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INTRODUCTION

The coordination chemistry of palladiune reported during 1991 has been reviewed. The main
sousce of information has been "CAS Selects:- Platinum and Palladium Chemistry” which has been
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surveyed up to issuc 22, 1992, Compounds containing only palladivm-carbon bonds,
nonstoichiometric solid staie complexes and alloys have been excluded. Complexes have been
classified according to the oxidation state of the palladium and the natore of the ligand donor atoms.
Where a complex contains mixed ligands or dorer sets, it is treated under the donor atom nearest
the top left of the periodic table. A separate section is included on the use of coordination chemistry
to extract palladium.

A review of the chemistry of the platinum group metais has appeared [1]. Isornerisation of
palladivm(I) complexes has been reviewed in termns of the ligand wrans effect [2).

4.1 PALLADIUM(IV)

The oxidation of sulphite and chloride complexes has been studied using various aqueons
oxidants [3}. [PdCls12- has been reacted with HgTeQOg in aquecus NaOH or KOH to give
palladiom(IV) telluride complexes [4]. The crystal steucture of NagKoHa[Pd; TeaOg4H2] has been
determined. The palladium atom is coordinated octahedrally to six oxygen atoms. [PdClg]?- has
also been reacted with {104)2- in aqueous alkaline solution [5] to give MgIPd(OHz)(HIOg)).aH0O
{M = Na or K).

The redox chemistry of some patladium chloro ammine complexes has been studied [6] and
the redox potential of [PA(RNH2)»CL4)/IPA(RNH2),Clp] found to be 118 V (R =Me)and 1.311 V
(R =Et). Oxidative addition of methy) iodide or berzyl bromide to [PdMePh(bpy)] gives the first
arylpalladium(TV) complexes [PdXMePhR(bpy)l [71. These decompase by reductive elimination of
organic fragments to give ethane and woluene.

Mixed IV-II oxidation state complexes of palladivm have been prepared using various
teradentate nitrogen ligands [B]. These have the formula [PAL]IPdIX5]1Z4 (X = Cl, Br; Z = BF;,
ClO4 or PFg) and have a linear chain structure. Their electronic properties were investigated. The
crystal structure of another mixed oxidation state compound, {PAL2Bryl{PAL;1Brg (L = (-)-1,2-
cyclohexanediamine) has also been reported [9]. Thermal decomposition of (NHa)[PdClg) occurs
via the intermediate (NH2)2{PdCla] {10). The 35C1 NQR spectum of [PAClg]2- was investigated
[11] and the [NMe4]* salt found to be a clathrate, [NMeala[PdCig].Cly whose crystal structure has
been determined.

4.2 PALLADIUM(I)
4.2.!  Complexes with boron ligands
The reaction of (PhpP{CH7)n,PPh)PdCly with {B3Hgl- results [12] in substitution of the

chioride ligands by [BiH7]2~ for n =1-4. No reaction occurs with higher values of n as the
starting compounds arc dimeric with frans chloride ligands. The structure of the pelladaborane
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[PhCHzNMe312i(BigH12)2Pd] has been reported [13]. Phosphine migration from palladium to
carborane tkes place]14]:

[NMeg)[7-SR-8-Me-7,8-CoBoH;g) + P&FPhy);Clp —> PdPPhaClI7-5R-8-Me-11-FPhy-7,8-CoBgHol +
CgHg + MNMegiC?

A similar reaction [15] with the [rido-7,8-AsyBgHjg)~ anion gives clusters with a PdAs;Bo-
core. Palladium(II} chloride has been rescied with a variety of exo-dithio-7,8-dicarba-nido-
undecaborane detivatives to form [MLClz}-, [MaLaCla] and [ML;) compounds [16).

422  Complexes with tin ligands

The complex (PPhy)}4Pd was reacted with PhaPCH2CHSnR3 (R = Ph, Me) to give a trans
PA() stannyl complex (1} [17].

1)

The [PdCl4.o(5nCl3),] system has been investigated spectrophotometrically in hydrochloric
acidfwater [18]. Stability constants were: log K3 = 4.41, log K4 = 4.12, log K5 = 3.88. Oxidation
occurs and Pd-Sn bonds are ruptured when (MesN4[Pd(SnCly)sCl] reacts [19] with [8203)2- and
[SO3)2-. Processes occurring in isopropyl alcohol [20} and nitromethane [21) solutions of
paliadium(3) tin chloro complexes have been investigated by 11952 NMR and Mdssbaver

423  Complexes with nitrogen ligands

423.1 Monodentate ligands

Parents have appeared for the manufacture of PA(NF3)2Cly [22], [PA(NH3)41C13z (23] and
(PA(NH23)4 (HCO3); [24]. The preparation of [PA(NH3)}2C204] has been reported (25]. Patents



102

have also appeared for the manufacture of [PA{NH3}2(NGs}2] [26, 27]. The crystal structure [28)
of B-rans dichlorodiamminepalladium has been determined and the thermal decomposition [29]) of
[PA(NH3)2Cl2) has been studied. The stability constants for [PA(NHz)m(H20)4.m)2* have been
determained [30] as 9.56 £ (.12, 8.87 £ 0.07, 7.52 £ 0.03 and 6.79 £ 0.03 for m = 1-4. The
oxidation of palladium ammiine thiosulphate complexes has also been studied [31].

