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 Complementary Review to previous career seminars:

 Yu – Zack

 Sanford – Tao

 Catellani – Dong Zhe

 Goal: To introduce the beginning of high-valent palladium chemistry, controlling reactivity 

and stability, and applications of this chemistry for synthesis and catalysis.

Pd(IV) Review: Chem. Rev., 2010, 110, 824.

Pd(III) Review: Top. Organometal. Chem., 2010, 35, 129.

Seminar Preview
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Global mine production of palladium from 2010 to 2012, by country (in metric tons)
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Precious metal price forecast from 2012 to 2016 (in U.S. dollars per ounce)
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 Palladium(IV)

 JACS: 16

 ACS: 53

University of York, UK

 Palladium(III)

 JACS: 8

 ACS: 21

• Tobias Ritter
Harvard University

Publications with High-Valent Palladium (In Title)

opportunities for the design of adventurous synthetic meth-
odologies, which can complement or even in some cases
supersede existing or related processes operating via Pd0/
PdII intermediates.

1.1. Common Palladium Oxidation States

Palladium is a member of the nickel triad of the periodic
table. Palladium complexes exist predominantly in three
oxidation states: Pd0, PdII, and PdIV, although both PdI and
PdIII are known. Practically all characterized complexes in
the PdIV oxidation state are octahedral and diamagnetic with
a low-spin t2g

6 configuration. PdIV complexes have tradition-
ally been described as rare and elusive as compared to the
both thermodynamically stable and kinetically inert PtIV

complexes. This is also reflected in the organometallic
complexes. Consequently, PtIV complexes containing the
{PtMe3} fragment have been known1 since 1907, but the
first methyl PdIV species2 were not reported until 1986.

On thermodynamic grounds, the decreased stability of PdIV

relative to PtIV is expected in view of the greater ionization
potential [Pd(g) f Pd4+

(g) ) 2546 kcal mol- 1, Pt(g) f Pt4+
(g)

) 2238 kcal mol- 1], which is only slightly offset by the lower
enthalpy of atomization of palladium [91.1 (Pd), 130.5 (Pt)
kcal mol- 1].3,4 The t2g

6eg
0 configuration of the MIV complexes

results in a maximum ligand field stabilization energy for
the octahedral complexes, and here too the larger ∆ values
for 5d elements (approximately 30% greater) contribute to
greater stability for the PtIV complexes.5

2. Inorganic PdIV Compounds

2.1. Complexes Prepared by Oxidation of PdII

with Halogens

The simplest and the best characterized examples of
inorganic PdIV compounds are the [PdX6]

2- anions (X ) F,
Cl, Br); the chloro and bromo complexes are readily prepared
by halogen oxidation of solutions of the PdII analogues.6–11

Interestingly, crystallographic studies show that in [PdCl4]
2-

and [PdCl6]
2- the palladium atom has effectively the same

atomic radius.12 [PdF6]
2- has been used to stabilize O2

+

salts;13,14 PdIV tellurato complexes have been studied as

Scheme 1. Preparation of [R4N][PdLX5] and [PdL2X4]

Petr Sehnal wasborn inTurnov, nowCzechRepublic, in1979. Hereceived
his M.Sc. degree in chemistry in 2002 from Charles University, Prague.
He obtained his Ph.D. in organic chemistry in 2006 under the guidance
of Dr. Ivo Stary at IOCB Prague, where he worked on the synthesis of
helical polyaromatics. He then moved to the University of York (U.K.)
with thesupport of anEPSRCPostdoctoral Fellowship toconduct research
in synthetic and mechanistic organic and organometallic chemistry. He
has recently taken up a KTP Associate position at the University of Hull
(U.K.). His main scientific interests are concerned with the development
of new transition metal catalyzed reactions and the synthesis of novel
functional materials.

Richard Taylor graduated fromthe University of Sheffield with B.Sc. and
Ph.D. (Dr. D. Neville Jones) degrees. Postdoctoral periods with Dr. Ian
Harrison (Syntex) and Professor Franz Sondheimer (UCL) were followed
by lectureships at the Open University and then UEA, Norwich. In 1993
he moved to the Chair of Organic Chemistry at the University of York.
Taylor’s research interests center on the synthesis of bioactive natural
products and the development of newsynthetic methodology. His awards
include the Tilden Medal (2000) and Pedler Lectureship (2007) of the
Royal Society of Chemistry. Taylor is the current President of the
International Society of Heterocyclic Chemistry, a past-President of
the RSC Organic Division, and an Editor of Tetrahedron.

