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1 INTRODUCTION

This survey details the accounts of organometallic chemistry of nickel,
palladium and platinum published in 1984 and 1985. Material from the patent
literature which was reported in Chemical Abstracts in 1984 and 1985 is also
included, and the organisation remains broadly similar to that 1in past
surveys. The author is taking the unusual step of combining the material from
two years in an attempt to speed up production, and get the coverage of the
survey closer to the present day. In order to keep the length manageable, some
abbreviation is essential, and she apologises in advance to any author who
feels that their contribution has received less space than it should.

A number of reviews of general interest have appeared, including a
discussion of metal-ligand bond energies in organometallic compounds [1], a
consideration of the application of the HSAB approach to chemoselectivity 1n
organometallic reactions [2], and an account of the coordination chemistry of
secondary phosphorus chalcogenides and their conjugate bases [3]. In reviews
specifically of the chemistry of derivatives of the nickel triad, topics
covered include the chemistry and spectroscopy of mixed-valence complexes [4],
the thermodynamics of oxygen binding 1in natural and synthetic dioxygen
complexes [5], hydroxyoxime complexes [6], the chelate effect in square planar
complexes with particular reference to bjdentate phosphines and arsines [7],
monothio and monoseleno—carbamate complexes [8], and the electrochemistry and
redox behaviour of dithiocarbamates [9]. The annual survey of the inorganic
chemistry of the platinum group metals has been published [10], as have annual
surveys of transition metals 1in organic synthesis covering hydroformylation,
reduction and oxidation [11], and other reactions [12]). Advances in the
chemistry of complexes containing heteronuclear metal-metal bonds (other than
metal clusters) in 1982-1983 have been detailed [13].

General reviews of nickel chemistry have included discussion of
carcinogenicity and mutagenicity of nickel and its complexes [14), complexes
of nickel(III) and nickel(IV) [15], and matrix isolation of nickel complexes
[16]. The angular overlap model for the description of the paramagnetic
properties of transition metal complexes, including nickel, has been reviewed
[17], as have crystal field aspects of their vibrational spectra [18],
Arbuzov-like dealkylation reactions of nickel phosphite complexes [19], and
geometric and electronic factors relating to N, activation on nickel complexes
[20].

A book has been published concerning the uses of palladium reagents in
organic synthesis [21]. The electronic structure and reactivity of palladium
complexes, especially those of palladium(II) and palladium(0) has been
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reviewed [22],

The industrial toxicology of palladium and platinum derivatives has been
reviewed [23]. In a discussion of palladium-ligand and platinum-ligand bond
energies, both coordination and organometallic complexes were considered [24].
"0dd” oxidation states (I and III) of platinum and palladium have been
detailed, with particular reference to bimetallic compounds, carbonyl
clusters, A-frames and isocyanide complexes [25]. An annual survey reviews
X-ray data on clusters, carbonyl complexes, and complex reactivity [26].

A discussion of the history of organometallic chemistry begins with a
consideration of Zeise’s salt [27], and the molecular tectonics of platinum
clusters have been reviewed [28].

2  METAL CARBON o-BONDED COMPLEXES

There have been review articles on complexes containing metal-carbon
o-bonds [29], and of u-(x,w)alkanediyl derivatives of transition metals [30].
Methylation and dealkylation reactions of platinum(II) and platinum(IV) with
alkyl cobalamins have been discussed [31]. In a review of alkoxo complexes of
palladium and platinum, a number of derivatives in which there is also a metal
alkyl or metal allyl are discussed [32].

2.1 Metal Alkyl Complexes

Thermolytic decomposition of the complexes [MR;X,] (M = Ni, Pd or Pt) has
been reviewed. Possible 3-, 4- or 5-coordinated intermediates are discussed,
as 1is the relative importance of reductive elimination and A-hydride
elimination pathways [33]. The reductive elimination of methane from
[PtH(Me)(PPhy),] is easy at -25 OC, but [PtMe,(PPhy).] is stable up to 237 OC.
Activation seems to be extremely sensitive to the nature of the bond being
formed, and calculations were undertaken which provided an explanation for the
trends observed [34]. There has also been a theoretical study of the mechanism
of the reaction between molecular hydrogen and {Pt(PH3),}, and of the
decomposition of [PtH(Me)(PH3),]. In the oxidative additon of hydrogen, an
early transition state is on an approach to a cis-product, but phosphine
repulsions intervene to ensure formation of the trans-derivative. The large
deuterium isotope effect found experimentally in the reductive elimination of
CHaD was accounted for by the calculated reaction path [35]. There have also
been calculations on the {Ni(CH,)H} system [36].