The reaction of S-diketonatopatladium(Il) with 4-substituted pyridines has been studied
[32]). Reaction of PACI2{PhCN); with 2,6-di-B-ketoester substituted pyridines (HyQ) gave rrans
Pd(H>Q)Cla [33]. The ligand substituents formed O-O-chelates with Cu{II}. The reaction of 1,4
subsitured benzodiazepines with PdyXa(PPr3); cleaves the halide bridge to give monomeric
complexes [34], The stability of the complex depends on the sebstituents with the 2-keto-form
being less stable. The [PdClg]? ion reacts [35] with creatinine (L) to give (PdL4]2-, The ligand
aziridine of PdL2Cl; reacts with NH4Cl to form ligated 2-chloroethylamine. Similar reactions [36]
occur with the [PdLs]?- jon to give 2-aminoethylaziridine and N-( 2-chloroethyl)ethylenediamine
with HC). The monodentate azide in PAL(N3) {(HL = 2-{{(2-diethylamino)ethyl)amino)cyclopent-
1-enedithiocarboxylate) reacts [37] with p-MeOCgH4CN to give a tetrazole ligand NoCCgHa-p-
OMe bound through the N2-atom,

Several palladium{il) amido complexes have been prepared and these include the
compounds (PPhy)2[Pd2Cl4(NH2)a], PPRa[PRC(NH3)(NH)PACl3] [38],
(Me3P)Pd(CsHaC{H)=NCHMe,)}{NHPh) [39] and PAH{NHPh)L; (L = P(CHMez}3 or PCy3}
[4€). A number of PAdL3X7 complexes have been prepared and are presented in Table 1.

Fable 1 PdL3X 3 complexes with N-donor ligands
L X Reference

4-vinylpyridine
l-vinylimidazole Q [41]
4-methyl-5-vinyl-thiazole
2-pyrrolidone Qa [42]
2-methyl-S-vinyl-tetrazole Ct [43]
N-methylpiperazine Q [44]
NHEty dialkylcarbamato [45]
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4232 Bidentate ligands

The IR spectra of dimethylglyoxime chelates of palladium have been measured [46] and
hydrogen bond distances calculated. The kinetics of substitution of NY N'N'-Rsen (R = Me, Et)
with chloride ion on palladinm(il) have been studied [47]. The data support an associative
mechanism. The intramolecular aromatic ring stacking has been studied by 1H NMR spectroscopy
in PA(LY{(UTP)" (L = phen, bpy, n = 2; L = DL-tryptophan, n = 3; UTP = uridine 5-triphosphate)
[48). The degree of interaction is greatest for L = phen and least for L = DL-tryptophan. The
cytotoxicity of PA(L)(XO4) {L = bpy, phen, 2,2 dipyridylamine, en, Hrans-1,2-diaminocyclohexane;
X = Se,Te) has been studied [49]. The tellimite complexes are more effective cell inhibitors than the
selenite ones. The complex [(en)Pd(4.4° bpy))4(NO3)g shows the ability to recognise aromatic
compounds in D0 [58].

In the palladivm{Il) complex [PAL;ClIBF, (L = 6-methyl-2,2'-bipyridine), one of the
ligands is only monodentate with the nitrogen atom on the methyl substituted ring being
uncoordinated [51]). Several complexes of palladinm(ll) with I-methylcyitosine have been prepared
[52}. This ligand can also be either mono or bidentate. In the complex (PPhapPiLPdCly (L= 1,10
phenanthroline-5,6 dithiolate) the ligand bridges the two metal atoms [533] and bonds to the
palladium atom as a bpy type ligand. Bidentate nitrogen ligands also act as bridging groups in
[Pd3lyX4)Xo nFlo0 (X = C, n =3; X =Br, n =2; L = 3,5-diamino-1,2,4-riazole) [54] which has the
stzucture shown in (2).
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A pyrazolate ligand has been used to bridge between palladium and rhodiom in the
heterometallic complex Pd{Rh{n-pz)(p-SCMea)ls)2 where Ly = COD, {CO)a, CO(PPh3), or
CO{P(OMe)3 [55].

A number of PALXs complexes have been prepared and these are listed in Table 2.

A range of complexes of general type PdL has also been prepared and the compounds are given in
Table 3.
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Table 2: Some PdLX2> complexes
L X Reference

Dimethylaminoferrocene | €1 (561
2-(2-NN-di-2,2- 57
propenyl
aminoethyl)pyridine
2,2-biguinoline Cl,Br [58]
2 2" bipyridine a (591
phen succinamide (601
bpy
morpholinobiguanide halide, thiocyanate, [61]
piperidinobiguanide hydroxide
33,55, and 7,7 Cl, Br, CgFs [62]
dimethyl-2,2'-diindazole
en isopropylphosphonato [63]

Table 3: Some PdLz complexes.

L Reference
4,4'-diisocyanobiphenyl [64]
R:C(Me)C(CO-ED:NOH (R =H, Me, Et, Pr, By,

CH3Ph) [65§
2,3-bis(hydroxyimino}-1,2,3,4-tetrahydro- {66}
pyridof2,3bjpyrazine

3.5-R-pyrazole L]

3,5-R-1-mcthyl-pyrazole

R = NCO, N(CN), C(CN)3)
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4233 Carbonand nitrogen bidentate ligands

There is a large number of complexes where the ligand is bonded through both carbon and
nitrogen. In many of these, the ligand has undergone orthometallation. With N N'-
diarylformamidines and N, N'-diarylacetamidines [PdCl4]2- reacts [68) to form a six membered
metallocycle whereas with N N'-diarylbenzamidine a five membered metallocycle is formed. These
[PALCl), complexes can be cleaved by a variety of monodentate ligands. 2-phenylpyridine can give
either monodentate N-bonded complexes or cyclometallated ones depending on the reaction
conditions [69]. A four membered metallocycle ring, (3, has been prepared [70].

The agostic interaction of pendant C-H substituents on cyclopalladated complexes has been
studied [71] using phase sensitive 1H 2D NOESY. The C-H bond lies above the square plane of
the complex. Alkyne fragments have been inserted {72] into the Pd-C bond in {(4).

Cyclometallating ligands can also be used to bridge between metal atoms. The complexes
Pd2Y(H20)3Cl and PtPA(YH3)(H,Q)2Clz (YH3z = 4,6-diphenyl-5-phenoxy-1,2-
dihydropymrimidine-2-one) have been prepared [73] and the water ligands replaced by en and py. A
cyclopalladated polymer (8) has been prepared [74).
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R=R'=MeQ, R=R'=QCH;(; X =Cl, OAc
)

Other ligands can also give bridges in cyclometalated complexes. Palladium(il) acetate
reacts with N-(3-methoxy)benzylidenecyclohexylamine 1o give an acetato-bridged dimer. The
acetato bridge can be replaced by halides and then dppm or PhoPC(=CH;2)PPh; to give a dimer with
a halide and g diphosphine bridging {751. A complex has been prepared [76] where the ligand
bridges through both C and N atoms (6) (R = Me, 4-MeOCgHa; X = Br, C).

