of benzyl

bromide. The data are in agreement with the mechanism proposed above, but this

study did not shed more light on the nature of the rearrangements of the ligand

sphere prior to reductive elimination. The authors concluded that alternative mech-

anistic pathways lacking palladium(IV) intermediates were likely to operate when

phenyl iodide was used as the organic electrophile in these transformations.

Norbornene has also been utilized in a one-step construction of C2-symmetrical

pallada(IV)spirocycle complexes featuring one palladium(IV)–Csp3 bond and one

palladium(IV)–O bond in each palladacyclic ring (Scheme 14) [24]. Oxidative

cyclization of norbornene or benzonorbornadiene with chloranil and Pd2(dba)3
(dba ¼ dibenzylideneacetone) afforded new palladium(IV) complexes bearing

various Lewis basic ligands (L ¼ pyridine, THF, and diethyl ether). Selected

complexes were characterized by X-ray crystallography. Notably, these palladium

(IV) complexes proved to be stable for prolonged periods of time at room tempera-

ture, both in the solid state and in solution. The complexes decomposed upon

Pd(II)
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N
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N

N
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Scheme 13 Intermediate isolated from a stoichiometric variant of Catellani’s reaction
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heating in solution or upon treatment with an acid, producing mixtures of products,

some of which resulted from the carbon–oxygen coupling between the norbornene

and chloranil ligands (Scheme 14).

3.4 Synthesis of Benzoxepines, Benzopyrans, and Benzofurans
from Oxapalladacycles

3.4.1 Intermediates on the Pathway from Oxapalladacycles to

Benzoxepines, Benzopyrans, and Benzofurans

Studies described above highlighted the potential of pallada(II)cyclopentanes to

participate in oxidative annulation protocols, assuming that suitable biselectrophilic

organic oxidants could be identified (Schemes 1 and 10). This concept motivated

systematic explorations of the reactivity of stable functionalized oxapallada(II)

cyclopentanes with bifunctional electrophiles in the author’s laboratory [25, 26].

Oxapallada(II)cycles possessing both sp2-hybridized and sp3-hybridized carbons

bonded to palladium have been constructed with the goal to elucidate the effect of

hybridization and substitution at the palladium-bonded carbons in the presumed

palladium(IV) intermediates. A sequence of oxidative addition of palladium(0)

complex (Pd2(dba)3) to an aryl iodide in the presence of bidentate ligands bearing

nitrogen heteroatoms (N,N,N0N0-tetramethylethylenediamine, N,N0-dicyclohexy-
lethylenediimine, or bipyridine) followed by base-mediated intramolecular dis-

placement of the iodide at the palladium(II) center afforded the corresponding

oxapallada(II)cycles as stable solids (Scheme 15). Various additional ligands,

including monodentate and bidentate phosphines, could be introduced to the oxa-

pallada(II)cycles via an exchange for the N,N,N0N0-tetramethylethylenediamine

ligand. Oxapallada(II)cycles featuring auxiliary ligands with tight five-membered

chelate rings with two nitrogen or two phosphorus (diphenylphosphinoethane)

atoms were stable both in solution and as solids. An increase in the chelate size

(diphenylphosphinobutane), the presence of two monodentate phosphine ligands, or

an increase in the steric bulk at the palladium(II)-bonded sp3-hybridized carbon
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Scheme 14 Synthesis of a pallada(IV)spirocycle
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arising from branching of the carbon chain at that position notably diminishes the

stability of the oxapallada(II)cycles [27]. X-ray crystallographic analyses revealed

that the oxapallada(II)cycles possessed undistorted square planar coordination

spheres and differed in the extent of shielding of the space above and below the

square planar coordination spheres caused by different ligands (Fig. 1).

Next, oxapallada(II)cycles were reacted with a series of organic electrophiles

possessing two electrophilic centers, including a carbon-bonded leaving group and

a double bond. It was anticipated that an annulation reaction would occur and

realize an effective bisfunctionalization of the organic electrophile with the organic

fragment present in the oxapallada(II)cycles (Schemes 1 and 10). The appropriate

organic oxidants would be capable of generating a palladium(IV) complex, which

would then undergo a reductive elimination generating palladium(II) intermediates

that would engage the second reactive functionality in the electrophile to complete

the annulation process and release a palladium(0) complex.

Initially, the reactivity of oxapallada(II)cycles bearing N,N,N0,N0-tetramethy-

lethylenediamine, 2,20-bipyridine, N,N0-dicyclohexylethylenenediimine, 1,2-bis

(diphenylphosphino)ethane, and two triphenylphosphine auxiliary ligands with a

series of potential bifunctional electrophiles including acroyl chloride, allyl bro-

mide, 3-iodo-2,3-cyclohexenone, 2-iodo-1,2-cyclohexene, vinyl(phenyl)iodonium

tetrafluoroborates, and 4-methyl-1-pentyne-1yl(phenyl)iodonium tetrafluoroborate

was screened. No reaction was detected when oxapallada(II)cycles were treated

with the vinyl halides, and no isolable products were formed from the reactions of

oxapalla(II)cycles bearing monodetante or bidentate phosphine ligands with any of
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the electrophiles. In contrast, acroyl chloride, allyl bromide, and the hypervalent

iodonium salts converted the oxapallada(II)cycles bearing the 2,20-bipyridine or

ethylenediimine ligands either into new palladium(II) complexes or into isolable

heterocycles, including a benzoxepine (from acroyl chloride), a benzopyran (from

allyl bromide), and benzofurans (from the vinyl and alkynyl iodonium salts).

Detailed investigations of the reactions between oxapallada(II)cycles and allyl

bromides and vinyl and alkynyl(phenyl)iodonium salts are discussed herein.

Oxapallada(II)cycle 1a featuring N,N0-dicyclohexylethylenediimine ligand

reacted more rapidly with substituted allyl bromides than the oxapallada(II)cycle

1b bearing the 2,20-bipyridine ligand. The reactions afforded racemic heterocycles

2a,b, 3a,b, and 4 in a single step (Scheme 16) [25]. Notably, in contrast to the report

by Canty [17], the allyl fragment did engage in the carbon–carbon bond-forming

reactions. Two equivalents of the allylic electrophiles were incorporated into the

annulation products via an additional functionalization of a Csp2–H bond in the

aromatic rings. Bases, additives, and elevated temperatures (80–100 �C), either in
solution (6–10 equiv of allyl bromides, 1,2-dichloroethane, or acetonitrile) or in neat

allyl bromide, were employed to facilitate the intramolecular cyclization. Results

summarized in Scheme 16 demonstrate how the substitution pattern in the allyl

bromides controls the cyclization mode switching from an unexpected 7-endo-trig

cyclization to 6-exo-trig cyclization with more substituted allyl bromides. Palla-

dium was recovered as palladium(II) dibromide and as a bisallylpalladium(II)

complex from reactions run in neat allyl bromides (Scheme 16), as confirmed by

X-ray crystallographic analyses of the recovered palladium complexes.

When both the oxapallada(II)cycles 1a and 1b were reacted with 1-octenyl(phe-

nyl)iodonium tetrafluoroborate at room temperature in 1,2-dichloroethane,
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Fig. 1 Molecular structures of palladacycles established by X-ray crystallography
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benzofuran 5a was formed. The reaction with oxapallada(II)cycle 1b afforded the

best result providing benzofuran 5a in 74% yield lacking an undesired benzofuran

by-product arising from a decarboxylation (Scheme 17) [26]. The treatment of

oxapallada(II)cycle 1b with functionalized vinyl(phenyl)iodonium salts bearing a

phenyl and 4-methyl-1-pentyne-1-yl functional group and with an alkynyl(phenyl)

iodonium salt (4-methyl-1-pentyne-1-yl(phenyl)iodonium tetrafluoroborate) caused a

rapid consumption of the oxapallada(II)cycle at ambient temperature (for vinyl

iodonium salts) or at 0 �C (for alkynyl iodonium salt), but anticipated heterocyclic

products could not be detected. To facilitate the ring-closing via the intramolecular

Heck-type migratory insertion reaction, suitable additives had to be added. Employ-

ing a mixture of PPh3, Bu4NCl and triethylamine, 3-benzyl-substituted benzofuran

5b, and a mixture of two benzofurans 5c and 6 bearing the alkynyl substituent were
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obtained (Scheme 17) [26]. The desired annulation reaction of oxapallada(II)cycle

1b with alkynyl iodonium salt was achieved by the addition of Lewis acids (AlCl3)

to a second stage of a one-pot/two-step protocol, providing benzofuran 5d

(Scheme 17). At the completion of reactions with 1-n-octene-yl(phenyl)iodonium
tetrafluoroborates, palladium was recovered as a black precipitate of Pd(0). Mix-

tures of poorly soluble complexes of palladium were isolated from reactions

employing the sequential addition of additives.

The outcome of these annulation reactions could be rationalized by a Pd(II)–Pd

(IV)–Pd(II)–Pd(0) cycle consisting of oxidative addition giving palladium(IV)

complexes (highlighted in Scheme 18) followed by reductive elimination and

intramolecular 6-exo or 7-endo or 5-exo Heck reactions. Incorporation of two

equivalents of the allyl into the annulation products suggests the involvement of

two distinct palladium(IV) complexes (Scheme 18), the second one arising via an

intramolecular palladation of the aromatic ring followed by an oxidative addition of

a second equivalent of the allyl bromide.
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The main goal of these studies was isolation and characterization of organopalla-

dium intermediates present on the pathway from oxapallada(II)cycles to the hetero-

cyclic products. When the reaction of oxapallada(II)cycle 1a with neat methyl

4-bromo-2-butenoate was performed at decreased temperature (45 �C) for a limited

time period (30 min), a new palladium(II) complex 7awas isolated, and its structure

was fully assigned via X-ray crystallographic analysis (Scheme 19). Reacting
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oxapallada(II)cycle 1a with neat methyl 4-bromo-2-butenoate under the same con-

ditions but for an extended time (45 �C, 20 h) afforded benzoxepine 2a [25].

Oxapallada(II)cycle 1b bearing the planar and more rigid 2,20-bipyridine
ligand reacted more slowly with methyl 4-bromo-2-butenoate (2.0 equiv, 16 h,

80 �C) to afford a stable and robust arylpalladium(II) bromo complex 7b

(Scheme 19), the molecular structure of which was confirmed by X-ray crystal-

lography. The conversion of complex 7b into a new benzoxepine via an intramo-

lecular 7-endo-trig Heck cyclization required additives (PPh3, DABCO) and

rather strenuous conditions (MeCN, 100 �C). Despite the loss of the stereogenic
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center in the benzoxepine product via a double bond isomerization, the high-

yielding formation of benzoxepine demonstrates that complex 7b engages in the

reaction steps analogous to those occurring from the more labile complex 7a and

leading to the benzoxepine and benzopyran products described in Scheme 15

(vide supra). As anticipated, reactions of palladacycle 1b with the more reactive

vinyl iodonium salt or an alkynyl iodonium salt (Scheme 19) had to be performed

at lower temperatures (0 �C, 3–5 h) to allow for isolation of the corresponding

cationic palladium(II) complexes 7c and 7d as solids via precipitation from cold

solutions in dichloromethane with diethyl ether [26]. Cationic complexes 7c and

7d were fully characterized via 1H and 13C NMR spectroscopic techniques.

In all cases, the new carbon–carbon bond formation occurred between the

sp2-hybridized carbon of the aromatic ring and the allylic sp3-hybrizidized, the
sp2-hybridized, or the sp-hybridized carbon originating from the vinylic or the alkynyl

oxidant.

3.4.2 Spectroscopic and Crystallograhic Characterization

of the Palladium(IV) Intermediates

Isolation and full characterization of the palladium(IV) complexes formed en route

from palladacycles 1 to palladium(II) complexes 7 would constitute a key piece of

evidence for the mechanism of the annulation reaction proposed in Scheme 18.

Although several palladium(IV) complexes bearing three carbon–palladium bonds

have been characterized by X-ray crystallography [28], the isolation and characteri-

zation of intermediates capable of productive, complexity increasing carbon–carbon

bond-forming reactions remain rare [29, 30]. The challenge of this undertaking

consists in the selection of appropriate auxiliary ligands that would provide suffi-

cient stabilization to the reactive palladium(IV) intermediates, but at the same time

permit the entire annulation sequence to proceed.