Addition of a 1igand, L’, promotes the elimination of ethane from
cis-[NiL,Me,]. A molecular orbital analysis of the problem indicated that

References p. 767
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elimination is easy from a cis-dialkyl square pyramidal complex, or from an
intermediate with trigonal bipyramidal geometry, but not from other possible
intermediates [37]. Reaction of CDsLi1 or CDsMgBr with NiCl, or PdC1, has been
studied. Metal carbene as well as metal alkyl intermediates were proposed
[38]. In the thermolysis of [Ni(CH;=CHCH3)(Cp)(R)], (R = CHy or CD3), H/D
exchange was noted between the complexed propene and the alkyl group, prior to
decomposition to methane and ethane. For the complexes in which R = Et or Pr,
B-hydride elimination was the major decomposition pathway [39].

Thermolysis of [Pd(PEt,),(R)X] (R = CHy or CDy; X = Br, I or CN) in the
temperature range 120-160 °C gave methane, ethane, and ethene in ratios which
were a function of temperature. Deuterium labelling studies suggested that the
methane was formed through 1intramolecular hydrogen abstraction from the
phosphine 1ligands, rather than fission of the palladium-carbon o-bond. At
higher temperatures the AP-ethyl bonds were also cleaved to give ethene and
ethane. The reaction proceeded faster in the presence of molecular oxygen,
with a change 1in mechanism to a radical process [40]. Reaction of
trans-[PdMe, (PEt,Ph),] with Me,Mg or MeMgBr resulted in equilibration with the
cis-isomer, followed by rapid reductive elimination. 1 was proposed as a
1ikely reaction intermediate, in accord with deuterium labelling studies [41].

Me e’
N\,
Pd \MgMe '
e/

L W

1

The electrochemistry of [Ni(phen),}2* has been studied in some detail. If
reduction is carried out in the presence of an alkyl bromide, RBr,
[Ni(phen)R,] 1s formed, and further reduction brings about catalytic reductive
coupling of the alkyl bromide in solution [42].

An ab initio calculation on the optimum geometry for [Pd(Et)(H)(PH5)]
revealed that the B-hydrogen of the ethyl group has an agostic interaction
with the palladium. The path to B-hydride elimination to give
c1s-[Pd(C,H4)H,(PHy)] is a smooth continuation of the agostic interaction, and
has a low activation energy. The transition state is both tight and late.
B-Hydride elimination is predicted to be supressed in the related {PdCH,CHF,}
derivative; in this case the BA-hydride is 1insufficiently donating for an
agostic interaction [43,44].

The preparation and thermolysis of {[Pd(bipy)Et,] has been described. The
products of thermolysis are almost entirely ethane and ethene, 1in contrast to
the observation on the related nickel complex, which gives 50 X butane. The
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formation of butane from the palladium complex is achieved in the presence of
m-acceptor 1igands such as methyl propencate [45]. By contrast, with
cis-[PdEt,L,] (L = PMe,Ph, dppe, dppp or dppb), butane is the major product,
and ethane and ethene are obtained only on addition of an additional ligand.
The mechanism of the reaction in this case was entirely different, as was
revealed by a deuterium labelling experiment, and involved orthometallation of
the ligand [46]. Reaction of [PdCl,L,] with Me,CCH,MgBr or Me,sCCH,Li gave
[Pd(CH,CMe;)5L5], probably with cis-geometry. Thermolysis yielded only
2,2,5,5-tetramethylhexane, and no products of disporoprtionation or y-hydrogen
elination, in contrast to the platinum analogues. Carbonylation resulted in
the insertion of CO between the two alkyl groups to give the symmetric ketone.
When [PdCl1,(dppe)] was reacted with LiCH,CMe,CMe,CH L1 the 1isolable
metallocyclopentane, 2, was formed. This is the first metallocyclopentane to
be isolated in which both of the o«-carbon atoms are of the neopentyl type. At
temperatures above 200 °C, 1,1,2,2,-tetramethylcyclobutane is formed [47].