R
AN
PhsP N
L)
X/Pd N
\ Vo
N\ Pa—"
o8
N PPh;
~
R

(6)
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L X Reference
2" 6-dimethylazobenzenaio y~chioro 7
N-(3-methoxybenzylidene}- p-acetato
and N-(4- M-halide [78]
methoxybenzylidene)- PPh3, PBuz, PCy3
cyclohexylamine; N-(4-
methoxybenzylidene)-2,4,6-
wimethylaniline
dimethylbenzylamine CeF5 & NCMe,
8-quinolyimethyl PPh3, PPhiMes, Br [791
CgFs & u-Br
NN-diethyl-2.6- p-Cl 80}
dialdiminobenzene NCMe & ClOy
py. bpy,
various donor
ligands
1-methy!-2,2-bipyridin-3- NOz, Hz0 i81]
ylhium
4-hydroxy-4'- w-Cl {82}
methylazobenzene
NN-di-R-benzene-1,3- M-acetato 1831
dicarbaldimines. R = Et, By, u-Ch
octyl, benzyl varions doner
ligands
N-(3,4- p-CLBr I i84]
dimethoxybenzylidene)
cyclohexylamine
4'-{methoxyphenyl-NNO- u-Ct [85]
azoxy-N2)-4-methoxyphenyl- salicylideneaniline

2-ato
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Dioximes of 1,3 and 1,4 diacetylbenzene undergo double cyclopalladation to bridge two
palladium atoms. 1,5 bis{dimethylamino)naphthalene can be singly and doubly cyclopalladated
[86].

A number of other cyclopalladated complexes of general type [PdLXs], have been prepared
and are listed in Table 4.

4234 Complexes with nitrogen and oxygen or phosphorus donors

The bimetallic titanium-palladivmn complex (7) can be made [87] with the nitrogen-
phosphine or arsine ligand starting on either the titanium or paliadium atom (X =P, As).

The thermal decompeosition of Pdl; (HL = 2-hydroxy-4-n-propoxyacetophenone oxime)
has been studied [88). Palladiom(I¥) complexes of 2,3-disubstituted quinazolin-(3H-4-ones have
been prepared and their thermal anatysis [89] shows loss of ligand. Complexes of palladinm(T)
with 2-aminonicotinaldehyde acetylhydrazone and phenylacetyihydrazone have been prepared [90)
and the ligand found to be bidentate. When phen reacts [91] with Pd(HL+)>, (HsL =
MezCIN=0YC(Me)=NOH) an intermediate radical is formed: [Pd(pher){HL+-)). The reaction of
Pd(PhaP(CH2)3PPh2)Cly with a-aceamidocinnamic acid and silver(I) oxide gives (8) whereas the
reaction [92] of PdLaCly (L = PPhy, PMePhz, PMeaPh, Ly = PhoP(CH2)4PPho with 2-
acetarmidoacrylic acid gives (9).

Ac CHPh NHAc
L\Pd L\Pd
-~ -~
L ~o o L ~o 0
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The complexation of pailadium with aliphatic amino acids has been swudied [93]). The
stability is dependent on the aliphatic chain length, In PdL3X2 (L = diethyl-2-
quinolylmethylphosphonate, X = Cl, Br) the ligand is monodentate but in cis PALX> it is bidentate,
bonding through nirogen and oxygen atoms [94]. The complexes have been screened for antitumor
properties but only PdLoBr; shows activity. A Pdiy complex has been obtained [95) for HL =L-
citrulline which from spectroscopic evidence contains ligand bonded through carboxylic acid and
amine groups. The complexes [PACIL{u-Cl)]2 and PACloLs (L = 4-amino-2,6~dimethyl-5-0xo-3-
thioxo-2,3,4,5-tetrahydro-1,2,4-triazine) have been forreed [96) from PACI:{(PhCN); and L. The
corresponding bromo complexes have also besn prepared. Pdl.; complexes have been prepared
where L = substinuted triazene-1-oxide [97).

The thermal decomposition of PdLy (L = fluorenone thiosemicarbazone [98], thiophene-2-
carboxaldehyde thiosemicarbazone [99]) has been studied. The stability constants of paliadium(iT)-
N-acyl-thiowrea complexes have been determined and compared with those for Au(ITT) and Hg(Il)
(100]. The interaction of Pdij (L = 8-mercaptooxinate) with donor solvents has been studied
[101].

The ligand pyramidine-2-thione acts as a monodentate S-bonded ligand to palladinm(Il) in
acid media or methanol but in nentral or basic media also bonds through the ring nitrogen atom
[102]. Similarly, reaction (193] of palladium(IT) with aromatic thiosemicarbazide derivatives gives a
variety of complexes where the ligands can be bidentate or bridging tetradentate. Mixed ligand
complexes of paliadium with methionine (bonded through amino nitrogen and sulphur atoms) and
pyrimidine ligands have been prepared [104] and found to have andmicrobial activity. The complex
PALCly (L = 6-cthoxybenzothiazole-2-sulfonamide) has been prepared and found [105] to be a
strong inhibiter of red cell bovine carbonic anhydrase,

The technique of NMR spectroscopy has been used to examine [106] Pdly (L =
parasubstituted N N-diallyl-¥’-benzoyl-thiourea) and the thiocarbonyl carbon atom has been
assigned using 195P¢-13C coupling satellites. The complex PdaLoCly(PMes)s (HL = pyridine-2-
thiol) has been studied [107] using a variety of NMR spectroscopy techniques,

A new ferrocenyl derivative has been prepared [108) and complexes with paliadiam(Ti) o
give (10). The complex has non-linear optical properties.

