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I1.2.5 Hydridopalladium Complexes

KING KUOK (MIMI) HIT

A. INTRODUCTION

Although hydridopalladium species have often been postulated as important reactive
intermediates in a number of reactions, their precise role in catalysis and/or organic
chemistry remains a challenging research area. Due to their instability, identification of
hydridopalladium species is rare and they have never been detected under true catalytic
conditions. In this section, a brief account of the preparation and characterization of
hydridopalladium complexes will be given followed by a discussion on their chemical
behavior.

Palladium hydrides occurring in clusters, adsorbed surfaces, and interstitial sites will
not be included here. Also excluded are reports of proposed structures with no sufficient
characterization data.

B. GENERATION AND IDENTIFICATION OF HYDRIDOPALLADIUM
COMPLEXES

B.i. Background

To date only a limited number of hydridopalladium complexes have been successfully
isolated and characterized unequivocally. The different synthetic routes, as well as struc-
tural, spectral, and theoretical studies of discrete hydridopalladium species, have been
reviewed extensively in 1996.!!) With the notable exception of the unusual zerovalent
complexes'? (such as [PdH4]?>"), almost all of the hydridopalladium complexes reported
so far have been monohydride complexes coordinated by phosphine ligands.

B.ii. Hydridopalladium Complexes trans-[(R;P),Pd(H)(X)(PR3),]

This class of hydridopalladium species are the best characterized, especially those contain-
ing bulky phosphine ligands. The coordination of these bulky phosphine ligands stabilizes
the hydride species in two ways. First, the basicity of the metal center usually
increases with steric bulk; and second, the bulkier phosphines are more likely to adopt a
trans configuration, thus reducing the chance of decomposition via the elimination of HX.

Handbook of Organopalladium Chemistry for Organic Synthesis, Edited by Ei-ichi Negishi
ISBN 0-471-31506-0 © 2002 John Wiley & Sons, Inc.

81



82 II Pd-COMPOUNDS: STOICHIOMETRIC PREPARATION
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The first hydridopalladium complexes to be isolated and characterized in pure form®®! were
the trans-[(R;P),Pd(H)(X)] complexes (where PR; = tertiary phosphines, X = anionic
ligands), and they still represent the largest class of isolated hydridopalladium complexes.

The most common ways to prepare hydridopalladium complexes of the type trans-
[(R;P),Pd(H)(X)] are:

1. Addition of HCI or trifluoroacetic acid to coordinatively unsaturated palladium(0)
complexes [Pd(PR;),]*® (PR;=PMe,;, PPh;, PMePh,, PCy;, PBu;, P'Bu,Ph, P'Pr;
and x =2, 3 or 4) or [(R;P),Pd(olefin)]"!% (PR, = P(CH,Ph);, PMePh,, PEtPh,, PE(,Ph;
olefin = ethylene, styrene, or methyl methacrylate). Other “acidic” protons could react
with palladium(0) complexes to give the oxidatively added palladium(II) species.
The first example was the addition of a terminal acetylene to [Pd(PPhs),] to give
[(Ph;P),Pd(H)(C=CR)].""!! Although this complex was prepared in the 1970s, its '"H NMR
was only verified independently in 1991.1'%" The addition of O—H bonds of phenol!'?!
and pentafluorophenol™® to bis (tricyclohexylphosphine)palladium(0) furnished trans-
[(Cy;P),Pd(H)(OAr)] - ArOH whereas the addition of ArSH!'Y' (Ar = Ph, p-MeC¢H,,
p-MeOC¢H,) also proceeded smoothly to give the thiolato complexes [(Cy;P),Pd(H)(SAr)].

2. Reduction of the corresponding palladium halide complex by Me;GeH,"! NaBH,,"!
or LiHBEt; (Super-Hydride)!!®; the later has been found to be particularly useful in the
preparation of thermally unstable hydrides, such as the [(Me,NNCS,)Pd(H)(PEt;)] complex
(Figure 1).