Aiming to provide spectroscopic evidence for the formation of the putative

palladium(IV) intermediate, in situ monitoring of the reaction between pallada-

cycle 1b and (E)-1-octenyl(phenyl)iodonium tetrafluoroborate in 1:1.1 molar

ratio was performed utilizing low temperature 1H NMR (400 MHz) spectroscopy

[26]. Experiments conducted at –10 �C indicated an immediate formation of a 1:1

mixture of complex 7c with a new organopalladium intermediate distinct from the

palladacycle 1b. A complete clean conversion of the new intermediate, tentatively

assigned the structure of organopalladium(IV) complex 8 (Fig. 2), into complex

7c occurred within 1 h at –10 �C. Subsequently, the temperature for the reaction

monitoring experiment was lowered to �50 �C (Fig. 2). Under these conditions,

palladacycle 1b (trace a, Fig. 2) was again immediately converted into an inter-

mediate identical to the complex detected at �10 �C and distinct from the

complex 7c (trace d, Fig. 2). The putative complex 8 proved to be stable in

solution at temperatures �50 �C to �40 �C, and an 1H NMR spectra of an

essentially pure (contains phenyl iodide) complex 8 was recorded (trace b,

Fig. 2). The first signals indicating the conversion of complex 8 into the “open
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form” complex 7c were detected following the treatment of the reaction mixture

for 10 min at –30 �C (trace c, Fig. 2). The proposed structure of the intermediate

8 is further supported by the observation of the characteristic signals for protons

labeled Ha–Hf in the structure of complex 8 in 1H NMR spectra of the intermedi-

ate (trace b in Fig. 2).

However, all attempts at low temperature crystallization of the cationic complex

8, or an exchange of the tetrafluoroborate for iodide anticipating the formation of a

stabilized octahedral complex that could be isolated as a solid, proved to be

unsuccessful [26].
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In a similar manner, oxapallada(II)cycle 1b bearing the rigid and therefore

stabilizing bipyridine ligand was chosen for 1H NMR monitoring experiments

aiming to detect and isolate the presumed palladium(IV) intermediate that might

operate en route from palladacycle 1b to complex 7b [25]. Thus, palladacycle 1b

was treated with neat methyl-4-bromo 2-butenoate at 0 �C (8.5 h) during which time

a cloudy solution turned clear. Precipitation with pentane and a solvent decantation

performed rapidly at –10 �C afforded a yellow solid, the 1H NMR spectrum of

which was recorded at –10 �C (see trace c in Fig. 3). In addition to indicative signals

for the remaining palladacycle 1b (labeled # in traces a and c, Fig. 3) and the

emerging “open form” 7b (labeled % in traces b and c, Fig. 3), as well as residual

signals for allylic bromide and/or alcohol (labeled x in trace c), signals (labeled #)
indicating the presence of a significant concentration of a distinct palladium

complex containing the allyl substituent (CH2CH¼CHCO2Me) were detected

(compare traces a, b and c, Fig. 3). On standing at room temperature, the CDCl3
solution of the yellow solid (shown in trace c, Fig. 3) was cleanly converted to a

solution of complex 7b (compare the spectral traces b, c, and d, Fig. 3). The key 1H

NMR signals (labeled # in trace c, Fig. 3) were assigned as follows: proton at

6.02 ppm (s, 1 H) as OCHa(COOEt)Pd; protons at 4.22 ppm (t, J¼ 7.2 Hz, 1 H) and

3.85 (ddd, J ¼ 15.6 Hz, 10.0 Hz, 6.8 Hz, 1 H) as the two protons Hb and Hc in the

allyl fragment -CHbHc–CH¼CHCOOMe; and protons at 3.15 ppm (dq, J ¼
7.2 Hz, 3.2 Hz, 1 H) and 2.82 (dq, J ¼ 7.2 Hz, 2.8 Hz, 1 H) as methylene protons

Hf and Hg in the ethyl ester group –C(¼O)OCHfHgCH3 in the structure of the
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proposed palladium(IV) complex 9 (Fig. 4) operating as an intermediate en route

from palladacycle 1b to complex 7b.

Encouraged by these results, purification and further characterization of com-

plex 9 was attempted. The yellow solid obtained by the protocol described above

was subjected to low-temperature (�30 �C) diffusion-controlled crystallization

(ethyl acetate/pentane or ethyl acetate/hexane) to afford small and twinned single

crystals of a palladium complex, distinct from the palladacycle 1b and the “open

form” complex 7b. Single-domain crystals were obtained for two different sol-

vent polymorphs. The asymmetric unit for one of these polymorphs contains two

crystallographically independent palladium(IV)-containing molecules, and the

asymmetric unit of the second polymorph contains just one. Gratifyingly, the X-

ray crystallographic analysis unequivocally indicated that a cis-isomer of the

proposed allylpalladium(IV) intermediate 9 was indeed formed (Fig. 4). All

three molecules of 9 possess a distorted octahedral geometry with the phenyl-o-
(ethoxycarbonylmethyleneoxo) groups forming a five-membered chelate ring that

contains the palladium and two [sp3-hybridized carbon atom C7 and sp2-hybri-
dized carbon atom C(2)] of the three carbon atoms bonded to it. The five

nonhydrogen atoms comprising this chelate ring in each of these three molecules

are slightly noncoplanar (rms deviations from the respective least-squares mean

planes range from 0.07 to 0.14 Å). The sp3-hybridized carbon atom C7 deviates

the most from each mean plane (ranging from 0.11 to 0.23 Å) in one direction,

and the oxygen atom has the next largest deviation (ranging from 0.10 to 0.19 Å)

but in the opposite direction from the least-squares mean plane. The allyl substit-

uent in complex 9 resides cis to the bromide ligand and cis to the aromatic carbon

(C2) of the chelate ring. Both the allyl group and the coordinated aromatic carbon

(C2) are positioned trans to the nitrogen atoms of the 2,20-bipyridine ligand. The
Pd–N, Pd–Br, and Pd–CH2(allyl) bond lengths are in agreement with those found

in related complexes, and the Pd–Csp2(aryl) and Pd–Csp3 (methylene) bond

lengths Pd–C2 and Pd–C7, respectively, as well as the Pd–N bond lengths, are

comparable to those found for the analogous square planar pallada(II)cycle 1b

(Fig. 5).
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Fig. 4 Structure of the palladium(IV) complex isolated at –10 �C
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The preferential formation of the cis-isomer of complex 9 is in agreement with

the cis-structure assigned for a related benzylpallada(IV)cyclic complex by Catel-

lani on the basis of NMR spectroscopic studies [22], but contrasts with the genera-

tion of cis/trans isomer mixtures detected by NMR in reactions of pallada(II)

cyclopentane with [Ph2I][OTf] [31].
1H NMR spectra recorded on CDCl3 solutions

of the single crystals of complex 9 at low temperatures (�10 �C) (Fig. 6) showed
signals identical to those highlighted in trace (c) (Fig. 3) and revealed that no

isomerization of complex 9 occurred for 5 h at subzero temperature in the CDCl3
solution. Rather, a slow conversion of complex 9 into complex 7b was detected to

occur even at subzero temperatures. In the spectra of pure crystallized complex 9

(Fig. 6), further assignments of the indicative 1H NMR signals could be made

for protons Hd (7.36 ppm, dt, J ¼ 15.2 Hz, 9.0 Hz, 1 Hd) and He (6.00 ppm, d,

J ¼ 15.2 Hz) in the allyl fragment (–CH2CHd¼CHeCOOMe). Palladium(IV)
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Fig. 5 Thermal ellipsoids diagram of allylpalladium(IV) complex 9. The ellipsoids are drawn at

the 50% probability level. Selected bond lengths (Å) and angles (deg): Pd(1)–C(2) 2.002(13); Pd

(1)–C(7) 2.029(12); Pd(1)–C(11) 2.079(12); Pd(1)–N(1) 2.179(10); Pd(1)–N(2) 2.139(11); Pd

(1)–Br(1) 2.606(2); C(2)–Pd(1)–C(7) 78.6(6); C(2)–Pd(1)–Br(1) 97.1(4); C(2)–Pd(1)–C(11) 88.4

(5); C(11)–Pd(1)–N(2) 96.7(5); N(2)–Pd(1)–N(1) 75.7(4); N(1)–Pd(1)–C(2) 99.3(5)
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complex 9 was sufficiently stable in solution to permit the collection of 13C NMR

data (CDCl3 – 10 �C), and the solid complex 9 could be handled at room tempera-

ture for short time periods, although prolonged standing of solid 9 at room temper-

ature resulted in its conversion to complex 7b.

4 Concluding Remarks

Studies described above successfully demonstrated the operation of palladium(IV)

complexes as intermediates in key carbon–carbon bond-forming events in diverse

palladium-catalyzed cascade protocols. The spectroscopic and X-ray crystallo-

graphic characterization of the semistable palladium(IV) complexes yielded valu-

able structural data on these still rare organometallic entities. The future challenges

for the research on the structure and reactivity of semistable complexes of palla-

dium in higher oxidation states include the design of new types of auxiliary ligands

that would impart sufficient stability to the organopalladium intermediates and at

the same time would model as closely as possible the ligand sphere present in the

actual catalytic transformations. Identification of conditions under which binuclear

complexes of palladium in higher oxidation states are operating and furnishing struc-

tural data on these novel complexes have recently emerged as an important research

direction [29, 32]. Finally, extensive future studies with semistable palladium(IV)
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complexes can be expected to uncover cases when palladium(IV) complexes may

participate in elemental steps other than reductive elimination [33, 34].
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h1-Alkynyl Chemistry for the Higher Oxidation

States of Palladium and Platinum

Allan J. Canty and Manab Sharma

Abstract This chapter reviews the organometallic chemistry of palladium and

platinum, in which the metal atom is bonded to alkynyl ligands and the formal

oxidation state of the metal atom is greater than two. Several synthetic methods

have been reported, where the most generally applicable involve oxidation of

alkynylmetal(II) complexes and reactions of organometal(II) complexes with alky-

nyl(aryl)iodine(III) reagents. Metal(IV) complexes obtained have octahedral geom-

etry and some have been shown to decompose via reductive elimination processes

to generate carbon–carbon bonds. Unsymmetrical metal–metal bonded species

formally represented as PtIII–PtIII ↔ PtIV–PtII have been characterised as inter-

mediates in oxidation of PtII to PtIV. Potential implications for mechanisms of

organic reactions mediated by higher oxidation state metal centres are discussed.

Keywords Acetylides � Pt–Pt bonds � Alkynyl complexes � Alkynyliodonium �
Organopalladium � Organoplatinum � Oxidation chemistry � Palladium(IV) �
Platinum(III) � Platinum(IV)
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1 Introduction

Z1-Alkynyl complexes have become a prominent feature of palladium(II) and plati-

num(II) chemistry [1, 2]. Recent research in higher oxidation state chemistry has been

stimulated partly by early suggestions of the involvement ofZ1-alkynylpalladium(IV)

species in catalysis [3–9], oxidatively induced reactions of Z1-alkynylplatinum(II)

complexes in stoichiometric organic synthesis [10–12], and in the generation of PtII

species as catalysts for hydrosilylation reactions [13]. There are few reports of

spectroscopically detected or isolated complexes, limited to bis(Z1-alkynyl)plati-

num(IV) [14, 15], mono(Z1-alkynyl)metal(IV) species [16–25], and binuclear plati-

num complexes [24, 25]. In view of the paucity of reports, early work is reviewed

together with recent advances. In this review, “alkynyl” refers to theZ1-anionic ligand

[RC�C]�, where R may include alkyl, aryl, and similar groups such as trimethylsilyl

and MC�CC6H4
�, but does not include motifs such as M(C�C)nM and M(C�C)nR.

The alkynyl group may be generally regarded as a strong field ligand with a trans

influence between that of C(sp2, sp3) and chloride groups [26] and exhibiting little

evidence of p-backbonding [26, 27].
There are few reported synthetic routes to higher oxidation state alkynyl com-

plexes for palladium and platinum. Synthetic methods include the reaction of an aryl

azide with an alkynylplatinum(II) complex [14], reaction of MeO2CC�CCO2Me

with a stannylplatinum(IV) metallacycle [16, 17], and reaction of phenylacetylene

with an amidoplatinum(IV) complex [23]. Demonstrated synthetic routes that

appear suitable for general application are limited to iodine as an oxidant for

alkynylplatinum(II) complexes [15] and alkynyl(aryl)iodine(III) reagents (“iodo-

nium reagents”) that oxidise platinum(II) and palladium(II) complexes with con-

comitant transfer of [RC�C]þ to the metal centre [18–22, 24, 25]. In view of this,

and the emerging role of iodonium reagents in PdIII/IV-mediated organic synthesis

[21, 25, 28–30], including alkynyl(aryl)iodine(III) reagents [29], this chapter is

structured in terms of bis(alkynyl)platinum, mono(alkynyl)platinum, and iodonium

chemistry. This sequence also broadly reflects the chronological development of the

field. Electrochemical indications of higher oxidation state species are discussed

within these sections, except for the complex ions [Pt(C�CR)4]
2� for which cyclic

voltammetry has been interpreted in terms of a metal-centred oxidation from PtII to

PtIII [31].

2 Bis(h1-alkynyl)metal Chemistry

Beck and coworkers reported a reaction in which dinitrogen is eliminated from

4-nitrophenyl azide on reaction with trans-[Pt(C�CPh)2(PEt3)2] (1) to give a PtIV

complex containing a dianionic 2-tetrazene-1,4-diyl ligand, Pt(C�CPh)2{1,

4-(4-(NO2)C6H4)2N4-N,N
0}(PEt3)2 (2) (Eq. 1), characterised byX-ray crystallography
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[Pt–C 1.99(1), 2.00(1) Å, C�C 1.20(2), 1.19(2) Å, Pt–C�C 172.5(9), 177.4(7)�]
[14].