Ian Fairlamb was appointed to a lectureship in Organic Chemistry at the
University of York in 2001, following Ph.D. study with Dr. J. Dickinson in
Manchester at MMU (1999), and a post-doctoral research project with
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Royal Society University Research Fellow(2004- 2012) and was recently
promoted to full Professor in York. Fairlamb’s research interests interface
through Catalysis, Synthesis, and Chemical Biology, particularly in ligand
design for Pd catalysts and an understanding of the reaction mechanisms
of cross-coupling processes. The group collaborates with industry (Astra-
Zeneca, DSM Pharmaceuticals, GlaxoSmithKline, Johnson-Matthey, and
Organon-Schering-Plough) and various academic groups from Europe,
China, and the United States.
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Palladium in Catalysis

Pd(0) Pd(II)

Normal Catalytic Cycle

Pd(II)Pd(IV)
Second
Oxidative
Addition

Pd(II) Pd(IV)
Single

Oxidative
Addition
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 Palladium(IV) Chemistry

 Characteristics

 Historical Background

 Mechanism Aspects

 Applications into Catalysis and Synthetic Efforts

 Drawbacks and the Future

 Palladium(III) Chemistry

 New Field

 Isolation and Importance

 Acceptance and Controversy

 Outlook

Overview
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 Exists as Pd(0) to Pd(IV)

 Pd(IV) Complexes

 Octahedral

 Low-spin

 Counter-part Pt(IV)

 Thermodynamically stable

 Kinetically inert

 First organometallic species 

discovered in 1907 [PtMe3X]

Palladium (IV) Oxidation State

Proc. Chem. Soc., 1907, 23, 86.
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First organometallic Pd(IV)  1975
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 Most well studied and characterized are halogen salts.

 Neutral ligand complexes of Pd(IV) usually decompose very easily.

 Importance: Trans X2 in [Pd(L-L)2X2] more kinetically stable

Inorganic Pd(IV) Complexes

J. Chem. Soc., Dalton Trans., 1983, 113.

Stability

9



 First report 1975 by Uson:

 Larger sterically hindered ligands made Pd(IV) intermediate too unstable, promoting 

reductive elimination

 Yamamoto 1977: first use of phosphine ligands

 Phosphorous ligands rarely used with Pd(IV)

Organometallic Pd(IV) Complexes

J. Organometal. Chem. 1975, 96, 307

Bull. Chem. Soc. Jpn. 1977, 50, 1319.10



 1986: Canty

 Stable to store below -20°C

 Elimination of ethane in solution

 Proposed mechanism to Pd(IV):

Isolation and Stability 

J. Chem. Soc., Chem. Commun. 1986, 1722.

Organometallics, 1990, 9, 826.
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 Tridentate ligands make complexes thermally stable to 150°C

 Bidentate complexes require very low temperature storage

Stability of Pd(IV) complexes is dictated by rigidity of the ligands and their complexes.

 Numerous other allyl, benzyl, and alkyl complexes with various nitrogen or phosphorous 

based ligands have been prepared to date.

Increasing Pd(IV) Stability

Mendeleev Commun. 2002, 14.
12



 Oxidative Addition: via SN2 pathway with proposed cationic intermediate as seen previously.

 Reductive Elimination: concerted pathway favored from electronics.

O.A. and R.E. with Pd(IV) intermediates

Organometallics, 1988, 7, 1363.
13

Concerted pathway

Alternative Pathways



 In cases with alkyl and halogen substitutents:

 R.E. occurs almost exclusively through C-C bond formation (rarely C-X)

(1) - 4:1 ratio of ethane to toluene

(1) - Pd bound to 3 different groups  only product is toluene

Reductive Elimination from Pd(IV)

Canty Organometallics, 1994, 13, 2053.
14

(1)

(2)



 Direct synthesis of conjugated dienes from alkynes

Oxidative Addition of Pd(II) to Pd(IV)

Elsevier. Angew. Chem. Int. Ed. Engl., 1997, 36, 1743.
15

Catalytic 3-component synthesis

Yields: 71-76%



 Using Pd(dba)2 and electron poor alkynes, palladacycles could be generated faster than 

O.A. of benzyl bromide  catalytic process

Elsevier. Angew. Chem. Int. Ed. Engl., 1997, 36, 1743.
16

Catalysis with Pd(0), Pd(II), and Pd(IV)

 DFT studies show process is energetically feasible!

 Process also uses 50eq. of Tin.



 C-H activation at aryl methoxy group.

 Forms dibenzo-pyrans in high yields.

Questions about Pd(IV) in Synthesis

Dyker Angew. Chem. Int. Ed. Engl., 1992, 31, 1023.
17



 Proposed Mechanism

Questions about Pd(IV) in Synthesis

Dyker Angew. Chem. Int. Ed. Engl., 1992, 31, 1023.
18



 Many new reactions forming sp2-sp2 bonds were published suggesting Pd(IV) intermediates

What about opposing pathway with transmetallation of aryl ligands?

sp2-sp2 coupling issues

19

Catellani, M. J. Organomet. Chem. 1991, 401, C30.