3. Hydrogenolysis!'”! of trans-[(Ph;P),Pd(COPh)(X)] or trans-[(PPhs),Pd(Ph)(X)]
under high pressure (80 atm) at 60 °C.

4. B-Hydride elimination processes. An important reaction in many Pd-catalyzed reactions,
this is nevertheless the least common method for preparing hydridopalladium complexes. First
reported by Maitlis and co-workers!'®M!”! a simpler procedure was developed by Goel and
Goel® to generate a range of [L,Pd(H)(Cl)] complexes from [(COD)PdCl,] (Scheme 1).
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Scheme 1
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B.iii. Hydridopalladium Complexes cis-[(R;P),Pd(H)X]

Due to the ease of reductive elimination of HX, there are only two reported examples of
cis-[(diphosphine)Pd(H)(X)] complexes. The addition of HCN to [(diop)Pd(norbornene)]
generated a transient intermediate that has been formulated as a [(diop)Pd(H)(CN)] com-
plex?!l (Scheme 2), suggested by the observation of a broad proton resonance at —4.9 ppm
in the 'H NMR spectrum.

Ph2 Ph2 H
0 LN HCN 0 N
R b )] - N ba?
A\ O / A\ O / CN
Ph, Ph;
Scheme 2

The other example is a bimetallic compound in which ROH (R = H or Me) adds
reversibly to [(R,PCH,CH,PR,)Pd=Sn{CH(TMS),},] (R'="Pr, Bu), giving
[(R',PCH,CH,PR’,)Pd(H){ Sn(OR){ CH(TMS),},}1, which is stable up to 100 °C, where-
by it eliminates a molecule of the protic solvent, reverting back to the initial starting
material (Scheme 3).[%
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Scheme 3

B.iv. Cationic Hydridopalladium Complexes [(R;P);Pd(H)]* X~

Dihydrogen reacts with [(Ph;P),Pd(CF;COQ),] complex at 70 °C, in the presence of excess
triphenylphosphine and aqueous CF;COOH, to give the cationic palladium hydride
complex [(Ph;P);Pd(H)]". This complex could also be prepared by the addition of the acid
to [Pd(PPh;),] at 25 °C. The structure was confirmed by 'H and 3'P NMR studies.*)

Protonation of tetrakis(triethylphosphine)palladium(0) by ethanol gave the cationic
hydridopalladium complex [Pd(H)(PEt;);]*, isolated as a tetraphenylborate salt.l**!
Addition of strong acids H;O*X~ (X = BF;0H, BF,) to coordinatively unsaturated 14-elec-
tron palladium complexes [Pd(PR;),] (R = Bul?*!, Cy/?®l) gave thermally unstable cationic
hydridopalladium complexes trans-[(R;P),Pd(H)(H,O)]X. These could be made more sta-
ble through the coordination of a better donor solvent such as acetonitrile [(R;P),Pd(H)-
(CH;CN)]X. Interestingly, the stability of these complexes is dependent on the interaction
between the coordinated solvent molecule with the counteranion. In light of this, the ability
of the palladium hydride to engage in hydrogen bonding was discussed.?®!
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Recently, a [(diphosphine)Pd(H)(MeOH)][BF,] (Figure 2) has also been prepared by the
addition of HBF, to [(diphosphine)Pd(dba)] in the presence of oxygen or benzoquinone.?”!

B.v. Other Hydridopalladium(II) Complexes

So far, the most stable hydridopalladium complexes are those that are chelated by tridentate
ligands containing phosphorus donors (Figure 3). [Pd(triphosphine)(CH;CN)](BF,),
complexes reacts with NaBH, or H, to form [Pd(triphosphine)(H)](BF,), where triphos-
phine = ttpE, ttpC, eptpE, etpE, and etpC.?8! Hydridopalladium complexes chelated by
PCP ligands?*’3% are found to have unusual thermal stability where the cis-phosphorus
donor atom contains sterically bulky groups, that is, when R = ‘Bu. Reducing the steric
bulk (when R = Ph) is found to reduce the stability of the complex.*!] The methylpalla-
dium hydrides trans-[L,Pd(Me)(H)] (L = PCys, P'Pr;) were prepared by the reaction of
Grignard reagent MeMgBr with the corresponding chloro complex [L,Pd(H)(CI)].1*

The synthesis of other trans-[L,Pd(H)(X)] complexes, where X = I or Br, NO;, CN or
NCS, BH,, RC=C, and PhNH, have also been reported.!!*-331-{36]

The replacement of an anionic ligand by a neutral ligand is also a convenient way of
generating cationic palladium complexes of the general formula [(R;P),Pd(H)(L)]*A~
(where R=Cy, Pr or Me; L =dppe, MeCN, pyrazole, imidazole, pyridine, and
substituted pyridines; A~ = PFg or BPh,).1**!