Pt

Et3P

Et3P

(1) (2)

N

N

2 4-(NO2)C6H4N3 IV

C6H4NO2

C6H4NO2

N

N

Ph

Ph (1)
Pt

PEt3IIPh

Ph
+ N2Et3P

This early report of a well-characterised trialkylphosphine complex has

been followed by recent electrochemical studies of phosphine complexes, providing

evidence for oxidation occurring primarily at the metal centre in polymeric trans-
[{Pt(m-C�CC6H4C�C)(PBu3)2}n] (3), trans-[Pt{C�C–(Z6-C6H5)Cr(CO)3}2(PBu3)2
(4), a copolymer containing both –C�CC6H4C�C– and –C�C{Z6-(C6H4)Cr(CO)3}

C�C– bridges linking trans-[PtII(PBu3)2] groups [32], and a complex containing –C�C

{C6H4–(1,3-C2ON2)–C6H4}C�C– bridges linking trans-[PtII(C�CAr)(PEt3)2]

groups (5) (Scheme 1) [33].

Complex 6 reacts with iodine to form heterocycle 7 [10], where it is assumed that

the process of carbon–carbon bond formation is a result of oxidatively induced

reductive elimination (Eq. 2). This protocol has been developed as a key step in

the stoichiometric synthesis of a range of macrocycles, including interlocked

p-conjugated macrocycles (catenanes) [10–12].

(6) (7)

Pt

Ph2

Ph2

P

P

S
SS

BuBu
Bu Bu

S
SS

BuBu
Bu Bu

Pt

P

P

S
SS

BuBu
Bu Bu

S
SS

BuBu
Bu Bu

Ph2

Ph2

I2

(2)

Evidence for the role of bis(alkynyl)platinum(IV) species as precursors in

catalytic processes has also been presented [13]. Complexes Pt(C�CR)2(COD)

(R usually aryl, COD ¼ 1,5-cyclooctadiene) exhibit useful properties as pre-

catalysts for hydrosilylation reactions in cross-linking of polyorganosiloxanes con-

taining Si–H and vinyl groups. Of particular value, the complexes are inactive as

(4)(3)
N N

O
PtPt

PEt3

PEt3

PEt3

PEt3

ArAr

Pt

PBu3

PBu3

Pt

n

Cr(CO)3 Cr(CO)3
PBu3

PBu3

(5): Ar = 4-Tol, 4-(4-(NPh2)C6H4)C6H4

Scheme 1 PtII(C�CR1)2 complexes examined by electrochemical methods
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pre-catalysts at ambient temperature, and high curing rates are obtained above

a kick-off temperature that can be tuned by choice of R. Computational studies

using SiHMe3 as a model for silyl groups in polyorganosiloxanes suggest that

this may occur via either a sequence of oxidative additions of SiHMe3 and

reductive eliminations of SiMe3(C�CR) and RC�CH (Scheme 2), or more

directly without PtIV intermediates by a reductive coupling from PtII that is

induced by alkene coordination to form “PtII(C�CR)2(COD)(alkene)” in the

first step. For both processes, the initial step is rate-determining with a computed

barrier of 27 kcal mol�1 and results in formation of the “PtIIH(SiMe3)” motif for

entry into the Chalk– Harrod mechanism for hydrosilylation. Experimental evi-

dence favours oxidative addition of an Si–H bond, e.g. Me3Si–O–SiHMe2 reacts

with Pt(C�CC6H4–4-SiMe3)2(COD) at moderate temperatures, but a related

polysiloxane containing alkene groups but without an Si–H bond does not react

up to 120�C [13].

In a related manner, it has been suggested that palladium(IV) species

“PdCl2(SnMe3)(C�CMe)(PBu3)2” and “PdCl(SnMe3)(C�CMe)2(PBu3)2” may be

involved in the reaction of trans-[PdCl2(PBu3)2] with SnMe3(C�CMe) to

form trans-[PdCl(C�CMe)(PBu3)2], SnClMe3, and SnMe3(C�CMe) [34]. How-

ever, direct evidence for higher oxidation state bis(alkynyl)palladium species is

lacking, except for electrochemical studies of trans-[Pd{C�CC6H4C�C–RuCl

(dppe)2}2(PBu3)2] (dppe ¼ 1,2-bis(diphenylphosphino)ethane) (8) and trans-[Pd
{C�CC6H4C�C–(Z5-C5H4)Fe(Z

5-C5H5)}2(PBu3)] (9) [35]. Cyclic voltammetry

and voltammetry with a rotating platinum electrode for both 8 and 9 are interpreted

as indicating oxidation of the RuII centres in 8 and FeII centres in 9 to MIII and, at

higher potentials, RuIV/RuIII for 8 and PdIII/PdII for both 8 and 9 [35].

Complex 2 (Eq. 1) and complex 11 in the reaction sequence shown in (Eq. 3)

reported by James and coworkers [15] appear to be the only isolated bis(alkynyl)

platinum(IV) complexes. Complex 11, assumed to have the configuration shown by

analogy with 2 and related PtI2Me2(bpy) (bpy ¼ 2,20-bipyridine), was obtained

in quantitative yield and is stable over weeks in the solid state but slowly decom-

poses in solution by reductive elimination to form 12 (Eq. 3). The reaction of (Eq. 3)

can be viewed as a suitable model for the chemistry of (Eq. 2), implicating PtIV

PtII(C≡CR)2(COD)

HC≡CR

SiHMe3

PtIIH(SiMe3)(COD) PtIVH2(SiMe3)(C≡CR)(COD)

PtIVH(SiMe3)(C≡CR)2(COD)

SiMe3(C≡CR)

PtIIH(C≡CR)(COD)

SiHMe3

Scheme 2 Proposed mechanism for the generation of “PtIIH(SiMe3)” from Pt(C�CR)2(COD),

for subsequent participation in hydrosilylation catalysis
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intermediate(s) containing the “PtI2C2P2” kernel followed by C–C bond formation

for the sequence 6!7.

Pt

I

I

(10)

Pt
N

N

(11)

N

N

I2 +CH2Cl2
II IV4-Tol

4-Tol

4-Tol

4-Tol

(12)

I
Pt

I

N

N

II

4-Tol

4-Tol

(3)

Electrochemical studies of Pt(C�CPh)2(Bu2
t-bpy), which would be confidently

anticipated to react with iodine in the same manner as 10, reveal an irreversible and

ill-defined oxidation process in N,N-dimethylformamide [36] and one irreversible

oxidation in dichloromethane assigned as a HOMO-centred process [“metal and

alkynyl(s)”] [37].

3 Mono(h1-alkynyl)metal Chemistry

There is extensive interest in the electrochemical behaviour of mono(alkynyl)

platinum(II) complexes, in particular for complexes of substituted terpyridines 13

[38–43], and related species including 14 [44], 15 [45], 16 and 17 (Scheme 3) [46],

and a complex containing the bridging group in 5 linking two trans-[PtCl(PPh3)2]
units [33]. Processes involving the unsaturated ligands, and the rhenium kernel

in 16 and 17, occur for these complexes but, in general, irreversible oxidation can

also be ascribed to the palladium and platinum centres as predominantly metal-

centred MIII.

Introduction of a second organyl donor, forming MII(alkynyl)(organyl), allows

the study of the influence of cis- and trans-dispositions of the organyl groups

(Scheme 4). Complexes 18 show one reversible and one irreversible anodic wave

in cyclic voltammetry, assigned as iron-centred and platinum-centred, respectively

[47]. Complexes corresponding to one-electron oxidation by DDQ or ferrocenium

are isolable (19, 20). A M€ossbauer spectrum of 19 (R ¼Me) is characteristic of the

(13)

Pt R1N

N

N

R2

R3

(14)

Pt R1NR2

N

N

R3

R3

Pd

Cl

PPh3

Ph3P

Ph3P
Pd

Cl

PPh3

X

(15)

Pt R1N

N

N

R3 + + +

(16): X = Re(CO)3(bpy)
(17): X = Re(CO)3(4,4′-Me2bpy)

Scheme 3 PtII(C�CR1) and PdII(C�CR1) complexes examined by electrochemical methods
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ferrocenium ion, and thus the cations are best regarded as PtII species. The ruthe-

nium analogues of 18 (R ¼ OMe, H, Me, Cl, CO2Et) exhibit very high anodic

potentials, consistent with the observed absence of oxidation on addition of Agþ or

the substituted benzoquinone DDQ [48]. Iron complexes with the cis-configuration
(21) give cyclic voltammetry, suggesting that one-electron oxidised species unde-

rgo a fast reaction to produce the C–C coupling product (23) [49], and these

coupling products could be obtained by reaction with AgBF4 via an oxidatively

induced reductive elimination [48]. The oxidant DDQ also facilitates this reactivity

for iron but not for the ruthenium analogue, and the ruthenium complex reacts

with iodine to give PtI2(dppe) and 4-methoxyiodobenzene together with traces of

the C–C coupling product 24 and a trace amount of the Glaser coupling product

[C�C–(Z5-C5H4)Ru(Z
5-C5H5)]2.

Complex 25 reacts with excess alkyne to give 26 in 52% yield together with 27,

28, and an uncharacterised dimethyltin(II) product 29 (Scheme 5). Complex 26

is, apparently, the first reported mono(alkynyl)platinum(IV) complex and has an

extraordinary configuration containing an sp(alkynyl), an sp2(alkenyl), and two

sp3(methyl) groups (26). The complex has been characterised by NMR spectros-

copy and X-ray diffraction [Pt–C(sp) 2.09(1) Å, C�C 1.178(14) Å, Pt–C�C 178.3

(9)�] [16, 17]. Complex 25 is an inefficient catalyst for the reaction of (Me2SnSe)3

(23)

Pt PPh2

R

M Fe
R

(24)

Ru
OMe

OMe

M = Fe

M = Ru, R = OMe

M = Ru, R = OMe

Ag+

Pt

PPh3

PPh3

Fe
R

(18) R = OMe, H, Me,
            Cl, CO2Et, COMe

Pt

PPh3

PPh3

Fe
R

+

X–FeCp2 
+ PF6

– or DDQ

(19) R = OMe, H, Me,
              Cl, CO2Et, COMe; X = DDQ

(20) R = H; X = PF6

Ag+ or DDQ

Ph2P

(21) M = Fe; R = OMe, H, Me,
              Cl, CO2Et, COMe

(22) M = Ru, R = OMe

I2

PtI2(dppe) + I

Scheme 4 Oxidation chemistry of trans- and cis-PtII(Z1-alkynyl)(aryl) complexes; DDQ ¼
2,3-dichloro-4,5-dicyanobenzoquinone
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with MeO2CC�CCO2Me to form the organoselenium products 27 and 28 with

29 in 1:1:2 ratio. The mechanisms of these reactions have not been elucidated.
13C NMR data for 25 illustrate significant differences in 1JPtC coupling, following

the sequence sp (901 Hz) > sp2 (780 Hz) > sp3 (477 (trans to Se), 575 Hz (trans to

nitrogen)) [17].

More recently, Gunnoe and coworkers, in exploring amidoplatinum(IV) chem-

istry [23] using [2,6-bis{(pyrazol-1-yl)methyl}phenyl-N,C,N]� as a flexible ancil-

lary ligand [50], found that the amido complex 27 reacts with phenylacetylene at

60�C in benzene to form 28 (Eq. 4). The X-ray crystal structure of 28 shows some

similarities with 26, exhibiting a “PtC4N2” kernel containing sp, sp2, and two sp3

groups [Pt–C(sp) 2.062(5) Å, C�C 1.180(8) Å, Pt–C�C 179.4(6)�].

(27) (28)

Ph H

(4)
Pt

Me

IV

Me

Ph

N
N

N NN
Pt

Me

IV

Me

N
N

N N
Ph

H

+ NH2Ph+

Alkynyl(aryl)platinum(II) complexes 29–33 where the aryl group is a planar

intramolecular coordinating group undergo irreversible oxidation processes when

examined by cyclic voltammetry in dichloromethane (29, 31) [51], N,N-dimethyl-

formamide (30) [52], and tetrahydrofuran (32–34) [53, 54] (Scheme 6). The

potentials for 32–34 are shifted by ca. 200 mV to more negative values from

the chloro-analogue PtIICl(N,C,N), which could be interpreted as indicating that

the electron density on the platinum centre has increased and is thus easier to

oxidise [53]. The total current was measured for the cathodic process for 32 (R1 ¼
SiMe3), suggesting that two electrons are removed irreversibly. The oxidative

process for the binuclear complex 34 is consistent with the removal of four

electrons in two simultaneous irreversible oxidation steps [54].