Me

O
/ﬁ( g
Cl
bd -
/ X -~ \
Cl
X=8,80 Fc

Fc = ferrocenyl Ph'

(10)
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In addition, PdLCl complexes have been prepared and characterised for L = N V-diethy)-2-
octylthioacetamide [ 1091, 2-mercaptopyrimidine and 2-thiocytosine [110]). PdLj (L = 4-amino-3-
mercapto- 1,2 4-triazole) has been prepared [111] and PdaLa (HaL = 2-(2-mercaptophenyliimino-4-
pentanone) has been prepared #n sire [112] from 2,4-pentanedione, 2-aminobenzencthiol and
palladium(I¥). Complexes with bridging SN2 and [S3N2}2- ligands have been prepared [113] by
the reaction of S4Ng with [Pd;Cigi2-. The crystal structures of Pdl, complexes with S,N-chelates
have been detenmined for L = thiophene-2-carboxaldehyde-4-phenyithiosemicarbazonato [114} and
1-isopropyl-3-methyl-4-cyclohexylaldimine-5-thiopyrazolato {115). The latter is unusual in that the
sulphur atoms are trans to each other.

4.2.3.5 Terdentate nitrogen ligands

The reaction of binary and ternary diethylenetriamine(dien) palladivm complexes with other
amines has been investigated {116). The binding of [Pd(dien)]2* with 8-azapurines and 7-deaza-8-
azapurines has been studied [117] using XH NMR spectroscopy. The terdentate ligand complexes
PdLCl have been prepared [118] by the coadensation of isonitrosoenzoylacetone and either
ethylenediamine or trimethylenediamine in the presence of palladium(ll). The complex {PALCI*
has been prepared [119) for L = 2,6-di{(benzimidazol-2-yl)pyridine and other derivatives. The
potentially pentadentate ligand N, N'-di{2-picolyl)-N-(2-pyridinecarboxamide)-1,2-
diaminocyclohexane coordinates [120] to paliadium as a terdentate ligand through the two picolyl
pyridine nitrogen atoms and the sccondary amine group.

4236 Terdentate ligands with nitrogen and other donor atoms

The binding of the terdentate ligand 2,6-bis(methylthiomethyl)pyridine has been studied
[121] by potentiometric and spectrophotometric techniques. Its acidity constant was log K=4.04 +
0.04. The rate of substitution of the chloride ligand in PALCI (L = N-(3-dimethylamino-1-
propyl}salicylaldimine) has been studied [122] and an associative mechanism is supported. The
ligand pyridine-2,6-dicarboxylic acid becomes [123] terdentate rather than bidentate on raising the
pH from 1.4 to 5 giving [PALCI]~. Similarly MeC(=NOR)C(Me)=NNHCSR' (H2L; R =H,R'=
NH,, NHPh, $M¢; R = Me, R’ = NH5, SMe) reacts with [PACLg}2- to give bidentate complexes
initially (bonded through S and hydrazinic N) [124]. On reaction with amines these complexes give
PdLA (A = amine) where L is bonded through O, §- and hydrazinic N-donor sets. The complex
(11) has been obtained [125] by the oxidation of one ligand side arm to a benzoxazole,

The reaction [126] of PdLC (L = cyclometallaied 2'-benzylthio-4-methylazobenzene) with
chlorine resulis in formation of chlorinated azobenzenes rather than palladium oxidation.
Palladinm(IT) ion reacts with N-phenyisulfonyl- and N-(losyl)-glycine w0 give temameric complexes
(127] Pdy4(ls-ClypLg where two ligands are cyclometallated to become terdentate (ON,C) and
another rwo act as bridging carboxylates. The paliadivm ions are bridged by chloride and
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carboxylaic groups. Terdentate G.N,C-ligands have also been prepared using 2-substituted 8-
quinolinols [128]. The substituent side-chain provides a carbanion to form a P2-C bond. The
luminescence spectrum of Pd(2,6-diphenylpyridine)py has been recorded [129] and involves the
terdentate ligand although electrochemical results suggest that the LUMO is centred on the metal
atom. Reaction of 6-(2-thienyl}-2.2-bipyridine with [PdCls}2- gives a cyclometaliated N.N,C-
cornplex PALCI [130].

t-Bu
o +Bu
\Pd - PPhy
N s N
-Bu | / \
\ o
t-Bu
Me
{11}

42.3.7 Tetradentate nitrogen ligands

The association in solution of PAL (L = 6-t-Bu-2,3-naphthatocyanine [131], tetra(p-
sulfophenyl}porphine and tetra(4-N-methylpyridyl)porphine [132]) has been studied. A complex of
3,5-pyrazoledicarboxylic acid has been prepared [133] where the ligand coordinates as the trianion
giving [PdaLal?-. A six-membered ring of four nitrogen atoms and two palladium ones is formed.
Other PAL complexes are listed in Table 4.

4238 Other multidensate N-containing ligands

The binding of edta with palladium(IT) has been studied [134] spectrophotometrically at pH
0.5-7.5. PdL (HaL = bis(salicylidene)-o-phenylenediamine) has been prepared [135]. Electrolysis
of this and other complexes [136] (H;L = bis(acetylacetone)ethylenediamine, bis(salicylaldehyde)-
ethylenediarming) gave partially oxidised polymers. PdL complexes have also been prepared [137]
for Hol. = 6,6-dimethyl-5,7-dioxo-1,11-dithia-4,8-diszacyecloteradecane and 12,12-dimethyl-11,13-
dioxo-1,4,7-trithia-10,14-diazacyclohexadecane.
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The crystal structure of [PALIJNCS (HL = 1-phenyl-3-[2-[(2-aminoethyl}-
aminolethylimino }-1-buten-1-ol) has been determined [138] and the patladium stom is coordinated
by a distorted N30-square set of donor atoms. Complexes PdoLBry4 with L = [18JaneNg and
[20]aneNg have been prepared and structurally characterised [1391. Two palladium(FI) ions each
coordinate to three of the nitrogen atoms and the remaining coordination site is occupied by a
bromine atom. The Pd-Br bonds are mutually trans in the [18]aneNg complex but cis in the