The formation of hydridopalladium complexes free of phosphine ligands (Figure 4)
were observed when cyclometalated palladium chloride complexes were subjected to
hydrogenolysis in DMF solutions.”)
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The only example of a dihydride complex, trans-[(Cy;P),Pd(H),],¥ is formed by the
reduction of bis(acetoacetonate)palladium(Il) with trialkylaluminum in the presence of
PCy; (Scheme 4). Its structure is deduced by analogy to the corresponding characterized
platinum dihydride complex. The isolated product was reported to have an unusually
low v(Pd—H) infrared band; the authors ascribed this to the strong trans effect of the
hydride ligands. However, the insolubility of the complex precludes any definitive NMR
examination.

AlRj
Et,O

Scheme 4

Pd(acac), + 2 PCy3 [Pd(H),(PCy3);] + [PA(PCy 3),]

B.vi. Hydridopalladium(IV) Complexes

Of particular interest is the report of a reversible addition of nonactivated aliphatic and aro-
matic C—H bonds, including p-xylene, toluene, benzene, n-hexane, and cyclohexane, to
[(Ph;P),PdX,] (X = Cl, Br, ), giving the palladium(IV) complexes [(Ph;P),PdX,(R)(H)].1**!
Hydride ligand may also adopt a u-coordination mode (Figure 5) whereby it bridges
to two palladium centers. [(Diphosphine)Pd},(u-H)(u-CO)]* is probably the most com-
mon binuclear hydridopalladium complex reported (where P, = monodentate!?*! or biden-
tate*9-142l phosphine ligands) often by the reaction of a 14-electron coordinatively

PPh, thll)
Pd—H—Pd

PPh, PhyP

Figure 5
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unsaturated palladium complex with carbon monoxide in methanolic solution. Other
complexes containing a single hydride bridge!®® or dihydride bridges™!* are also
known. Although the involvement of dinuclear palladium complexes as reactive interme-
diates in catalytic processes has yet to be proved, the possibility could not be entirely
ruled out.

C. CHARACTERIZATION OF HYDRIDOPALLADIUM COMPLEXES

Although the stereochemistry of transition metal hydrides is generally well studied,*® the
limited number and variety of isolated hydridopalladium complexes hinder systematic
studies. So far none of the palladium hydride complexes has been examined by neutron
diffraction techniques, although a number of solid-state X-ray crystallographic structures
have been reported.!'2M13126L45] Since X-rays are scattered by M—H bonding electrons
and not the nuclei, the exact position of the hydride ligand could not be located. Gener-
ally, palladium—hydride bond distances are thought to be between 1.46 and 2.13 A, and it
has been suggested that “X-ray methods systematically underestimate the true M—H in-
ternuclear distance by approximately 0.1 A”.47]

Infrared and 'H NMR spectroscopy are invaluable ways of characterizing hydridopal-
ladium complexes in the solution phase, especially for transient and/or unstable species.
Although terminal hydride ligands are expected to have »(Pd—H) stretches occurring in
the distinctive region of 1950—2060 cm™!in the infrared spectrum, they are often very
weak signals and are also rather dependent on the frans effect of the opposite ligand.
Therefore, this should not be used as the sole characterization technique. The most reli-
able way of determining the presence of a hydride ligand is by 'H NMR spectroscopy.
The Pd—H signal is deshielded by its coordination to a transition metal and is located at
higher field than the TMS signal (referenced at O ppm). Its precise chemical shift is again
dependent on the frans ligand: around —5 ppm if it is frans to a carbon fragment, or in
the region of —15 to —20 ppm if it is trans to an electronegative ligand, such as a halide
or an alkoxide.