An attempted synthesis of a higher oxidation state complex using iodine as an

oxidant for 35 in tetrahydrofuran led to the formation of the iodoplatinum(II)

(25) (26)

+

+ SnX2Me2

Me
Pt

Me

N

N

IV

But

But

R

R

R

Me
Pt

Me

Se

N

N
But

But

Me2Sn

R

R

IV
R R

Se Se

R

R

R

R R

RR

R

(27) (28)

(29)

Scheme 5 Reaction of metallacycle 25 with excess alkyne to form complex 26 together with

organoselenium compounds and an unidentified dimethyltin(II) product, R ¼ CO2Me
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complex 36 and I–C�C–SiMe3 (Eq. 5) [53]. In contrast, Pt
II(NCN)(Tol) reacts with

iodine to form PtIVI2(NCN)(Tol) [55]. The application of alkynyliodonium reagents

as oxidants that formally transfer a [RC�C]þ group to PtII(O2CAr)(NCN) give Pt
IV

products is discussed in the following section.

SiMe3Pt SiMe3

NMe2

NMe2

(35)

Pt I
(5)

NMe2

NMe2

I+ I2 0°C

THF
+

(36)

4 Mono(h1-alkynyl)metal Chemistry Derived from Iodonium

Reagents

The mechanism of reaction of alkynyl(aryl)iodonium reagents as oxidants leading

to the formation of metal–carbon bonds is much less understood than for oxidative

addition reactions of alkyl or aryl halides [21]. Evidence for free radical processes

has been reported for diaryliodine(III) reagents, e.g. for reactions with [Fe(Z5-

C5H5)(CO)2]2 [56], Fe(TPP) (TPP ¼ tetraphenylporphyrinato-dianion) [57],

[Mn(CO)5]
� [58], YbI2 and SmI2 [59], and for alkynyl(aryl)iodine(III) reagents,

e.g. for reactions with triphenylphosphine [60]. Some guidance is also provided by

mechanistic studies of reactions of diaryliodine(III) and alkynyl(aryl)iodine(III)

with organic nucleophiles [61, 62]. Mechanisms established for reactions of organic

nucleophiles include radical processes, although, in most cases, reactions are inter-

preted in terms of the nucleophile interacting with the electrophilic iodine(III)

(34)(33)

Pt R1N

N

R2

R3

PtN

N

X

Pt

NMe2NMe2

NMe2 NMe2

NMe2

NMe2

NMe2

NMe2

Pt PtPt R1

(32) R1 = SiMe3, 4-(CN)C6H4

(29) R2 = R3 = H; R1 = Ph, Tol, 4-(OMe)C6H4
                                     4-NO2-C6H4, C6F5, But, SiMe3
(30) R1 = Ph; R3 = H; R2 = Tol, 4-(CO2Me)C6H4,

                                           4-(P(O)(OEt)2)C6H4

Me2N

Me2N

(31) X = O,S

C6F5

Scheme 6 PtII(C�CR1)(CNN)and PtII(C�CR1)(NCN) complexes examined by electrochemical

methods
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centre followed by reductive elimination to form Nu–Ar and ArI. For organometal-

lic transformations with [RC�C] as the transferred group, the mechanism may be

represented by the sequence 37!38!39!40, together with recent DFT calcula-

tions for both aryl and [RC�C] transfer [63], consistent with direct transfer via 41

to a PdII centre without involving a Pd···I interaction (Scheme 7).

The potential process 37!42!43!40 recognises the polarity of the alkynyl

group of 37, –Cd��Cdþ–R, and strong evidence for the intermediacy of species

analogous to 42 and 43 from reactivity studies using organic nucleophiles [61].

Although mechanisms have not been rigorously established for organometallic sub-

strates reacting with alkynyl(aryl)iodine(III) reagents, Scheme 7 acts as a “working

model” for PtII and PdII substrates, although to date there appears to be no evidence

discounting the occurrence of free radical processes.

In contrast to the reaction of (Eq. 5) that does not lead to detection of a PtIV

product, closely related carboxylato-complexes PtII(O2CAr)(NCN) react with IPh

(C�CR)(OTf) at room temperature in acetone to form PtIV species PtIV(O2CAr)

(OTf)(C�CR)(NCN) (44) characterised by 1H NMR spectroscopy (Scheme 8) [20].

An unstable PdIV complex (45) has been detected at �50�C. Platinum complexes

44 react with sodium iodide to give isolable iodo-complexes (46) in 78–93%

yield, one of which (R ¼ SiMe3, Ar ¼ 4-(CF3)C6H4) has been characterised by

X-ray crystallography [Pt–C(sp) 1.951(3) Å, C�C 1.205(4) Å, Pt–C�C 172.7(3)�]
[19, 20].
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Scheme 7 Proposed mechanisms for reaction of metal(II) nucleophiles with alkynyl(phenyl)

iodine(III) reagents, omitting free radical processes
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Szabó and coworkers have reported DFT studies of this system for palladium,

as noted above, using as a model the interaction of Pd(O2CMe)(NCN) (47)

with I(C�CSiMe3)Ph(OTf) to form “Pd(O2CMe)(OTf)(C�CSiMe3)(NCN)” (48)

(Scheme 8) [63]. The reaction is highly exothermic with a moderate activation

barrier. Calculations for the analogous reaction of IPh2(OTf) are less favourable

although overall exothermic and supportive of the proposed involvement of PdIV

intermediates in the coupling of alkenes with IAr2(OTf) catalysed by PdII pincer

complexes, e.g. 47 and Pd(OTf){2,6-(Ph2PO)2C6H3-P,C,P} [64].

The synthesis of the PdIV complex 45 [20] using I(C�CSiMe3)Ph(OTf) is also a

model reaction for related emerging organic synthesis involving IAr2(X) oxidation

of monoarylpalladium(II) intermediates, where the latter intermediates are gener-

ally [28, 65–68], but not always [66], present as intramolecularly coordinated

species PdII(L-C,N) formed by cyclopalladation reactions.

Diorganoplatinum(II) complexes of 1,2-bis(dimethylphosphino)ethane (dmpe)

react readily with IPh(C�CSiMe3)(OTf) at �50�C in acetone-d6 to form PtIV

complexes 49–52, characterised by 1H and 31P NMR spectroscopy, although the

configuration of 52 has not been determined (Scheme 9) [20, 22]. In contrast with 50

and 51, NMR spectra indicate that the triflate ligand in 49 and 52 is in equilibrium

with acetone-d6 as ligand and that pyridine and acetonitrile fully displace triflate.

Complexes 49–51, and the pyridine and acetonitrile species [PtMe2(C�CSiMe3)

(dmpe)(L)]þ, decompose in solution when warmed to ca. �10�C, forming ethane

(47)

(48)

M
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L2

NMe2

NMe2

NMe2

NMe2

NMe2

NMe2

NMe2

NMe2

R1

Pt

O2CAr

I

R1

Pd O2CMe Pd

O2CMe

OTf

L1 = O2CAr, L2 = OTf

(44) M = Pt, R1 = SiMe3, Ph,

              Ar = Ph, 4-CF3-C6H4

(45) M = Pd, R1 = SiMe3, Ar = Ph

(46) R1 = SiMe3, Ph,
       Ar = Ph, 4-CF3-C6H4

+IPh(C≡CSiMe3)(OTf)

–PhI

SiMe3

ΔE‡ = +15.2 kcal mol–1

  ΔE = –18.4 kcal mol–1

Scheme 8 MIV(NCN) complexes 44–46 synthesised using alkynyl(phenyl)iodine(III) reagents

and DFT calculations for the reaction of PdII(O2CMe)(NCN) (47!48); configuration of L1 and L2

not established
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from the PtIVMe2(C�CSiMe3) motif (49), (Ar)2 from 50 and 51, and Me-Tol from

PtIVMe(Tol)(C�CSiMe3) (52). Although a range of factors are expected to play a

role in determining the selectivity in C–C coupling, the preferences for C(sp3)–C
(sp3) over C(sp3)–C(sp) (49), C(sp2)–C(sp2) over C(sp2)–C(sp) (50), and C(sp3)–C
(sp2) over both C(sp3)–C(sp2) and C(sp3)–C(sp) (52) follow a trend with higher

values of n in spn preferred for coupling partners.

Addition of sodium iodide to the triflate complexes gives iodo complexes 53,

54–56, where the PtIV(Tol)2(C�CSiMe3) complexes have different configurations

(50, 51, and 55). The X-ray crystal structure of 56 has been determined and, as

expected, the Pt–C(Tol) distance is longer than the Pt–C(alkynyl) distance, where

both groups are opposite a phosphorus donor [Pt–C(sp2) 2.155(18) Å, Pt–C(sp)
2.04(2) Å, C�C 1.14(3) Å, Pt–C�C 167.6(19)�] [22]. The iodoplatinum(IV) com-

plexes (53, 55, and 56) are more stable than the triflato-complexes, decomposing at

25�C to give Me–Me (53) and at 50�C to give (4-Tol)2 (55, 56), Me3SiC�C(Tol)

(55), and Me–Tol and Me3SiC�C(Tol) (56).

The PdIV complex 54 detected at �50�C and characterised by 1H and 31P NMR

comparison with the platinum analogue, decomposed at low temperature [20], with

the fac-PdIVIC3P2 configuration, is a model for frequently proposed and undetected

intermediates in palladium catalysis in the presence of phosphine donors.

In early work studying the reactivity of PtII substrates towards alkynyl(phenyl)

iodine(III) reagents, PtIV complexes with 2,20-bipyridine ligands were readily

isolated in 78–90% yield from room temperature reactions, including a platina

(IV)cycle (64) and formulations exhibiting a mixture of isomers (59a, b; 60a, b)

(Scheme 10) [18, 20].

For PtIVIR2(C�CSiMe3)(dmpe) (53, 54, 55, 56) and complexes of 2,2-bipyridines

(59–62, 64) shown in Schemes 9 and 10, the configurationwith the alkynyl group trans

to phosphorus or nitrogen is preferred.

SiMe3

Me
Pt

Me

X

IV

Me3Si

Pt

R

OTf

IV

R
Pt

OTf

IV R
R

R

Pt

Me

I

IV

Me3Si

Me

(54)

Me
Pd

Me

I

IV

Me3Si

(55)

Pt

I

IV
Me

Me3Si

Me

(56)

(49) X = OTf
(53) X = I

(50) R = H
(51) R = Me

(52) R3 = Me(4-Tol)(C≡C SiMe3)

Me2
P
P
Me2

Me2
P
P
Me2

Me2
P
P
Me2

Me2
P
P
Me2

Me2
P
P
Me2

Me2
P
P
Me2

Scheme 9 Metal(IV) complexes containing a bidentate phosphine donor
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These early reports [18, 20] provide support for the proposed role of PdIV

in stoichiometric synthesis of benzofurans involving reaction of pallada(II)cyclic

Pd(L-C,C)(bpy) (L ¼ [2-(EtO2CCHO)C6H4]
2�)with I(C�CR)Ph(BF4) [69, 70].

Palladium(IV) intermediates were not detected in this study, but NMR monitoring

of reactions of closely related alkenyl reagents I(CH¼CHR)Ph(BF4) led to detec-

tion of a PdIV intermediate [69, 70].

The reaction of PtIIMe2(bpy) (57) in acetone-d6 has been examined at low tem-

perature by 1H NMR spectroscopy at �80�C, resulting in detection of an interme-

diate characterised as binuclear 65 (Scheme 11) [24]. Unreacted IPh(C�CSiMe3)

(OTf) is present on formation of 65 and, on warming to �20�C, is consumed with

formation of the PtIV product 66. Intermediate 65 reacts with excess sodium iodide

at �80�C to form crystalline 67 in 85% yield, and iodide also reacts to remove

unreacted IPh(C�CSiMe3)(OTf) oxidant. The iodo derivative (67) exhibits NMR

spectra identical to the triflate precursor (65) and decomposes at �20�C to form

a 1:1 ratio of PtIVIMe2(C�CSiMe3)(bpy) and PtIIMe2(bpy). The PtIV products

are present as isomers in 9:1 ratio (59a, 59b), identical to that obtained in the

room temperature reaction (Scheme 10) and also on addition of sodium iodide to

PtIV(OTf)Me2(C�CSiMe3)(bpy) (66) (Scheme 11).

The X-ray crystal structure determination for binuclear 67 shows an essentially

ionic composition [24], with the Pt···I distance [3.4198(6) Å] about 0.3 Å below

van der Waals contact [71] but considerably longer than typical Pt–I bond lengths,

e.g. 2.7631(4) Å in PtIVIMe2Ph(bpy) [72, 73]. The “PtMe2(bpy)” units are twisted

about the Pt–Pt bond by ca. 40�, the “Si–C�C–Pt–Pt” axis is approximately linear

[Si–C�C 175.4(6), C�C–Pt 175.9(6), C–Pt–Pt 176.54(17)�], and the geometry for

the alkynylplatinum group [Pt–C(sp) 1.964(7) Å, C�C 1.212(10) Å] is similar to

that in the four reported mononuclear PtIV complexes [2, 26, 28, 46 (R ¼ SiMe3,

(64)
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Scheme 10 Platinum(IV) complexes obtained at room temperature on reactions of PtII 2,20-
bipyridine complexes
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Ar ¼ 4-(CF3)C6H4)]. The Pt–Pt distance, 2.7639(4) Å, is similar to that observed

for PtIII binuclear complexes that do not have bridging groups, i.e. symmetrical

complexes with octahedral geometry at platinum in (L-C,N)2ClPt–PtCl(L-C,N)2
(L ¼ deprotonated 2-phenylpyridine, [2-C6H4py]

�, [2.7269(3) Å]) [74] and (L-N,
N0)2ClPt-PtCl(L-N,N0)2 (L ¼ deprotonated C8-carbocyclic a-dioxime, [C8H12

(¼NO)2H]
�, 2.6969(5) Å]) [75]. Related symmetrical IrII dimers have similar

Ir–Ir bond lengths, 2.826(2) [76] and 2.6622(3) Å [77].