[20]aneNg one.
Table 4: Complexes PAL with tetradentote nitrogen ligands

L Reference
S-amino-2,3,7,8,12,13,17,18-octacthyl-21H,23H-porphyrin
S5-(4-isothiccyanotobenzamido)-2,3,7.8,12,13,17,18-octacthyl- (140}
21H,23H-porphyrin
2,3,7,8,12,13,17,18-ocmethylporphyrin, octaethylchlorin, [141]
octaethylisobacteriochlorin
meso-diphenyhetrabenzoporphyrin [142}
1,8,9,20-tetrahydro-3,69-trimethy}-1,8-
diphenyldibenzofc,midipyrazolo{ 3,4-£:4',3'j1,2,5,8,9,12})- (1431
hexaazacyclotetradecine
tetraazaf 14]annulenetetracarhonitrile [i44]
N.N'-bis(2-pyridinecarboxamide)- 1,2-diphenylethane [1451
N N"bis(2-pyridinecarboxamide }phenylethane
NN"-bis{amincalkyloxamides (1461

424  Complexes with phosphorus and arsenic figands

4241 Monodentate ligands

Infrared spectral data for PA{PR3}S0Oz have been reported [147]. PdLzCly complexes have
been prepared with several novel phosphine ligands; L = 4,6-Rp-2,5-dipheny!-1,3,2,5-
dioxaboraphosphorinane [148), 10-phenylphenoxaphosphine and N-methyt-P-
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methylphenophosphazine [1491, and {cyclopentyl)pPPhip; n = 1-3 [150]. The crystal structure of
trans Pdlz(PPh3y2. HCCl has been reported [51].

The complex PACla(PPh3)2 has been reacted [152] with 8-hydroxyquinoline, oxalate and
salicylaldehyde to give complexes where the chloride ligands are replaced by the bis-chelates.
Similarly, rrans-Pd(PPha)z{thiourca); has been prepared [153] by the reaction of thiourea with the
corresponding chiore complex. The pyridine ligand in frans-PACI(CsHaN-C2)(PMezPh)y has been
protonated [154]) with HCIO4 to give 2 2-pyridylivm ligand. Reaction of Pd{PR3) with acids
[H30%1X (X = BF4, BF30H) leads 10 hydride complexes trans-[PA{FR3}2(HYH2ONX (R = tert-
Bu [155], cyclohexyl [156]). However when [PA(OAc){PPh3)]o reacts [157) with formic acid the
phosphine ligand is oxidised and a phenyl group is transferred to the palladivm atom to give [Pd(p-
Q2PPh2)PR(PPh3)12.

The crystal strucmure of rrans-PdEy(SPh)(PMes); has been reparted and its reaction with CO
studied [158]. Insertion initially takes place in the Pd-C bond. The reaction [159] of Bda{p-
ClpCla{PMes); with L = thietane gives PACla(PMe3)L under mild conditions but with more severs
conditions the ring is opened to give PdaClaipt-SCHaCHZCHCl){pe-Cl(PMes)z. A number of
dipalladium thiolato complexes have been prepared, including cis-Pd2Cla(p-Cl}{p-SR)(PMea); (R
= Me, CMe3, Ph), and rrans-PdyClu-SPh)p(PR3) (R = Et, Me) [160].

A number of palladium-sulphur clusters containing phosphine ligands have been prepared.
These are summarised in Table 5,

Complexes of bidentate arzenic ligands (L = PhASRCH{CH0CH),CHAsRPh; R = Me,
Et, Pr, Bu; n = 1,2) with [PdC14)2- have been prepared [161].

Table 5: Palladium-sulphur clusters containing phosphine ligands.

Cluster Reference

[Pd352(dppe)3])(PFg) (1621

Pd3Sex(SeSiMea)2(PPha)y, PdsSes(PPha)s, PdgSeg(FPha)s,
PdgSeqCla(PPha)s, [PdgSesCl(PPRa)g)[CpCrCis],
PdsSeqClo(PPha)g, Pd7Sea(ScHYCI(PPhs)y, [163]
PdgSeq(Set}yCly(PPh3)s, PdsSeq(SeH)s(PPhz)s,
PdaNiS4Cla(PPh3)g

Pda(u-SCy)yCla(PMes)z [164]




114
4242 Complexes with multidentare phosphorus ligands

The reaction:
Pd{dmpe)Me; + [HNRRR'IX — [Pd{dmpe)Me(NRRR"]IX + CHy

has been carried out for a variety of amines [165]. The binding constants have been determined
from 31P NMR spectroscopic data, The mass spectral fragmentation of palladium complexes of
diphenylphosphinoacetone has been studied [166] and can be useful in establishing whether a
phosphinocnolate bis-chelate is present.

A number of novel phosphines have been synthesised and coordinated to palladium. The
phosphine NIPHOS (NIPHOS= 2-(2-pyridyl}-4,5-dimethylphosphinine) has been complexed in
[PACUNIPHOS)PMes)* and adds water or methanol at the P-C6 double bond [167]. The ligand
(R.R)-(§8,8)-2,2"-bis[1-(diphenylphosphinojethyl]-1,1'-biferrocene has been synthesised [168) and
chelates to palladium in a rons orientation. The chelating ligand HaL = 1,3-(PhaPCH2CORCeHs
has been synthesised and complexed as a bridging ligand in [(o-CgHaCHaNMe2)PdClia(it-LH3)
{169]. This can be converted into [{o-CgH4CHyNMeo)Pdla(p-L} by treatment with sodiem
hydride. The ligand reacts with Pd(acac)s to give a polymer.

The potentially bideatate ligands (12) have been synthesized and monodentate PdLoCla
complexes prepared [170]. Reaction of this complex with silver perchlorate gives trans-[PdL;Cl*
in which one ligand is O,Pcoordinated.

R,PCHy o R =Ph, ¢-CgH,,, Pr
(12)

Similarly, cyclometallation of (13) makes it a tridentate ligand and the crystal structure of
PdLCl has been determined [171].