Van
d )Pd
(dppe)Pd,

=

Enthalpies and activation energies for A-hydride elimination from cis- and
trans-{PtC1(PEt3),R] (R = Et, Pr or Bu) were obtained from DSC [48]. The
thermolysis reactions of [Pt(CD,CH3).(cod)] and [Pt(CD,CHgz)(cod)X] (X = C1 or
I) were investigated. The data were fitted to an appropriate kinetic model
[49]. The mechanism of decomposition of trans-[PtC1(Et)(PEty),] in cyclohexane
at 158 OC was investigated by means of a careful kinetic study [50].

The reaction of MeyCCH,MgBr with "PtC1,” has been investigated {51].
Hydrogenation of cis-[Pt(CH,CMey),(PEt;),] gave Me,C and trans-[PtH,(PEty).].
The mechanism proposed for the reaction is shown 1in Scheme 1. If the
concentration of added 1ligand 1s zero, 1ligand dissociation is the rate
controlling step, and there is no H,/D, isotope effect. When the concentration
of added tigand is > 0.1M, phosphine Tloss 1{s reversible, and either H,
addition or 2,2-dimethylipropane loss is rate-1imiting, with Ky/Kp = 1.9 [52].
Thermolysis of 3 gave 2,2,3,3-tetramethylbutane via heterogeneous processes
catalysed by platinum metal, and 1-methyl-1-(1,1-dimethylethyl)cyclopropane
under strictly homogeneous conditions [53].

References p. 767
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Scheme 1 Mechanism of hydrogenation of [Pt(CH,CMey),(PEts),] [52]
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A species described as {MegNiLi} reacted with cyclohexenone to give
3-methylcyclohexanone in 2 X yield and 1-methyl-2-cyclohexene-1-ol1 1in 14 %
yleld [54). The principle of structural correlation was applied to 78
5-coordinate nickel complexes to give a map of the reaction coordinate far
association at square planar 4-coordinate nickel centres. [Ni(Me)(PMey),] was
the only organometallic complex considered [55]. Reaction of MelLi with
[Ni(C,H4)3] 1n the presence of pmdta gave 4, characterised by an X-ray
diffraction study. Related species were produced from [N1(CO),] and [Ni(cdt)].
Chemical properties and spectroscopic data indicated that the Me-Ni bond was
essentially covalent in the carbonyl derivative, but was more polar in
character in the cdt and ethene complexes [56]. Treatment of [MCi L,]1 (M = Ni
or Pt; L = PPhy or L, = dppe) with [NH,],[RSiFg] (R = Me or Ph] gave a mixture
of [MCIL,R] and [ML,R,] [57].

The gas phase reaction of Pd* with H, and C,Hg has been studied in an ion
beam apparatus as a function of relative kinetic energy. The bond dissociation
energy for Pdt-Me was shown to be 247+21 kJ mol~! and the bond was largely
covalent in character [58]. Theoretical calculations have been performed for
the migration process shown in reaction (1). These suggested that the starting
material was 1initially deformed at the phosphorus centre. In a comparable
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process, [Pt(NH;),(Ph)1* reacted with MeI to give 6, via a migration process
in the initial oxidative addition product, 5 [59].

NHs NHs
<: >—‘Pt“—- I pt'—
Hs N'[ e N

The complexes cis- and trans-[Pd(PMe3),R,] and cis-[Pd(dmpe)R;] (R = Me,
CHzPh, CH CMe,Ph, or CH,SiMe;) were prepared from Pd(OCOMe),, and the relevant
Grignard reagent, 1in the presence of phosphine [60}. Treatment of
[PdC1,(SMe,),] with halide free methyl 1ithium, in the presence of a 1ligand,
L, gave [PdLMe,] (L are poly-(pyrazol-i-yl)methane 1igand) [61].