In view of the unsymmetrical environment for the two platinum atoms in 65 and

67, the cation may be best regarded as PtIII–PtIII ↔ PtIV–PtII, where the average

higher oxidation state centre is octahedral and contains the alkynyl group. At one

extreme, the lower oxidation state centre can be regarded as PtII acting as a donor

ligand for an electrophilic PtIV centre, in a manner similar to coordination of PtII to

CdII in [(bpy)Me2Pt–Cd(cyclen-N4)]
2þ [cyclen¼ (CH2CH2NH)4] [Pt–Cd¼ 2.6101

(8) Å] [78] and to CuI in (N~N)Me2Pt–Cu(OTf) [Pt–Cu ¼ 2.3992(16) Å, N~N ¼
(2,6-Cl2C6H4N¼CMe)2] [79]. In addition, with this interpretation, it is feasible that

coordination PtII!PtIV prevents oxidation of the PtII centre until the temperature is
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Scheme 11 Reaction of PtIIMe2(bpy) with IPh(C�CSiMe3)(OTf) (57!65!66), involving step-

wise oxidation to PtIV via binuclear 65, and isolation of the iodide salt (67) that decomposes to give

products with a 1:1 ratio for PtIV(59a,59b):PtII(57)
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raised, leading to reaction of 65 to give 66 (Scheme 11). More speculative is the

potential roles of assembly of two PtIIMe2(bpy) units prior to commencement of

oxidation by IPh(C�CSiMe3)(OTf), the role of a dimer “[PtMe2(bpy)]2” in increas-

ing the nucleophilic character of PtII, or assembly commencing as the (unknown)

mechanism of oxidation begins to form an electrophilic platinum centre.

5 Concluding Remarks

Although an alkynylplatinum(IV) complex was first described over 20 years ago

[14], to date there are only four crystal structures reported for PtIV, and none for

PdIV. The structures depict different motifs at the PtIV centre, one of which is a

dialkynyl complex (2) and three are monoalkynyl complexes [26, 28, 46 (R ¼
SiMe3, Ar ¼ 4-(CF3)C6H4)], and there is one additional structure of a binuclear

complex viewed as containing “PtIII–PtIII↔PtIV–PtII” with an alkynyl group

bonded to the higher oxidation state centre (67). Other isolated complexes, or

detected in solution by NMR spectroscopy, fall into the same general classes as

those characterised crystallographically and include monoalkynylpalladium(IV)

species. As for related triorganometal(IV) complexes [69], bis(organyl)(alkynyl)

metal(IV) complexes have the fac-MC3 configuration, and diorganometal(IV)

complexes have the “cis-MC2” configuration. Rare examples of transition metal

complexes containing three classes of organyl donor [C(sp), C(sp2), and C(sp3)] are
represented (26, 28, and 56), together with the “PtIVC4N2” motif (26, 28). There are

few well-characterised examples for each of the new classes of complex, suggesting

that subtleties in reactivity remain to be detected and that new structural types and

synthetic methods may be feasible.

Stoichiometric reactions of PtII and PdII complexes illustrate that the higher

oxidation states are feasible as undetected intermediates in some organic synthesis

procedures, as noted throughout this review, although some reaction protocols that

achieve the higher oxidation state are not those proposed in catalysis. Of particular

interest in platinum chemistry are the oxidative addition–reductive elimination

sequence in (Eq. 3) and C–C reductive elimination reactions of PtIV phosphine

complexes [55, 56 (Scheme 9)] as models for the transformation in (Eq. 2). For

palladium, reaction of IPh(C�CSiMe3)(OTf) with PdII(NCN)(O2CPh) to form a

PdIV species 45 (Scheme 8) is a model for the reaction of “IAr2(X)/Pd
II/N~CH” to

form N~CAr via cyclopalladation, oxidation by IAr2(X), and C–C reductive elimi-

nation from PdIV [28, 65, 67, 68]; and for the initial oxidation step in reactions of

IAr2(X) with alkenes mediated by pincer complexes such as 47 and PdII(OTf){2,6-

(Ph2PO)2C6H3-P,C,P}, the feasibility of the proposed intermediate “PdIV(OTf)2Ar

{2,6-(Ph2PO)2C6H3-P,C,P}” is also encouraged by detection of the bis(phosphine)

species “PdIVIC3P2” (54) (Scheme 9).

Characterisation of binuclear 65 (Scheme 11) as an intermediate in oxidation of

PtII to PtIV has been a timely discovery [24, 25], concurrent in 2009 with detection

of symmetric binuclear PdIII–PdIII complexes that decompose by C–X bond
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formation [80–83] and proposals that the reaction of “IAr2(X)/Pd
II/N~CH” to form

N~CAr referred to above may occur via related dimeric species [68].

The relatively unexplored field of higher oxidation state alkynylmetal (III/IV)

chemistry of palladium and platinum, in particular when compared with alkylmetal

(IV) chemistry, is providing fascinating examples of new motifs at higher oxidation

state centres and model systems supporting proposed roles of the higher oxidation

states in organic synthesis. Wider implications are also apparent. As one example of

the potential for further exploration of alkynyl chemistry to probe mechanisms in

organometallic chemistry, binuclear 67 (Scheme 11) is isoelectronic with a pro-

posed unsymmetrical ion-pair “(bpy)Me2(PhS)Pt–PtMe2(bpy)·PhS” intermediate

in the reaction of PtMe2(bpy) with PhSSPh to form PtIV(SPh)2Me2(bpy) [84].
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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.

Keywords Bimetallic redox chemistry � C–H functionalization � Metal–metal

bonding � Pd(III)
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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

Pd
NH

N
H

NH

NH

HN

HN

3+

2

Pd
S

S

S

S

S

S

3+

1

Fig. 2 Crystallographically

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)

X

ArII

Reductive
Elimination

LnPd
Ar′

ArII

6 4

5

X

XII

3

Ar–Ar′ Ar′–H

Ar–H

Ar–Ar′Ar′–HAr–H

Re-Oxidation C−H
Palladation

C−H
Palladation

+
PdII

Oxidant

a

b

LnPd

LnPd

LnPd0

Fig. 3 Generic Pd(0)/Pd(II)

catalysis cycle for oxidative

C–H cross-coupling

7

N
N

Pd
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

−Ag0

9

PdII–OTf + 0.5

P(i -Pr2)

P(i -Pr)2

PdIII

P(i -Pr2)

P(i -Pr)2

Not Observed

OTf
+ –

10

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

11

N
N

PdII CH3
CH3 acetone (S)

N

+ +

N
Pd

CH3

S
H3C–CH3

(49 ± 3 %)
+

(101 ± 7 %)
13

N
N

PdIII CH3
CH3

12
Not Observed

[Cp2Fe]PF6

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

N
N

Pd
CH3 CH3

CH3

CH3

S

1311

N
N PdII CH3

CH3

N
N

PdFc+

acetone (S)
−80°C S

+
−30°C

15

+ +

C2H6 + 13

Fig. 8 Pd(II) complex 13 and Pd(IV) complex 15 were observed following oxidation of 11 with

Fc+ at –80�C

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

+

(51 ±  3 %)
13

(88 ± 6 %)

N
N

Pd
AgPF6

Ag

16
−Ag0

+ +

Observed by
1H NMR spectroscopy

H3C–CH3

Fig. 9 Treatment of 11 with AgPF6 results in the formation of an intermediate, assigned as 16,

which subsequently generates ethane and 13

NHTf
R R

N
Tf

17 18

Pd(OAc)2 (15 mol %)
Ce(SO4)4 (3 equiv)

DMF (6 equiv), CH2Cl2
100°C, 36 h

40−80 %

Fig. 10 Pd-catalyzed C–H amidation reported by Yu

Me

mesitylene,140°C
89 %

Me Me

NHAc

Me Me

19 20

N
Ac

Pd(OAc)2 (10 mol%)
Ag(OAc), Na2CO3

Fig. 11 Pd-catalyzed C–H amidation reported by Glorius

Palladium(III) in Synthesis and Catalysis 135



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.

X MgCl
Br

O

O
CF3

–i-PrX

i-PrMgCl•LiCl

CF3

i-Pr

i-Pr

Pd(OAc)2, S-Phos
THF, 25°C

F3C

X = I; 87 % (5 min)
X = Br, 46 % (1 h)

Fig. 12 Isopropyl iodide-catalyzed Kumada coupling reported by Knochel
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THF
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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).

Initiation

Propagation

R I    +    LPd0 L•     +    I PdI

L

I
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+    Ar1–Br LPdII

LPdII PdIII
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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.

Pd
N

N

Cl

N

N

Pd
N

N

Cl

+ +

N

N

TEMPO

hv

34
93 ± 6 %

35
84 ± 7 %

30

tBu

tBu

tBu

tBu

CH3

TEMPO – Me    +
NCCH3

Fig. 19 Photolysis in the presence of radical scavenger TEMPO suppressed formation of ethane,
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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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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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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
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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,
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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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J Am Chem Soc 128:13674–13675
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Organometallic Platinum(II) and Palladium(II)

Complexes as Donor Ligands for Lewis-Acidic

d10 and s2 Centers

Marc-Etienne Moret

Abstract Square-planar palladium(II) and platinum(II) complexes with a high-

lying filled dz2 orbital can act as metalloligands for Lewis-acidic metal centers

such as d10 and s2 cations. This behavior is promoted by hard ligands such as

s-bound hydrocarbyl ligands. A wide diversity of structural motifs based on this

kind of donor–acceptor metal–metal bonds has been discovered in the last decades.

This chapter reviews the coordination chemistry of metalloligands derived from

alkyl, aryl, alkynyl, and carbene complexes of palladium(II) and platinum(II). The

specific reactivity of the resulting bimetallic complexes is also addressed.

Keywords Heterobimetallic Complexes � Metal–metal bonds � Palladium �
Platinum � Transmetalation
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1 Introduction

The rich nucleophilic reactivity of square-planar platinum(II) and palladium(II)

complexes is well established. One of the most documented examples is the stepwise

oxidative addition of alkyl halides to organoplatinum(II) [1] and organopalladium

(II) [2, 3] complexes via SN2-type substitution at the sp
3 carbon center. Additionally,

electron-rich PtII centers are subject to protonation at the metal to generate PtIV

hydrides as the first step in the protonolysis of many platinum–carbon bonds [4–7].

With a less reactive Lewis acid such as SO2, reversible adduct formation is observed

[8], and this reaction has been used in the development of sensors [9–11].

From a molecular-orbital point of view, all of these reactions involve the dz2
orbital, which is the highest occupied molecular orbital (HOMO) in the presence of

hard donor ligands [12]. Strong ligand-field splitting renders the dx2�y2 orbital so

high in energy that it usually does not play a role in the chemistry of these

complexes, which are therefore often referred to as pseudo closed-shell compounds

[13]. These considerations naturally suggest the possibility for square-planar d8

complexes to act as two-electron donor metalloligands for Lewis-acidic metals,

forming a dative metal–metal bond (Scheme 1).

The first examples of organoplatinum complexes featuring such donor–acceptor

bonds were reported in 1982 by the group of van Koten [14–16] and exhibited

Pt–Hg or Pt–Ag contacts supported by a formamidino bridge (Scheme 1, left).

Of this family of compounds only a mercury adduct was structurally characterized,

but the existence of an analogous PtII–AgI interaction was confirmed by the

N

N

N

N

R

H

S

XnM

MXn = HgBrCl, AgBr

PPh3

Ag

C6F5 C6F5

C6F5
PtPt

R′

Scheme 1 Early examples of

donor–acceptor metal–metal

bonds in organoplatinum(II)

chemistry
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observation of a 1J(195Pt–109Ag) coupling constant of 170 Hz in solution [15].

A few years later, Usón and Cotton demonstrated that similar interactions occur

without a bridging ligand in the compound {[(C6F5)3(tht)Pt]Ag(PPh3)} (tht ¼ tet-

rahydrothiophene) (Scheme 1, right), which possesses a short (2.637(1) Å), unsup-

ported Pt–Ag bond [17].