Dyker, G. Angew. Chem., Int. Ed. Eng. Engl. 1992, 31, 1023.

Dyker, G. J. Org. Chem. 1993, 58, 6426.

Dyker, G. Angew. Chem., Int. Ed. Engl. 1994, 33, 103.



 DFT calculations on model substrates to probe Oxidative Addition forming Pd(IV) 

intermediates or Pd-Pd transmetallation

 Authors found alkenyl and aryl electrophiles react more readily with Pd(0) precursors than 

Pd(II) metallacycles

 Transmetallation between the two Pd(II) complexes was facile

 Previous sp2-sp2 publications may actually not involve Pd(IV)

DTF rebuttle

Echavarren JACS, 2008, 128, 5033.
20

Osakada, K. Organometallics 2003, 5254.



 Chelation directed arylation of C-H bonds

 8-Aminoquinoline was also used as a 

directing group

 Proposed Mechansim:

Applications of sp2-Pd(IV) Complexes (Daugulis)

Daugulis JACS, 2005, 127, 13154.
21



 Daugulis group has even achieved catalytic coupling of unactivated C-H bonds

 Pyridine as directing group:

Continuing Activation of Unactivated C-H bonds

Daugulis Org. Lett., 2005, 7, 3657.
22



 Daugulis group has even achieved catalytic coupling of unactivated C-H bonds

 Pyridine as directing group:

 Analines

Continuing Activation of Unactivated C-H bonds

Angew. Chem. Int. Ed. 2005, 44, 4026.
23



 Daugulis group has even achieved catalytic coupling of unactivated C-H bonds

 Pyridine as directing group:

 Analines

 Benzoic Acids

Continuing Activation of Unactivated C-H bonds

JACS, 2007, 129, 9879.
24
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 Reactivity promotes Pd(IV) Intermediate, but does not exclude sigma-bond metathesis.

Benzoic Acid Arylation Significance

Daugulis JACS, 2007, 129, 9879.
26



 Pd(IV) intermediates in Heck reactions are rare and controversial, leading even to a 

retraction of a paper

 DFT studies showed Pd(0)/Pd(II) and Pd(II)/Pd(IV) cycles have similar energy levels

 Pd(II)/Pd(IV) requires weak ligands

 Pd(IV)-H intermediate is without precedence

 Most catalysts involve PCP ligands

 Mild conditions and DFT modeling promote Pd(IV)!

Pd(IV) in Heck Reactions

Martin, JML. Chem.-Eur. J. 2001, 7, 1703.

Szabo, KJ. Org. Lett. 2009, 11, 2852.27



 First example: Trost and Lautens

 High Yields, moderate conditions

 Pd(PPh3)4 was inactive

 Lewis acidic Pd(II) complexes worked cleanly and tolerated excess ligands

 Pd(IV) palladacycles proposed

 Applied methodology to the synthesis of picrotoxane skeleton

Isomerization Reactions

Trost, Lautens. JACS, 1985, 107, 1781.
28
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 No definitive evidence of a Pd(IV) hydride has been established.

 DFT study of intramolecular palladium migrations to verify possible Pd(IV) intermediate

Pd(IV) Hydride

Dedieu, A. Organometallics, 2006, 25, 3130.
29



 Study extended later to aryl/alkyl processes

 Pd(IV) intermediate via O.A. then R.E or through Pd(IV) transition state is Possible!

Pd(IV) Hydride

Dedieu, A. Organometallics, 2006, 25, 3130.
30



 Forward and Reverse hydride shifts

 Hydride shifts Intra- and Intermolecularly

Pd(IV) Hydride Shift Applications

Larock, RC. Tetrahedron 2008, 64, 6090.

31

Hu, HW. Tet. Lett. 2000, 41, 725.

Larock. JACS. 2004, 126, 7460.
Larock. Org. Lett. 2005, 7, 701.