PPh, PPh,

(13)
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Table 6: Palladium(Il) complexes with multidentate phosphorus ligands

Complex Reference
Pd(cis-1,5-diphenyl-1,5-diphosphacyclooctane)Cly [172}
PACly{dppf).0.5(CHz3)CO (173}
CUC.P-tertbutylphosphino )(AsPha)Pd (174)

cis-PdlaXy; L = 1-(thiomethyl)-2-diphenylarsinojethane, 1-
{thiomethyl}-2-diphenylphosphino)ethane; X =Cl, Me [175)
trans-PdiaX2; L = diphenyl(2-phenylethyl)phosp hine, diphenyl(1-
naphthyljphosphine, N-methyl-2-thiophenealdimine; X = Cl, Me

(PdCla(p-MerPCH2PMen)z (176}
Pd2(dppm)2(CN)4 [177)
PdCh{R,R'-2 2"-bis{diphenylphosphino)-1,1"-biferrocene) [178]

Table 7: Bridging modes adopted by multidentate phosphorus ligands

Complex Reference
[{(Me3CNC)RCla(e-PhoPpy)Pd(p-Chlg, (COD)RR(e-Cl)je- (179
PhyPpy)PACl,

Fe{SiOMe)3}(COn(u-dppm)Pd(_3-2-RC3Hz), R =H, Me [180]
Fe{u-Si(OMe)2OMe } (COY3(u-dppm)Pd(SnPh1)

trans-(NCyPd{p-dppmpAgX; X = NQs, NO7, OAc, OOCH (181
PAM(Cp)2(CO)s(u-dppm), [PA(R-CO)p-dppmiM(CpXCON™; (182)
M=Mo, W

NiPd{u-dppm)o(p-CO)Clz (183]
Pdy(O3CR){-C2(CO2Me)2 } (1-PhoPCH2SCHoPh)); R = Me, Ph, [184)

HMePh
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A number of other palladium phosphine complexes have been prepared and are sumnmarised
in Table 6.

Multidentate phosphine ligands can also bridge between metal ions and a number of mixed
metal compounds utilise this feamre. Those prepared recently are summarised in Table 7.

There has also becn some work on the reactivity of palladium phosphine complexes.
Reaction of PhOH with PdMesL (L = 1,2-bis{dimethylphosphinojethane) gives PdMe(OPh)L [38].
PdyCla(u-PhyP-2-pyridyl) reacts with (PhoP),CHMe) w give substitution of the phosphine ligand
[185]). This complex can then react with X = CO, 5Og, HaS to give complexes where these groups
also act as bridging ligands. Carbonylation of (Pd(dppm)(QOCCF3})2 gives
[Pd{dppm){OOCCF3)]l{u-CO) [186]. Reaction of PALCI, (L, = 1,3-bis{diisopropylphosphino}-
propane) with LiBEzH gave [187)] the hydride bridged compound [LPdia(e-H)z. LiBBy. Similarly,
LPd(Ph)C} reacted with methanol and NEts to give (PdL)2(u-H)(u-CO) {188). The complexes
PdL{C2H4) (L = chelating diphosphine) have been protonated to give [PAL{CzH3s)J*, which
contains an agostic hydrogen atom [189). The palladium complex [(dppp)Pd{Ac){(NCMe)]* has
been reacted with a vatiety of alkenes o give alkene insertion into the acetyl group [190).

425  Complexes with oxygen ligands

A patent has appeared for the manufectuze of chloride-free palladium oxide [191]. The heat
of isomerisation of palladium{II) acetylacetonoate has been determined [192] and its tonjzation with
various reagent gases has been studied [193). The thermal decomposition of Pdl.g. 2H70 has been
studied for HL = isoorotic and 2-thiocisoorotic acid [194].

The complexation of [PdCls)2- and 3,6-dithiaoctane-1,8-diol has been studied
spectrophotomeitrically [195) and 1:1 and 1:2 complexes found. Palladium({Tl) diacetylacetonoate
has been reacted [196] with PANNC] i0 give Pd(3-PhNN-acac);.

The platinumn eomplex (14) reacts with PACI{NCPh}; to give a complex where itacisas a
bidentate ligand bonding through sulphur and carbonyl oxygen to PAC1 {197},

—0
(PhsP);Pr

(14)
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A series of Pd(PPhz)(Me)L. compiexes have been prepared [198] where L is a substituted 5
diketonate or monothio- S-diketonate ligand.

Some alkali metal palladates M[Pd{OH)4] (M = Ca, Sr, Ba) have been prepared in 4-8 M
NaOH solution but in concentrated solution, SraPd{OH)1p is formed [199]. A compiex with a
bridging hydroxy ligand, [NBusl2[Pd(CgFaHa)(1-OH))2 hes been prepared and reacted with a
variety of other ligands to give substitution of the hydroxy bridge [200]. A sumber of other
palladium complexes with oxygen donor atoms have been synthesised and are summarised in Table
8.

Table 8: Selected palladium(Il} complexes with oxygen donor ligands

Complex Reference
PA(NO3)2(Hz0)2 [201}
[PhaAs){(1,2-dithicoxalaio)Pd] i202]
Pd(8-quinolinol-N-oxide)s, Pd(5.7,-diniro-8-quinolinol- [263]
N-oxide)y

MCIL)]2; HL = (2-hydroxy-S- {204)
methylphenyDarylteRuride; aryl = Ph, 4-MeOCgHa, 4-

EiOCgtiy

The dimethylglyoximate ligand has been used to bridge between palladium and copper to
form a CupPd complex species [205].

Reaction of palladium(Tl) acetate with (MeaCH)2S in benzene gives [206] an unusaal
trinuclear compound (15). The palladium(H) acetate (Me2CH),S system has also been studied as
an activator of arematic C-H bonds in methyl-substituted benzenes [207).

Me,CHYS Pd/S(CHM%h

(ACO}z\Pd _(OAcy,

(15)
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The mode of attack of acetate on cis and trans [5-carbomethoxy-(1,2,3-113)-
cyclohexenyl)PA(OAc)i2 has been studied [208] and is external for the cis isomer but internal for
the trans one. The thermolysis [209] of Pda{p-L)4{p-02CR)4 (L. = CPhy, CO; R = Me, CMej3, Ph,
CH1Cl) in benzene or toluene led to oxygen wransfer from the carboxylate to L and CO; insertion
into the soivent in the case of L. = CO. The carbony! ligands in Pds(u-CO)a(u-OAc)4 have been
stbstmited[210 by diphenylcarbene groups.