Since these early developments, a wide variety of organometallic platinum(II)

and palladium(II) compounds possessing dative metal–metal bonds have been

prepared with diverse ligands and acceptor fragments. This chapter provides an

overview of the known structural motifs with selected examples and discusses the

reactivity of some of these bimetallic species and their possible involvement as

intermediates in catalytic systems based on group 10 metals.

2 General Considerations

2.1 Nature of the Donor and Acceptor Moieties

Platinum(II) and palladium(II) compounds are expected to be relatively weak

donors as compared to their group 9 congeners in the (+I) oxidation state [16].

Lewis basicity sufficient to form donor–acceptor metal–metal bonds can, however,

be achieved by using hard donor ligands on the d8metal center, which destabilize the

dz2 orbital through repulsive interaction with its equatorial torus. Thus, s-bonded
hydrocarbyl as well as N- or O-donor ligands are often found in the compounds

discussed in this chapter. The diffuse nature of the HOMOmakes divalent group 10

metal centers rather soft Lewis bases that are ideally suited to form stable adducts

with soft acids, as reflected in the fact that unsupported PtII–HgII and PtII–CdII bonds

are known, while the rare examples of PtII–ZnII bonds [18, 19] are stabilized by one

or more bridging ligand(s).

2.2 Binding Modes

Several binding modes for the coordination of platinum(II) fragments to Lewis-

acidic metals can be distinguished (Scheme 2). We define type I bonds as consisting

solely of a metal–metal interaction, which will in general have the bond axis

X

M M

L

M

I

X

X

M

Pt Pt

II

Pt Pt

III IV

L′

Scheme 2 Possible binding

modes of square-planar PtII

complexes to a Lewis-acidic

metal M
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perpendicular to the coordination plane of the d8 metal. Type II and III compounds

involve additional interaction with respectively one or two of the ligand atoms

directly bound to platinum, as typically found for ligands with available p-electron
density such as phenyl groups (see Sect. 4.3). Finally, type IV complexes exhibit

metal–metal interactions stabilized by one or more covalent bridges. When the

bridges are rigid, the existence of an actual attractive metal–metal interaction can

sometimes be questioned because the close proximity of the metals is enforced by

the ligand(s).

2.3 Synthesis

Since platinum(II) and – to a lesser extent – palladium(II) complexes are kinetically

stable, most of the complexes described herein are prepared by reacting a pre-

formed platinum(II) or palladium(II) complex with a salt of a d10 or s2 cation. In

some cases, the Lewis-acidic moiety is also a preformed complex containing labile

ligands. There are some examples of more complicated reactions in which coordi-

nation to a Lewis acid induces changes in the coordination sphere of PtII to form

oligomeric structures that cannot be isolated otherwise (see Sect. 4.2.1).

2.4 Characterization

The most direct way to observe metal–metal bonds is by crystallographic methods,

and a vast majority of the complexes discussed here have been characterized by X-

ray diffraction. NMR and optical spectroscopic methods have allowed the detection

of these interactions in solution.

PtII–AgI interactions have been directly characterized by measuring the

corresponding 1J coupling constant by either 195Pt [20] or 109Ag [15] NMR.

Alternatively, 2J(31P–195Pt) couplings have been observed for compounds contain-

ing a Pt–M–PPh3 unit (M ¼ Ag, Au) [20, 21]. The formation of PtII–CdII or

PtII–AgI interactions in solution has been found to cause a downfield shift of the
195Pt resonance [22, 23]. The presence of PtII–M bonds in solution also manifests

itself indirectly in several ways, for example by a decrease of the 2J(1H–195Pt)
coupling constant of platinum-bound methyl groups [20, 24, 25] or the appearance

of coupling between the acceptor metal nucleus and the ortho fluorine atom of

platinum-bound perfluorophenyl groups [26].

Lewis-acidic metal complexation often has a marked effect on the optical proper-

ties of organoplatinum compounds. Metal–metal-bonded bi- or trimetallic units often

constitute a chromophore in themselves, giving rise to low-energy absorption and

sometimes luminescence attributed to metal-to-metal charge transfer (MM’CT)

transitions [27, 28]. Additionally, a marked blue shift of metal-to-ligand charge

transfer (MLCT) absorptions is usually observed upon complexation of a platinum(II)
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chromophore to a Lewis-acidic metal [21, 24]; this is easily understood considering

that the dz2 orbital from which the charge transfer occurs is stabilized by interaction

with the second metal.

3 Alkyl Complexes

3.1 Methyl Complexes

3.1.1 Methylplatinum(II) Complexes

The interaction of alkylplatinum compounds with Lewis-acidic metals was pioneered

in 1988 by the group of Puddephatt [20], who showed that the fragment [(bpy)PtMe2]

can coordinate to the Ph3PM fragment (M ¼ Ag, Au) (Scheme 3, upper right). In the

same contribution, the formation of a complex of stoichiometry {[(bpy)PtMe2]2Ag}

(BF4) was observed at low temperature. All these compounds were too unstable to be

structurally characterized, but the existence of Pt–M interactions was proved by the

observation of a direct coupling constant 1J(195Pt–107/109Ag) coupling of 680 Hz in

the 195Pt NMR spectrumof {[(bpy)PtMe2]Ag(PPh3)}(BF4). Additionally, the geminal
2J(1H–195Pt) coupling of the methyl protons was found to decrease upon coordination

to gold(I) or silver(I).

The first structural characterization of a dative bond involving a dimethyl-

platinum(II) fragment was reported a decade later by Yamaguchi et al. [22], who
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prepared the adduct of [(bpy)PtMe2] with the [(cyclen)Cd]2+ (cyclen ¼ 1,4,7,10-

tetraazacyclododecane) fragment and showed it to possess a short (2.6101 Å)

platinum–cadmium bond of type I (Scheme 3, lower left).

Later, Mak et al. [29] reported the incorporation of the PtMe2 fragment into the

macrocyclic complex [(PNP)2Pt2Me4] (PNP ¼ 2,6-bis(diphenylphosphino)pyri-

dine), which is able to encapsulate CuI and TlI cations via two donor–acceptor

metal–metal bonds (Scheme 4). Interestingly, copper(I) is additionally bound to the

pyridine unit of the PNP ligand, resulting in type IV interactions, while thallium(I)

is held only by its interactions with the platinum(II) centers. The same authors also

reported that the reaction of [(PNP)2Pt2Me4] with AgBF4 does not yield an analo-

gous Pt2Ag complex but instead affords the PtAg2 complex depicted in the lower

right of Scheme 4, in which one of the dimethylplatinum(II) units has been replaced

by a silver atom.

Twenty years after the pioneering work of Puddephatt, we succeeded in isolating

and structurally characterizing complexes in which the PtMe2 fragment is bound to

monovalent coinage metal centers by unsupported Pt–M bonds [24]. We made use

of an a-diimine ligand (hereafter abbreviated NN) incorporating 2,6-dichlorophe-

nyl substituents on the nitrogen atoms (Scheme 5), which offers some steric

protection against aggregation and inhibits the oxidative decomposition process

described in reference [20]. The complex [(NN)PtMe2] reacts with CuOTf∙½C7H8
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to form the mononuclear adduct {[(NN)PtMe2]CuOTf} (Scheme 5, left), which
exhibits a linear Pt–Cu–O geometry with a very short (2.3992 Å), unsupported
Pt�Cu contact. In contrast, the reaction with AgOTf yields a tetrametallic compound
with four unsupported Pt�Ag contacts and an argentophilic interaction. The exis-
tence of [(NN)PtMe2]MOTf (M ¼ Cu, Ag) species in solution was demonstrated by
a combination of 1H NMR and UV–Vis spectroscopy. In particular, the monomeric
nature of the adducts was confirmed by their diffusion coefficients, as measured by
pulsed-field gradient (PFG) NMR techniques.

Extending our study to a P,P chelated dimethylplatinum(II) complex, we

isolated and structurally characterized a cationic complex of formula {[(dmpe)

PtMe2]Cu[P(t-Bu)3]}
+ (dmpe ¼ 1,2-bis(dimethylphosphino)ethane) as its triflate

salt [25]. This is the first example of a complex involving a methyl group as a

bridging ligand between a d8 and a d10 metal (Scheme 6). Its significance as an

intermediate for transmetalation is discussed in Sect. 7.2.2.

3.1.2 Methylpalladium(II) Complexes

In comparison with their platinum(II) counterparts, palladium(II) alkyl complexes

are generally less stable, and palladium has a lower tendency to involve in donor–

acceptor metal–metal bonds [30, 31]. Thus, it comes as no surprise that palladium

analogues of the complexes described in this section were unknown until the very

recent report of Lanci et al. [32]. In the course of their study on the oxidation of

[(tBu2bpy)PdMe2], they observed that it forms a thermally labile complex with

AgPF6 (see Sect. 7.1). Replacing AgI with the weaker oxidant TlI, the authors

succeeded in isolating and structurally characterizing a 3:2 dicationic complex
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(Scheme 7) that features a remarkable linear Pd–Tl–Pd–Tl–Pd chain consisting of

four PdII–TlI bonds.

3.2 Metallacycles

A simple way to lower the reactivity of metal–alkyl bonds is to incorporate them in

a metallacycle. Along these lines, complexes incorporating the o-CH2–C6H4–P

(o-tolyl)2-kC,P ligand on platinum have been used as robust building blocks for

constructing dative PtII!AgI [31, 33] and PtII!HgII bonds [34–37].

A recent example [31] from Falvello et al. on bimetallic, pyrazolate-bridged

complexes of platinum(II) and palladium(II) is instructive (Scheme 8). These two

compounds exhibit differentiated behavior in the presence of silver(I) perchlorate:

the platinum complex binds silver through two donor–acceptor metal–metal bonds

supplemented by silver–tolyl p interactions, while the palladium complex binds

silver through the p-electron density of the pyrazolate ligands.

4 Aryl Complexes

Two classes of stabilized arylplatinum complexes have played a major role in the

discovery and the development of Pt!M donor–acceptor bonds: metallacyclic

compounds and complexes incorporating pentafluoro- and pentachlorophenyl

ligands. In contrast, the use of phenylplatinum complexes for that purpose is only

very recent. In this section, we discuss selected recent developments for these three

classes of compounds.

4.1 Metallacycles

Metal–aryl bonds that are incorporated in a metallacycle are particularly robust, and

thus it is not surprising that compounds of this type have been among the first
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organoplatinum compounds shown to act as Lewis bases for d10 metal ions (see

Sect. 1). In most group 10 metallacycles, the aryl ligand and the platinum(II) or

palladium(II) square coordination are approximately coplanar. As a result, there is

little steric bulk around the region above or below the metal center. This geometry

is ideally suited for the formation of type I or II complexes, the latter involving

interaction of the Lewis acid with the ipso carbon atom of the aryl group.

4.1.1 Platinacycles

In the last decade, several reports have appeared that demonstrate the use of

platinum(II) complexes of 2-(pyrid-2-yl)phenyl (phpy) and 7,8-benzoquinolate

(bzq) as donor ligands for d10 metal centers (Scheme 9). First, the neutral, dicyclo-

metallated compound [(phpy)2Pt] was shown to form a type I complex with the

[(cyclen)Cd]2+ fragment [22]. In contrast, its reaction with AgClO4 in acetone

yielded yellow crystals displaying helical, metal–metal-bonded unidimensional

chains featuring both type I and type II interactions [23]. Then, Janzen et al. [38]

demonstrated that even the cationic metallacycle [(phpy)Pt(9S3)]+ (9S3 ¼ 1,4,7-

trithiacyclononane) can act as a Lewis base toward AgI in the tricationic complex

{[(phpy)Pt(9S3)]2Ag(NCMe)2]}
3+, which was structurally characterized as its PF6

salt. The donating ability of the platinum(II) center is thought to be enhanced by a

weak apical coordination of a sulfur atom of the 9S3 ligand, which destabilizes the

dz2 orbital by electronic repulsion. This hypothesis is supported by the shortening of
this Pt–S bond from 2.9518 to 2.6870 Å upon coordination to AgI.
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Subsequently, Forniés et al. [21] presented an extensive study of the coordina-

tion of the anionic complexes [(bzq)PtR2]
� (R ¼ C6F5, C6Cl5) to silver(I). They

prepared and structurally characterized both the homoleptic anions {[(bzq)

PtR2]2Ag}
� and the neutral heteroleptic complexes {[(bzq)PtR2]Ag(PPh3)},

showing that in all cases a type II coordination involving the ipso carbon atom of

the bzq ligand is preferred. The Pt–Ag bond of the neutral complexes is also present

in solution and results in a marked blue shift of the low-energy 1MLCT transition as

compared to the free anion [(bzq)PtR2]
�.
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Finally, a recent study by Jamali et al. [39] describes the preparation of a

tetranuclear butterfly-shaped cluster in which each of two platinum(II) centers

binds to two silver(I) cations that are themselves connected by an argentophilic

interaction. The cluster is stabilized by bidentate P,N ligands bridging a Pt–Ag bond

each. Solution-phase NMR suggests an equilibrium between the butterfly geometry

and a planar arrangement similar to that of {[(NN)PtMe2]2Ag2(OTf)2} (see

Sect. 3.1.1, Scheme 5).