Reaction of [Pd,Cl1,(u#-dppm),] with MesAl gave [Pd,C1(i#-dppm),Me], which
could be characterised, but was not very stable. Thermolysis yielded
[Pd;C1; (-dppm) ;Me; ], whereas treatment with ethanol gave

References p. 767
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[Pd,(1-C1) (-dppm),(H) (Me)]*. This complex was 1in equilibrium with an isomer
in which the hydride was bridging and the chloride 1igand terminal [62,63].

Reaction of [Pt(AsPhy)(Me),(PEty)] with one molar equivalent of HC1 gave
trans-[Pt(AsPhy)C1(Me) (PEty)], characterised by an X-ray diffraction study
[64]. The 1igand Ph,PCH,P(Ph)CH,PPh,, dpmp, forms chelate complexes such as
[Pt(dpmp)Me;]}, in which only the terminal phosphines are metal-coordinated.
The "internal” phosphine is thus free for coordination to other metal centres,
forming species such as trans-[RhC1(CO) { (u-dpmp)PtMe,},], and
cis-[PtC1,{(u~dpmp)PtMe,},] in which the metal centres are remote from each
other [65]. The preparations of [Pt(dppm-P,P)R,] (R = Me, Et, CH,Ph, CH,CMe,,
or Ar) from RMgBr and [PtCl.(dppm-P,P)] have been described. Reaction of the
chelating complexes with an excess of dppm resulted in an equilibrium with
[Pt(dppm-P),R,]1. The rate at which the equilibrium was established depended on
the steric hindrance provided by the R groups. For hindered R groups selective
protolysis was possible with HC1 to yield [PtCi(dppm-P,P)R]. Oxidative
addition of Mel gave the trans-platinum(IV) complex in most cases, but for
R = 2-MeOCgH, the final product was [Pt(dppm-P,P)I(R)) [66]. Treatment of
[Pt(cod)Me,] with dpam gave cis-[Pt(i-dpam),Me,], since the arsine is a less
successful chelate than dppm. Addition of an excess of dpam yjelded
[Pt (dpam-As),Me,]. trans-[PdCl,(dpam-As),] was also prepared and its reactions
with other metals studied [67].

The reactivity of trans-[PtCIL,(R)] (R = Me, L = PPha’ or R = Ph,
L = PEty) has been studied. Treatment with Na[OMe]l/MeOH followed by
Na[BH,]/MeOH gave trans-[Pt(H)L,(R)]. The same complex was obtained from
trans-[PtL,(R)(solvent)][BF,] or trans-[PtL,(NHCOCH;)(R)]. The 1intermediate
trans-[PtL,(OMe)(R)] was isolated in an impure form and could be characterised
spectroscopically. Reductive elimination of RH occurred only at high
temperatures. Loss of benzene was facilitated in an atmosphere of CO, which
catalyses cis & trans-isomerisation, and inhibited by Ets;P, suggesting that
the mechanism requires phosphine dissociation [88]. Reaction of
trans-[{Pt(CoH,) (Me)}(#-C1),{Pt(C,H )Me}]) with the bis N,N-dimethylhydrazone
of butane-2,3-dione gave a 5-coordinate complex in wich the methyl and chloro
1igands occupied the axial positions. The use of a chiral chelating 1ligand
gave two diastereomeric complexes with differing chirality at the platinum
centre. Recrystallisation gave a single diasterecisomer, via a second order
asymmetric transformation [69]. The 1igand (PhzP).C=CH, 1is very reactive
towards Michael additon reactions when it is complexed to platinum. A range of
such reactions for [PtMe,{(Ph,P),C=CH,}] with amines and hydrazines have been
described. Oxidative additon of Mel to give fac-{PtI(Me)3{(Ph,P),C=CH,}]
allowed the study of similar reactions 1n the platinum(IV) series. The
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products in these cases, such as 7, rearranged to give P,N-chelates, which
were somewhat less strained [70].

f Phz I Phz PPhz
Me P Me | P
>Pt.< ><\NHPh _— >Pt< Y ’
Me | P Me N\
Me Ph2 Me Ph
7