426  Complexes with sulphur, selenium and tellurium ligands

A number of compounds containing palladium and chalcogen groups have been prepared.
The crystal structures of Pdg(S2)4Clg [211], PdS;Clg, PdSe;Clg, PdTesClip [212] and
[PPhalo[Pd(Tes)r] DMFE [213] have been determined and the thermal decomposition [214] of
PdS»Clg and PdSe2Clg found to give PACly.

42.6.1 Monodentate ligands

The thermal decomposition of a series of pelladium(il} chloride complexes with
RSOPhCH3 and RSPhCH; ligands has been studied [215] and found to depend on the alkyl group
R. Some new PdLyXs (X = Cl, Br) complexes have been prepared with L = 2-thiocoumarin [216],
telluracyclopentane, telluracyclohexane, benzotelluracyclopentane [217] and (16) [218].

(16}

The complexes (NBug)2iPd(S8CgFs)sl, (NBug)a[Pd{p-8CgF5){CgFs)2]2 and
(NBua)|Pd{u-SCgFEsH{SCgFs)2]2 have been obtained [219] by reacting TI(SCgFs) with
pallagiven{IT) halide complexes. The sulphur atom is also bridging in [Pd2(SPh)g)2- which contains
two bridging ligands and four terminal ones [220). A polymeric compousnd [Pd{SR);] has been
obtained [221] for R = CgFs, p-CgHF4 and p-CgH4F. The crystal structure of (18-crown-
GK[PA(SCNY41.H20 has been determined [222] and shows interaction between the K+ ton and
thiocyanate groups.
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4262 Bidentate ligands

The new ligand HL = CHpCH2TeHCgH4R-4 (R = MeO, EtO} has been synthesised and
found [223] to coordinate to paltadium via both tellurinm and oxygen to give a [PACIL]; complex.
DL-selenamethionine also chelates through selenium in (SeMet)PdClz [224]. The bidentate ligand
L = {PhCH;8)2CH> forms a number of complexes with palladiume(Il) in which it can function either
as a bridging or chelating ligand depending on the stoichiometry [225]. The ligand 1,5-
dithiacycleoctane functions as a chelating ligand 1o palladivm(Il) and the kinetics of its substitution
with bipy and phen have been investigated [226]. The reaction is first order in both palladium{Il)
and the incoming ligand; an associative mechanism is indicated.

Several [PdLz]2* complexes have been prepared. When L = 1,3-dithiepin-2-cerbodithiolate
the dithiepin ring acts as a x-acceptor [227]. The kinetics of ligand substitution have been studied
by H NMR spectroscopy for L = 1,4-dithiane and an associative mechanism is again favoured
[228]. The electronic and magnetic properties of [PAL;]2+ salts are of imterest. For L =
bis(iriflucromethyljethylenedithiolate, the [Mn({CsMes)]* salt is a metamagnet [228), ForL=1,3-
dithio-2-thione-4,5-dithiol, the 2-(1,3-dithiol-2-ylidene)-5,6-dihydro-1,3dithiolof4,5-b}{ 1,4]dithiin
salt is a molecalar magnet down to at least 4K [230). The optical properties of palladium
compouns containing this ligand have also been investigated [231]). A cormplex has been prepared
where the dithiocarbamate ligand bridges between palladiumn and zinc [232).

A number of complexes with chalcogen donor atoms are also cyclometallated. The reaction
of PdCly with N-thiopivaloyl pyrrolidine gives a chloro-bridged dimer where each palladivin atom is
coordinated to a igand via both the sulphur atom and a carbon of the pyrollidine ring [233). The
ligand N .N-dimethylferrocenecarbothioamide bonds to palladium via the sulphur atom and one
carbon of the cyclopentadienyl ring (2341, A selenium cyclopalladated complex, 3 (X =CLEL
= PBus, 4-tert-butyipyridine} has also been prepared (233].

Me,N X

Se
7 Npa”
~

\ (8]

an

4263 Mulidentate ligands

The reaction of PAC(PhCN); with 2,2-dimethyl-3-butyn-1-yhnethyisulfide gives as a
major product [7{(Z)-chloromethylene-4,4,8,8-tetramethyl- 2,10, dithiaundec-5(Z1-en-5-y1-5,S1PdC1
where the palladium is coordinated to two sulphur atoms and one carbon atom [236]. Reaction of
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palladium{ll} with 1,4,7-trithiacyclodecane gives (237] a 2:1 compound where each ligand is
attached via two of its three sulphur donor atoms. Similarly, the petentially tridentate ligands L =
2,5,8-trithiaf{9)-0-benzenophane and 2,5,8-trithia[9]-m-benzenophane react [238) with
PACI:(PhCN);z to give PACIZL. In both cases the extra sulphur donors are thought to interact with
the paliadium atom slightly.

427  Complexes with halide ligands

The far IR reflectance spectrum of KzPdCly and (NH)2PACly has been determined at room
temperature and 145 K [239]. Several [PACLI2- complexes have been prepared where the cation is
thought to be interacting with the anion. When the anion is [H-1,10-phenanthroline-N-oxide]*, it
hydrogen bonds to a [PdaClg)2- cation [240]. Similarly in (NoHs)2[PdCla] the cation coordinates
to the palladium [241]. When [NiL3]2* (L = 1,10 phenanthroline, 4,7-diphenyl-1,10-
phenanthroline) is employed as cation the complex shows an irreversible colour change on heating
which is caused by migration of the ligand L between metal fons [242]. The reaction of L = disthyl-
8-guinolylmethylphosphate with [PdX4]2- (X = Cl, Br) results in PAL;X5 in neusral solution but
gives (HL)2iPdX4) in acidic conditions [243]).