4.1.2 Palladacycles

There are two structurally characterized examples in which an arylpalladium(II)

coordinates to silver(I) in a type II fashion (Scheme 10). First, Kickham and Loeb

[40] reported that an attempt to abstract the chloride ligand in a palladated thiacyclo-

phane with two equivalents of silver(I) triflate unexpectedly resulted in the formation

of a bimetallic complex in which the silver(I) ion is encapsulated by three oxygen

atoms and an interaction with the Pd–C bond. Then, Braunstein et al. [41] synthesized

a remarkable one-dimensional coordination polymer by reacting the phosphanyl

iminolate palladium complex depicted in Scheme 10 (bottom) with silver(I) triflate.

4.2 Perhalophenyl Complexes

Starting in the mid-1980s, the use of platinum(II) complexes with two or more

perhalophenyl complexes as Lewis bases for the construction of donor–acceptor

PtII–AgI bonds has been extensively studied in the groups of Usón and, later,

Forniés. This work has been reviewed [26, 42] and is not discussed in detail here.
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Recent extensions of this work involve the use of a range of Lewis acids and the

synthesis of higher-nuclearity clusters and polymeric structures. Selected examples

are presented in this section.

The ability of perhalophenyl ligands to stabilize PtII!M dative bonds can be

attributed to several factors. First, being very electron-poor, they allow access to

negatively charged metalloligands of type [Pt(C6X5)3L]
� and [Pt(C6X5)4]

2�, which
yield neutral complexes upon Lewis neutralization with Ag+. Second, the electron-

withdrawing halogeno substituents decrease the basicity of the p-electron cloud of

the aromatic ring, which therefore does not compete with the platinum center for

the Lewis acid. Finally, metal–metal bonds are often additionally stabilized by

weak Ag–X interactions.

4.2.1 Discrete Polymetallic Structures

Since the report by Usón and Cotton on the synthesis of the compound

{[(C6F5)3(tht)Pt]Ag(PPh3)}, which possesses a short, unsupported Pt–Ag bond

(2.637 Å) [17], a large number of related complexes of varying nuclearities and

geometries have been synthesized. Examples of common structural types in these

compounds are depicted in Scheme 11.

In addition to their ability to bind molecular fragments such as [Ag(SC4H8)]
+ [43]

and [Cd(cyclen)]2+ [44], the dianionic metalloligands [Pt(C6X5)4]
2� (X ¼ F, Cl) can

form homoleptic complexes containing a linear Pt–M–Pt chain (Scheme 11A).

Examples thereof are the two isoelectronic complexes {[(C6F5)4Pt]2Pb}
2� [45] and

{[(C6F5)4Pt]2Tl}
3� [46], which were prepared as their tetrabutylammonium salts by

reacting two equivalents of [(C6F5)4Pt](NBu4)2 with lead(II) and thallium(I) nitrate,

respectively. In addition to the Pt–M bonds, they exhibit eight stabilizing M� � �F
contacts in an axially compressed square-antiprism geometry. Remarkably, two

[(C6F5)4Pt]
2� units are also able to stabilize thallium(II) in {[(C6F5)4Pt]2Tl}

(NBu4)2, which was the first paramagnetic TlII complex to be isolated.
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A few complexes are known in which two platinum(II) centers are bridged by

one ligand (Scheme 11B), including [(C6F5)3Pt(m-Pb)(m-X)Pt(C6F5)3]
� (X ¼ Cl,

OH) [47] and [(C6F5)3Pt(m-OH)(m-HgC6F5)Pt(C6F5)3]
� [48].The latter is formed in

the reaction of [(C6F5)4Pt](NBu4)2 with Hg(NO3)2 in wet methanol, which involves

the transfer of a pentafluorophenyl group from platinum to mercury and the

hydrolysis of a Pt–C6F5 bond.

The third class of metalloligands (Scheme 11C) features two platinum(II)

centers bridged by two ligands in an open-book geometry. The bridging ligands

can be C6F5 [17, 49], Cl [50, 51], or OH [52]. A few years ago, Forniés and

coworkers investigated the reactivity of phosphido-bridged dinuclear platinum(II)

and palladium(II) complexes toward silver(I) sources. Surprisingly, the complex

[Pt2(m-PPh2)2(C6F5)4]
2� forms no Lewis acid–base complex with AgClO4 but is

instead oxidized to the platinum(III) dimer [Pt2(m-PPh2)2(C6F5)4] (Scheme 12, top)

[53]. In contrast, monoanionic complexes of type [(C6F5)2Pt(m-PPh2)2M-(acac-O,
O0)] (M ¼ Pt, Pd) react with Ph3PAgClO4 to form the trimetallic complexes

depicted in Scheme 12 (bottom) [54]. For M ¼ Pd, the complex exhibits a short

Pd–Ag contact (2.886 Å), which is remarkable given the low tendency of palladium

to involve in donor–acceptor bonds [30].

Compounds of typeD (Scheme 11D) consist of a six-membered Pt3X3 cycle acting

as a tridentate metalloligand for the Lewis-acidic center. Three examples of this motif

have been structurally characterized: (NBu4){[Pt(m-Cl)(C6F5)2]3M} (M ¼ Sn [55],

Pb [56]), and (NBu4)2{[Pt(m-OH)(C6F5)2]3HgCl} [57]. Unlike the Pt2X2 units in type

C complexes, the Pt3X3 fragments have not been isolated in the absence of the central

metal atom, indicating that the latter acts as a template.

Very recently, a new structural type has been found that involves an eight-

membered Pt4(OH)4 cycle stabilized by coordination of each platinum(II) center to

two silver(I) ions (Scheme 11E) [28]. The octanuclear complex {[Pt(C6Cl5)2(m-OH)
(m-Ag)]4} is formed by reacting the dinuclear complex {[Pt(C6Cl5)2(m-OH)]2}
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with two equivalents of AgClO4 in a 4:1 mixture of dichloromethane and benzene.

Interestingly, the yellow solid exhibits a green-yellow luminescence which the

authors assign to phosphorescence arising from the Pt–Ag interactions. The lumines-

cence disappears reversibly when the solid is exposed to acetone vapor, possibly due

to binding of acetone to the silver(I) centers in the crystal.

4.2.2 Extended Structures Incorporating Thallium(I)

In general, the reaction of perfluoroarylplatinum(II) complexes with d10 metals

yields preferentially discrete compounds in which the platinum(II) center binds a

metal on only one side of its coordination plane. However, recent work has

demonstrated that thallium(I) tends to display a different behavior in that it forms

extended structures [27, 46, 58, 59]. The growing interest in these compounds

comes from the fact that many of them exhibit interesting luminescent properties.

A striking example [46] is that the salt (NBu4)2[(C6F5)4Pt]
2� reacts with TlNO3

in a 1:1 ratio to form a solid made of one-dimensional polyanionic chains

{[(C6F5)4Pt]Tl}n
n� with tetrabutylammonium counterions (Scheme 13). Interest-

ingly, when TlPF6 is used instead of TlNO3, a crystalline solid containing one

equivalent of (NBu4)(PF6) is formed in which the metal–metal-bonded chain is

preserved. The polymeric structure is disrupted in solution, but luminescence

studies in frozen dichloromethane solution indicate that aggregates of variable

size are formed upon cooling. Recently, this work was extended to heteroleptic

platinate anions such as cis- and trans-[(C6F5)2Pt(CN)2]
2� [27] as well as mixed

alkynyl-perfluoroarylplatinates [58, 59].

4.3 Phenyl Complexes

Given the ease of access and stability of simple phenylplatinum complexes, it is

somewhat surprising that their reactivity as Lewis bases toward d10 metals was not

studied until recently. In the absence of electron-withdrawing substituents, one

expects the p-electron density of the aryl ring to play a significant role in the

binding of soft Lewis acids. As a matter of fact, we have structurally characterized

examples of type I, II, and III bonds with this class of compounds.
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We first observed the coordination of the diphenylplatinum(II) fragment to a

copper(I) ion in tetranuclear complexes obtained from the reaction of the anionic

complex [(bmimp)PtPh2]
� (bmimp ¼ 3,5-bis(4-methoxyphenyl imino)acetyl-4-

methylpyrazolate) with CuCl in acetonitrile followed by redissolution of the initi-

ally formed solvated dinuclear complex {[(bmimp)PtPh2]Cu(NCMe)1-2} in benzene

[60] (Scheme 14). One of the copper centers in this tetranuclear complex is held

only by a cuprophilic interaction and a type II interaction with each platinum(II)

center. Replacing the 4-methoxyphenyl moiety of the dinucleating ligand by the

more bulky 2,6-dimethylphenyl results in the decoordination of a peripheral imine

group without significant alteration of the tetranuclear arrangement, demonstrating

its stability.

More systematic insight into the coordination of diphenylplatinum complexes to

d8 metals was obtained using the simple a-diimine ligand 2,3-bis(2,6-dichlorophe-

nylimino)butane (NN). The complex [(NN)PtPh2] reacts with half an equivalent of

MOTf (M ¼ Cu, Ag) to form homoleptic 2:1 cationic complexes in which the

coinagemetal is bound to the diphenylplatinum unit in a type III fashion (Scheme 15,

top). The X-ray crystal structure of the copper cation is presented in Figure 1.

UV–Vis and NMR spectroscopy revealed that in solution, complexes are formed

of stoichiometries 1:1 and 2:2 with CuOTf and AgOTf, respectively. The aggrega-

tion state in solution was determined from the diffusion coefficients obtained by

PFG NMR. None of these complexes was crystallized, but DFT calculations

indicated two possible structures featuring a type III and a type II interaction,

respectively. Interestingly, the first binding mode resembles that found in the 2:1

complexes {[(NN)PtPh2]2M}+ (M ¼ Cu, Ag), while the second one parallels that

found in {[(bmimp)PtPh2]2Cu2}.

Compounds with a higher coinage-metal content were also obtained in the

presence of a large excess of CuOTf or AgOTf. With copper(I), a discrete complex

of formula {[(NN)PtPh2]2Cu6(OTf)6} was crystallized, in which each diphenylpla-

tinum(II) unit is coordinated to one Cu(I) center via a type III interaction and to two
additional ones by p-coordination of both phenyl groups. The parallel reaction with
AgOTf yielded a coordination polymer in which each platinum(II) is involved in a

type I and a type III interaction with two different silver(I) centers, showing that

type I interactions are also accessible to diphenylplatinum complexes.
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Fig. 1 ORTEP representation of the X-ray crystal structure of {[(NN)PtPh2]2Cu}(CF3SO3).

Ellipsoids are drawn at 50% probability. Hydrogen atoms and the unbound CF3SO3
� counterion

are omitted for clarity. Selected distances [Å]: Cu1–Pt1 2.7254(3), Cu1–C1 2.138(5), Cu1–C2

2.336(5), Pt1–C1 2.033(5), and Pt1–C2 2.022(5). Reprinted with permission from ref [24].

Copyright 2009 American Chemical Society
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5 Alkynyl Complexes

The proclivity of alkynyl ligands to form stable complexes with platinum(II) and

their ability to bridge between metals made them ligands of choice to prepare a

wide range of polynuclear heterometallic complexes, resulting from the reaction of

an alkynylplatinum entity with Lewis-acidic metal centers. In most cases, the latter

interacts mainly with the p-electron density of the triple bond, and only very weak

metal–metal interactions, if any, are observed. This area has been recently covered

in some excellent reviews [61–64] and is not discussed extensively here. Neverthe-

less, compounds are known in which the bond between an alkynylplatinum moiety

and a d10 or s2 center has a significant contribution of metal–metal interaction. Most

of these fall into two categories: (1) complexes in which an electron-rich PtII center

is basic enough to compete with the p density of the triple bond for the electrophilic

center, and (2) complexes involving a bridging ligand that promotes the formation

of type IV interactions. The first category is illustrated here by dianionic tetraalk-

ynylplatinum(II) complexes, and the second one by recent work on dppm-bridged

complexes (dppm ¼ bis(diphenylphosphino)methane).

5.1 Tetraalkynylplatinates

The reaction of tetraalkynylplatinate dianions with coinage metal perchlorates

(generated in situ for copper(I) and gold(I)) generally yields octanuclear structures

in which four metal centers are sandwiched between two [Pt(C�CR)4]
2� units

(Scheme 16, bottom) [65–71]. Several structures have been crystallographically

characterized, showing that the Pt–M distances (2.9–3.1 Å for M ¼ Cu, 2.9–3.3 Å

forM ¼ Ag) are indicative of a veryweakmetal–metal interaction. These octanuclear

units can assemble into oligomeric or polymeric structures via unsupported plati-

num–platinum bonds, and the resulting supramolecular assemblies have interesting

optical properties such as long-lived luminescence and near-infrared emission [69].