 Combines alkene amination with 

Pd(II)/Pd(IV) cycle

Oxidative Difunctionalization of Alkenes

32
Alexanian, EJ; Sorensen, EJ. JACS. 2005, 127, 7690



 Mechanism Insight

 Pd(IV) evidence: Cu(OAc)2, common oxidant for Pd(0)/Pd(II) catalysis was ineffective

Oxidative Difunctionalization of Alkenes

Alexanian, EJ; Sorensen, EJ. JACS. 2005, 127, 7690
33

Propose Mechanism



 Low stabibility of Pd(IV) results in poor selectivity

 Most catalyst loads require 10 mol% of Pd(II)

 Need to increase TON 

 New catalyst strategies

 Requires expensive additives and oxidants (which normally are required in excess)

 Reducing Conditions leads to Pd(0)Pd(II) cycles

 Selectively activating C-H/C-C bonds without directing groups

 Functional groups are well tolerated

 No enantioselective processes have been accomplished

Significant Issues

34
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 One-electron oxidation of Pd(II) gives d7 low spin Pd(III)

 Platinum(III) and Palladium(III) complexes are rarely proposed in catalysis

 Pd(III) & EPR: often the radical is hard to characterize as metal-centered or distributed 

through the ligands

•

Emergence of Palladium(III)

36

J Chem Soc, Chem Commun. 1987, 987.

J Organomet Chem. 1987, 323, 261.

Can J Chem. 1999, 77, 1638.

Isolation and X-ray structures of 
mononuclear Pd(III) complexes



 To the right, Pd(0)Pd(II) oxidative 

coupling of aryl C-H bonds

 Intermediate 5 is proposed to undergo 

reductive elimination 

 Under the oxidative conditions, 

could 5 be oxidized further prior to 

C-C bond formation?

Pd(III) in Oxidative C-H Coupling Reactions

37



A) Radical traps had no effect

How does Pd(III) function mechanistically?

38
Sanford. J Am Chem Soc. 2009, 131, 15618.

B vs C) Oxidation of Pd(II) carried 

out at -80°C

Saw Pd(II) and Pd(IV) form!



 Therefore in common Ag(I) oxidative palladium chemistry, the proposal is that:

1) Ag(I) coordinates to Pd(II)

2) Electron transfer produces Pd(III) and Ag mirror

3) Disproportionation of Pd(III) to Pd(II) and Pd(IV)

4) Reductive Elimination of Pd(IV) to Pd(II) forms product

Mechanism could be present also in Carbon-Heteroatom bond forming reactions and 

could explain rate accelerations of Kumada and Negishi coupling reactions

Mononuclear Pd(III) in Catalysis

39



 Based on molecular 

orbitals, there should be no 

[Pd(II)]2 dimers

 However DFT calculations 

showed a weak interaction 

with Pd(II) acetate dimers

 Complexes with Pd(III) 

should be feasible then

Dinuclear Palladium(III) Complexes

Multiple Bonds Between Metal Atoms. Springer Science and 

Business Media, Inc.; New York: 2005.

Bercaw JE, Durrell AC, Gray HB, Green JC, Hazari N, Labinger

JA, Winkler JR. Inorg Chem. 2010, 49, 1801.40



Pd(II)/Pd(III) and P(III)/Pd(III) Complexes
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 Often proposed that Pd(III) dimers are precatalysts to lower-valent Pd species

 Pd-catalyzed aromatic C-H acetoxylations previously proposed Pd(IV) intermediates

Pd(III) Dimers in Catalysis

Sanford MS. J Am Chem Soc. 2004, 126, 2300.

Ritter T. J Am Chem Soc. 2009, 131, 17050.
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 Often proposed that Pd(III) dimers are precatalysts to lower-valent Pd species

 Pd-catalyzed aromatic C-H acetoxylations previously proposed Pd(IV) intermediates

 Ritter proposes that Pd(III) dimers could be the intermediates

Pd(III) Dimers in Catalysis

Sanford MS. J Am Chem Soc. 2004, 126, 2300.

Ritter T. J Am Chem Soc. 2009, 131, 17050.
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Pd(III) Dimers in C-H Chlorinations

Fahey DR. J Chem Soc D. 1970, 417.
44
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J Am Chem Soc. 2007, 129, 15142.

Org Lett. 2006, 8, 2523.

Tetrahedron. 2006, 62, 11483.



 Rate Law shows oxidation is turnover limiting step / first order in dinuclear catalyst

 Co-catalysis by acetate ions?

Ritter’s Mechanism of Pd(OAc)2 Chlorination

Ritter. JACS, 2010, 132, 14530.
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 1-electron oxidants certainly favor Pd(III) intermediates in catalysis

 Pd(III) complexes are established to undergo disproportionation to Pd(II) and Pd(IV) so they 

may only be short lived intermediates in synthesis

 Hard to utilize currently

 Likewise Pd(III) dimers are isolated for X-ray crystallography, but no results disprove that 

they just undergo disproportionation like previous systems

 Until the Pd(IV) intermediate can be ruled out of a mechanistic pathway, Pd(III) catalysis will 

always be challenged

 Ritter’s work is a nice change of pace to challenge traditional thinking

Pd(III) in Review
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Questions?
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Group Questions (MAJOR HINT – They use Pd(IV)!)

48



Question 1
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Question 2
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Question 3

51