D. CHEMICAL BEHAVIOR OF HYDRIDOPALLADIUM COMPLEXES

The broad reactivity pattern displayed by transition metal hydrides is of special relevance
in catalytic reactions*® and has led to a great deal of theoretical studies.*”! The
organometallic chemistry of hydridopalladium complexes has been reviewed.®” The in-
volvement of hydridopalladium species is prevalent in Pd-catalyzed reactions. Their
precise roles in catalytic hydrogenation (Sect. VII), Tsuji—Trost (Sect. V.2.1), and other
related reactions are covered in detail in later sections. Only a brief introduction to their
general reactivity of mechanistic relevance will be presented here.

D.i. General Reactions

The precise nature of the Pd—H bond is an interesting issue that seems to depend
largely on the nature of the other ligands bound to palladium. For a series of [Pd(triphos-
phine)(H)](BF,) complexes, the hydridic/acidic nature of the hydride ligand has been
investigated via reactivity studies and extended Hiickel calculations, which showed a
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correlation between the chelate bite angles and electron density on the hydride ligand.”"
Much of the chemistry of hydridopalladium complexes could broadly be divided into two

types:

1. The addition of the PA—H bond across unsaturated carbon—carbon bonds such
as alkenes and alkynes.!'®! This constitutes the initial steps of many proposed catalytic
cycles catalyzed by palladium. More often than not the hydridopalladium complexes
are generated in situ by the addition of a proton source (e.g., acetic acid or acidic hy-
droxyl substrates) to palladium(0). The nature of the hydride ligand on palladium and
the subsequent implications in organic synthesis have been reviewed.!! Intermolecu-
lar assemblies of olefins, alkynes, allenes, carbon monoxide, amines, or oxygen nuc-
leophiles have been achieved.’?! The resultant PdA—C bond can then participate in a
range of reactions such as insertion into another unsaturated molecule or coupling
with saturated fragments. This is demonstrated well by the Pd-catalyzed methoxy-
carbonylation of ethene, which has been shown to occur via a hydride mechanism, by
the identification of all the reactive intermediates involved in the catalytic cycle
(Scheme 5).127!
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2. The study of the involvement of hydridopalladium complexes under basic
conditions is far more elusive. The involvement of these species in the S-hydrogen
elimination step has never been observed directly and their involvement is only im-
plied based on mechanistic considerations. A good example was provided by studies
of the reductive elimination step of the Heck arylation reaction. An alkylpalladium(II)
intermediate releases the product methyl cinnamate, while simultaneously capturing a
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methyl acrylate in the process to form the alkyl complex (Scheme 6).5%! The process
is very facile, presumably occurring via a transient hydridopalladium complex,
which was not observed but must clearly be involved. In the presence of base that is
likely to deprotonate the hydridopalladium species, the catalytic precursor is generated

instead.
CF3S0;~ 0 A Come CF3SO5~ O
0 0

+/ +/
PQPdXCHzPh %' P,Pd >(CH3

MeO,C H AN COMe MeO,C H
CF3S05” t CF3S05™ t
+,0 _Ph _ 4+ M
PP | —— P,Pd’_ l
MCOZC COzMB
Scheme 6

Subsequent studies on the reactivities of neutral and cationic alkyl- and aryl- palladium
complexes revealed that the creation of a vacant site adjacent to the alkyl or aryl ligand
causes marked enhancement in reactivity toward B-hydrogen migration.®*! The
implications of these results on the fundamental processes of the transition metal alkyls
and aryls with the mechanisms of Pd-catalyzed organic synthesis, such as arylation of
olefins and carbonylation of aryl halides, have been discussed.

E. FUTURE OUTLOOK

The effort to identify the precise role of hydridopalladium species in catalytic reactions
could not be underestimated. There is a need for a systematic study of the precise nature
of these transient species. The task will be a very challenging one but will invariably
lead to improvements in current protocols, as well as the design of novel catalytic
reactions.
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