The influence of electronic effects on the binding mode of tetraalkynylplatinate

anions is apparent in the reactions of compounds of general formula Li2[Pt

(C�CR)4] with thallium(I) nitrate [72]. For electron-rich alkynyl moieties

(R ¼ p-tolyl, 1-naphtyl), discrete hexanuclear structures are obtained (Scheme 16,

top), in which each TlI center interacts with four C�C triple bonds and not with the

platinum atom. The introduction of a remote electron-withdrawing substituent on

the alkynyl unit (R ¼ p-CF3C6H4) induces a dramatic change in the structure of the

Lewis acid–base complex: each platinum atom now involves in donor–acceptor

bonds with two thallium(I) ions (Pt–Tl: 2.9355(5) and 3.0272(5) Å), one on each

face of its coordination plane. These Tl2Pt units are interconnected by weak

interactions of thallium with the p-electron density of the triple bonds.

As a last example, Berenguer et al. [73] recently reported that the reaction of

(NBu4)2[Pt(C�CTol)4] with Pb(ClO4)2∙3H2O yields a trinuclear complex of formula
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{[Pt(C�CTol)4]}2Pb(OH2)2. The lead(II) center is bound to both platinum(II) atoms
and to two water molecules. Unlike the linear complex {[(C6F5)4Pt]2Pb}

2�, the lone
pair on lead(II) in this complex is stereoactive, resulting in a geometry derived from a
trigonal bipyramid.

5.2 Diphosphine-bridged Complexes

The second approach has been used only in complexes of general formula [(RC�C)2Pt

(m-dppm)2MXn] (dppm ¼ bis(diphenylphosphinomethane), MXn ¼ AgCl, AgI,

CuCl, HgCl2) aswell as their cationic analogues [(RC�C)2Pt(m-dppm)2M]+ (M ¼ Cu,

Ag, Au, Scheme 17), which were first prepared by Shaw and coworkers in the early

1980s [74, 75]. Since the twometals are held in close proximity by two dppm ligands, it

is difficult to confirm with certainty the presence of a metal–metal bond. Initially,
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only the AgI complex was structurally characterized, and the long Pt–Ag distance

of 3.146 Å did not indicate significant metal–metal bonding. In 1993, Yip et al.

[76] obtained a crystal structure of the cationic gold complex [(RC�C)2Pt

(m-dppm)2Au]
+ as its PF6 salt and measured a gold–platinum distance of

2.910 Å. More recently, Yin et al. [77] presented a systematic study of the

reactions of dianionic tetraalkynylplatinates with [(m-dppm)2M2(CNMe)2]
+ (M

¼ Cu, Ag, Au), in which a series of analogous cationic copper(I), silver(I), and

gold(I) complexes were structurally characterized. They reported a Pt–Ag dis-

tance of 2.981 Å (R ¼ t-Bu), Pt–Cu distances between 2.727 (R ¼ o-Tol) and
2.767 Å (R ¼ t-Bu), and a Pt–Au distance of 2.927 Å (R ¼ Ph). These distances

may indicate some extent of metal–metal bonding, even though they are substan-

tially longer than those found in unsupported Pt–Cu and Pt–Ag donor–acceptor

bonds. In the case of copper and silver, an additional contact with the a carbon

atom of one alkynyl ligand is observed.

6 Carbene Complexes

The strong s-donating ability of N-stabilized carbenes should make their platinum

(II) and palladium(II) complexes suitable donor metalloligands for Lewis-acidic d10

and s2 centers. However, reports of such studies are scarce.

6.1 Platinum

For platinum(II), Balch and coworkers [78] have studied the reaction of a biscar-

bene platinum(II) dicyanide complex with thallium(I) in basic solution

(Scheme 18). They obtained two polymorphs involving PtII–TlI contacts: a yellow

dimeric structure and a red extended structure. Subsequent work by the same

authors [79] showed that replacement of the CN ligands with dimethylglyoxime

or maleonitrile dithiolate provides access to a range of extended structures based on

PtII–TlI interactions.
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Scheme 17 Dialkynylplati-

num(II) complexes incorpor-

ating a donor–acceptor

metal–metal bond supported

by bis(diphenylphosphino)

methane (dppm)
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6.2 Palladium

In recent years, there have been a few reports of NHC–palladium(II) (NHC ¼
N-heterocyclic carbene) complexes engaged in donor–acceptor bonds with silver

(I). These were generally obtained after halide abstraction using an excess of a silver

salt (Scheme 19) [80–82]. The palladium(II) centers in these compounds are ren-

dered very electron rich either by coordination of a methide group or by the use of

two abnormal NHC ligands. Particularly striking is the complex reported by Heck-

enroth et al. [82] in which the dicationic fragment [(CC)Pd(NCMe)2]
2+ (CC ¼ bis

(2-methyl-3-isopropylimidazol-5-yliden-1-yl)methane) acts as a Lewis base toward

silver(I) to form the tricationic complex [(CC)Pd(NCMe)2]Ag(NCMe)2]
3+

(Scheme 19, bottom). The authors attribute this behavior to the exceptional

s-donor ability of this bidentate abnormal NHC ligand.

Reitsamer et al. [83] recently reported a palladium complex of a PCP pincer

ligand that engages in a d8–d10 with the AuCl fragment. The ligand, while involving

a two-coordinate carbon atom, is not accurately described as a carbene but rather as

a carbodiphosphorane. In this description, the central carbon(0) atom is coordinated
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by two-donor phosphine ligand and formally has two lone pairs available for

binding, which explains why a type II interaction is observed (Scheme 20).

7 Reactivity

Since copper(I), silver(I), and, to a lesser extent, thallium(I) are common components

of palladium- and platinum-based catalytic systems, it appears likely that bimetallic

species similar to those discussed in this chapter are involved in the corresponding

catalytic cycles. Thus, while most of the studies on donor–acceptor bonds involving
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palladium(II) or platinum(II) complexes focus on their structural – and sometimes

optical – properties, the specific reactivity associated with these bonds is of high

interest. In this section, we will summarize the results of recent investigations.

7.1 Electron Transfer Reactions

Oxidation of the platinum(II) center by silver(I) salts has occasionally been

observed when attempting to prepare adducts containing platinum–silver bonds

(for example, see Sect. 4.2.1). One can speculate that these oxidations could

proceed via an inner-sphere process involving the transient formation of a PtII–AgI

mixed species. Two examples have recently appeared in which the bimetallic

species can be observed prior to oxidatively induced reactions of dimethylplati-

num(II) and dimethylpalladium(II) species.

In the course of our study on the interaction of [(NN)PtMe2] (NN ¼ 2,3-bis(2,6-

dichlorophenylimino)butane) with copper(I) or silver(I) triflates in benzene [24],

we observed a double aromatic C–H activation process yielding moderate yields of

[(NN)PtPh2] (Scheme 21). We proposed the mechanism depicted in Scheme 22,

which involves the initial one-electron oxidation of [(NN)PtMe2] by the coinage

metal, on the basis of the following considerations:

l The platinum(IV) cation [(NN)PtMe3]
+ was observed by ESI-MS.

l The disproportionation reaction (1) (Scheme 22) is known to occur upon one-

electron oxidation of closely related complexes [84–86], and a very similar

reaction has been reported that converts [(bpy)PtMe2] into [(bpy)PtMeCl] and

[(bpy)PtMe3Cl] upon treatment with CuCl [20].
l Acid-catalyzed double C–H activation reactions of benzene have been reported

[87–89], and they follow a mechanism similar to reaction (2).
l Exposure of [(NN)PtMe2] to a catalytic amount of the one-electron oxidant

[Cp2Fe]
+OTf� under the same conditions also results in the formation of

[(NN)PtPh2]. A small amount of [(NN)PtMe3]
+ is observed as well, indicating

that it is not involved in the cycle.
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Very recently, Lanci et al. [32] studied the reaction of [(t-Bu2bpy)PdMe2] with a

range of oxidants, which generally resulted in an oxidatively induced reductive

elimination process (Scheme 23). The proposed mechanism for this transformation

parallels that of the initiation step for oxidatively induced C–H bond activation

(Scheme 22 (1)), differing merely in that the formed trimethylpalladium(IV)

complex is unstable and reductively eliminates ethane. With AgPF6 as the oxidant,

an intermediate was detected by 1H NMR that was assigned to a metal–metal-

bound species by comparison with the isolable thallium analogue (see Sect. 3.1.2).
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7.2 Ligand Migration Reactions

7.2.1 Halide Migration

Efficient halide abstraction reactions using silver(I) and thallium(I) salts are among

the most widely applied methods to generate cationic platinum(II) or palladium(II)

species that are often active catalysts. There is increasing evidence for the involve-

ment of metal–metal-bound, heterobimetallic intermediates in these salt metathesis

reactions. Two isolable examples of such intermediates have been reported recently

(Scheme 24).

First, Albano et al. presented a detailed study [90] of the mechanism of chloride

abstraction from the complex [(NN)Pt(Me)(Cl)] (NN ¼ 2,3-bis(2,6-diisopropyl-

phenylimino)butane) by silver(I) salts, during which they isolated a trimetallic

intermediate (Scheme 24, top) featuring a platinum–silver contact of 2.895 Å.

This intermediate was stable in THF but released AgCl in chloroform, illustrating

how subtle solvent effects may influence the course of such reactions.

Secondly, Oberbeckmann-Winter et al. [90, 91] observed the formation of a

cationic bimetallic species instead of the expected chloride abstraction when the

benzylplatinum(II) complex depicted in Scheme 24 (bottom) was treated with

thallium(I) hexafluorophosphate in dichloromethane. The starting platinum com-

plex acted as a chelating metalloligand, coordinating to thallium via both the

platinum atom and the aromatic ring. Again, exposure of the bimetallic intermediate

to the more polar solvent acetonitrile released TlCl.
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7.2.2 Hydrocarbyl Migration

Compounds with relatively labile metal–metal bonds can be considered to be likely

intermediates for hydrocarbyl transmetalation, which is a process of fundamental

importance in many metal-catalyzed cross-coupling reactions. There are a few

examples pointing at the possible involvement of d8–d10 intermediates in transme-

talation processes.

An early report from Puddephatt [20] indicated silver(I) tetrafluoroborate to

catalyze scrambling of the deuterium labeling between [(bpy)Pt(CH3)2] and

[(bpy)Pt(CD3)2] at temperatures above �40�C, which suggests reversible methyl

group transfer from platinum(II) to silver(I) via the proposed trimetallic cation

{[(bpy)Pt(C[H/D]3)2]2Ag}
+. In addition, for the cis–trans isomerization of [Pd

(C6Cl2F3)2(tht)2] (tht ¼ tetrahydrothiophene) catalyzed by [Au(C6Cl2F3)(tht)],

there is kinetic evidence for intermediates with a Pd–Au donor–acceptor bond,

which, however, are too labile to be isolated [92]. Finally, a mass-spectrometric

study [25] of the cation {[(dmpe)PtMe2]Cu(PMe)3}
+ revealed two distinct frag-

mentations involving platinum-to-copper methyl group transfer (Scheme 25) to

eliminate either naked or phosphine-stabilized methylcopper(I). The activation

energies of these processes were measured using threshold collision-induced disso-

ciation (T-CID) and were found to be 30.5 and 53.0 kcal mol�1, respectively.

Considering that solvents would additionally stabilize the undercoordinated frag-

ments, the low-energy process may be accessible in solution at relatively low

temperatures, suggesting that similar transmetalation processes should be consid-

ered when discussing the mechanism of reactions catalyzed by palladium or

platinum in the presence of copper or silver additives.

8 Perspectives

Metal–metal bonds involving platinum(II) or palladium(II) as a Lewis base have

been known for several decades and are involved in a large variety of polymetallic

assemblies, ranging from simple bimetallic compounds to high-nuclearity clusters
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and extended structures. Many of these compounds feature interesting optical

properties such as long-lived, low-energy luminescence.

Recent investigations outline the involvement of this class of polymetallic

compounds in reactions of fundamental importance to catalysis, such as inner-

sphere oxidation or transmetalation. Given the widespread use of copper(I) and

silver(I) salts – and, to a lesser extent, thallium(I) – as additives in palladium- and

platinum-based catalytic systems, a systematic study of these reactions is war-

ranted. Additionally, gathering further knowledge on the properties and reactivity

of metal–metal-bound species is a critical step toward the rational design of truly

bimetallic catalytic cycles.
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59. Charmant JPH, Forniés J, Gómez J, Lalinde E, Merino RI, Moreno MT, Orpen AG (2003)

Organometallics 22:652

60. Moret M-E, Chen P (2008) Organometallics 27:4903

61. Lang H, del Villar A (2003) J Organomet Chem 670:45

62. Forniés J, Lalinde E (1996) J Chem Soc, Dalton Trans: 2587

63. Chen ZN, Zhao N, Fan Y, Ni J (2009) Coord Chem Rev 253:1

64. Berenguer JR, Lalinde E, Moreno MT (2010) Coord Chem Rev 254:832

65. Espinet P, Forniés J, Martı́nez F, Tomás M, Lalinde E, Moreno MT, Ruiz A, Welch AJ (1990)

J Chem Soc, Dalton Trans: 791
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