The halide ligand has been used to bridge a variety of metal ions in the reaction of
PAR2{PhCN) with cis-MXala (M = Ni, Pd, Pt; X =Cl, Br, 1, SCN; R = CgFs, CgHoF3-2,4.6; L. =
PEt3, PPhoMe, CsHsN; Ly = PhoPCH2CHPPhy) to give RoPd(1-X)oMLy [244]. The crystal
structure of cis-Pdf2,6-dimethyl-CgH3NC]2Cl; has been determined and shows a linear chain
arrangement of palladism atoms [245). Reaction of [PA(n3-C3Hs)Cl)l2 with (n6-
PhCHaZaCTCr(CO)3 gave the mixed metal complex {18) [246].

Carbonylation of [PAR)CKut-Cl)l>~ (R = 2-methyl-6-nitrobenzene, 2,4,6-trinitrobenzene)
gives the monomeric complex PAR)Cla(CO) which has been crystallographically characterised
[2471.
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43 PALLADIUMT}

A series of [PALL12- compiexes have been syathesized where L and L' are chelating
phosphine Hgands with varyiag bite sizes. The half-wave potential for PA(ILD) increases with bite
size and the patladivm(T) complex {Pd{1,2-(PhaPCH)2CgHa)p] was found to be stable [248]. The
palladium{l} complex [PACI{u-MeaPCHPMeg)]; reacts with MeNO7 1o give C-H activation and
palladium oxidation to [PACHCHaNO2)} {(k-Me2PCH2PMes)]s [249]. The reactivity of the
acetylene bridged complex [Pdaiu-PhCCPh}(N-Cp)2]* has been studied with a variety of bipy and
phosphorus donor ligands. The acetylene bridge remains unchanged thronghout and the Cp ligands
are substituted [250].

44 PALLADIUM(G)

A patent has appeared on the mamufacture of PE(PPhz)s by hydrazine reduction of
palladiom({IT) chioride [251]. Some mixed ligand palladium{0) complexes PALL' (L =
bis(diphenyiphosphino)methane, 1,2-bis{diphenylphosphinojethane, 1,1-bis(diphenylphosphino)-
ferrocene; L' = dibenzylideneacetone, 2,3,5,6-terachioro-1,4-benzoquinone, 2,3-dichloro-1,4-
naphthoquinonc) have been synthesized [252).

Protonation of [Pd{p-P{CMes}2 JPH{CMea)2]s leads to the protonation of a Pd-(-P) bond
according to NMR spectroscopic data [253). Palladivm(0) phosphine complexes have 2lso been
protonated 1o give [PdL3H}* (L = PPhi, PPhoMe, PEts} ions whose fluxionality has been studied.
PA(CO)PPh3); has also [254] been protonated to give [(PhaP)sPda(p-COXu-H)12+. Phenol
reacts [255] photochemically with PA{P{CMei)2ls to give transfer of hydrogen from phenol to
phosphine ligand and 1*-coordination of phenoxide 10 a Pds framework.

Several new palladinm carbonyl phosphine clusters have been synthesized including
Pdig(CON3(PEL3)g [256] and Pda3(CO)20{PR3)1p (R = Et, n-Bu) [257]. A dimetric complex with
pendant ferrocenyl groups, Pdola (L = 4-ferrocenyldibenzylidencacetone) has been synthesised
{2581 and shows a ferrocenyl based oxidation at 0.50 V and a dipalladivm based one at 1.21 V.,
Mixed metal aryl-palladium complexes have been prepared [259] by the reaction of (n5-
CatisClYCr{CO)3 with palladium(®) complexes such as Pd(PPh3)y and Pd(dba),.

4.5 EXTRACTION

There is a continuing interest in coordinating ligands to palladium(Il) so that the complex
can be selectively extracted from agueons media to an organic solvent. The meghanism of solvent
exchange in square planar palladium(If) complexes has been investigated by high pressure NMR
and found to be associative for a wide range of coordinating solvents {260]. A number of extraction
systems have been investigated over the past year (Table 9). The ligand genarally has a strong
cooedinating group such as ritrogen or sulphur atorns and is pophilic.
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Table 9: Extraction systems for palladium(Il).
Solvent System Extractant Reference
Agueous Thiocyanate {261}
perchlorate/xylene
HCVorganic acids tri-n-ootylamine (262}
HCl and base metals Dibuty! dithiophosphate 2631
Weak HCl or o-xylylene [264]
HBi1/chloroform bis{pyrrolidinedithiocarbam
ate) and o-xylylene
bis(diethyldithiocarbamate)
Weak HC1 o-aminophosphonates [265]
NaCl, HCL, NaS0Oq, tri-n-octylamine [266)
HaS8O4/0-xylene
Chioride soln with tri-isobutylphosphine 2673
some SCN/ftoluene sulphide
2-hydroxy-5-#- [268]
nonylbenzaldehyde oxime,
2-hydroxy-5-1-
octylacetophenone oxime,
2-hydroxy-5-1-
octylbenzophenone oxime
HCVo-xylene trioctylphosphine oxide [269%
HClftoluene N N-dioctylglycine (2704

A synergistic extraction effect is noticed when a primary [271] or tertiary [272] amine is
used in conjunction with 1-phenyl-2-methyl-4-benzoyl-pyrazol-5-one. A couple of macrecyclic
extractants have been used; hexameric p--butylcalix[6)arene extacts palladium(il} from alkaline
amrnonia solution to dichloromethane and other organic solvents [273]. The dibenzo-18-crown-6



123

analogue (19 (X =0, §; Y = MeCgH4SOsN, O, 8§, CHy; Z = Q, §, CH;) has also been used to
extract [274] palladium(IE) from aqueous solution over a range of pH.

7
L

The separation of paliadium(Il) from other platinum group metals has been achieved using

ceniifugal partition chromatography and trioctylphosphine oxide as ligand [275]. Palladium(T)
can be separated from platinom(TV) and copper(Il), nickel(IT) and cobali(II) using a tertiary diamine
extractant [278]. Eon(IiI) is also carried through but can be removed by other means,
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