Oxidative addition reactions have been studied for a number of {PtMe.}
derivatives. Reaction of RX with [Me,Pt(LL)] (LL = bipy or phen) gave
[Pt(LL)(Me)>(R)X] (R = Me, Et, Pr or Bu) by an SN, mechanism. By contrast a
radical mechanism was involved 1in the reaction with CH,X, to give
[Pt(CH,X)(LL)(Me),X] [71]. Reactions of «,w-dihalides were also studied [72].
The complex cis-[PtMe,(py)>] was extremely reactive towards oxidative
addition, reacting rapidly with CF,I or ROH. By contrast, oxidative addition
of CF3I to c7s-[Pt(CF3)2(py),] required more forcing conditions [73]. The
photochemically initiated oxidative addition of 2-iodopropane to [PtMe,(phen)]
has been studied. Irradiation of the lowest energy MLCT band of the complex
leads to iodine atom abstraction from the substrate. The MLCT excited state of
the complex was shown to have triplet character using a triplet sensitiser
(Ph,CO) and a triplet quencher (pyrene). This 1is followed by free radical
addition, with the 2-propyl radicals, these being the chain carriers.
Termination occurs by radical attack at the methyl or phen ligands rather than
recombination or disproportionation [74]. Further insight into the reaction
was obtained when it was carried out 1in oxygen. In this case one of the
products obtained was cis-[Pt{LL)I(Me,)(00CHMe,)], formed by reaction of
oxygen with the 2-propyl radicals [75]. Treatment of [Pt,Me,(u-SMe,),] with
bipym gave the mononuclear species [Pt(bipym)Mep], the oxidative addition
reactions of which were studied in some detail. Reaction with alkyl iodides,
RI, vyielded [Pt(bipym)I(Me),(R)], and with I(CH;),I (n=3, 4 or 5),
[Pt(bipym){(CH;) s1}I(Me)2] and [{Pt(bipym)I(Me;)}{t-(CH,),}{Pt(bipym)}I(Me),}].
Reactions of the mononuclear complexes with further [Pt.Me,(w-SMe,).] to give
binuclear species such as [(Pt{(CH;),I}I(Me);)(t-bipym){PtMe,}] were also
investigated [76].

Reaction of ijodomethane with [PtC1,]2~ 1in aqueous solution gave
[PtC14(Me)(OH,)]~ and jodide ion as the -initial products. This complex was
hydrolysed to give methanol, and reacted with halide to give chloromethane,
both pathways operating simultaneously 1in aqueous solution [77]. The species

References p. 767
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[PtC1g(Me) 12~ lost chloromethane in an intramolecular elimination, and also
reacted with external halide [78]. Photolysis of [PtClg]2~ with Me,Sn gave
[PtC1g(Me)]13~ which decomposed slowly to chloromethane and [PtC1,]2~. With
Me Et.Sn or Me Et,Ge, [PtClg(Me)]2~ was again formed, but this was accompanied
by formation of [{Pt(C;H,)C1,}>], via [PtClg(Et)]2~. In all cases an electron
transfer mechanism was proposed for the reaction [79]. The electrophilic
assistance of Hg(II) in the reaction of iodomethane with [PtC1,]2~ was cited
as evidence for an SN, mechanism in oxidative addition [80]. The facile methyl
transfer reaction of methyl aquo(3,5,6-trimethylbenzimidazolyl)cobamide
requires the presence of platinum 1in both platinum(II) and platinum(IV)
oxidation states. It 1is proposed that [PtC1,]2~ complexes to the methy]
corrinoid prior to the rate controlling methyl transfer step. The reaction
mechanism is discussed in detail [81]. The interactions of methylcobalamin
with [PtC1,]2~, [Pt(CN),]2~ or [Pt(SCN),]?~ 1in aqueous solution have been
studied. There are at least three platinum binding sites. One site is located
on the Co—Me side of the macrocycle, and is involved in methyl transfer in the
presence of platinum(IV). For [Pt(SCN),]2~ an additional site is provided by
N(3) of the benzimidazole [82].

The structure of [{MesPt(SMe)},], 8, has been determined in an X-ray
diffraction study. There are three independent, but essentfally isostructural,
tetramers in the asymmetric unit. In each tetramer the four metal atoms are
1inked together by bridging {SMe} groups, with three methyl 1igands completing
the octahedral coordination [83]. A series of complexes has been prepared of
the type [PtMe;(NN)X] (NN = pz,CH,, (Me,pz).CH, or py.CH,), by reaction of the
heterocyclic ligand with [{PtMezX},]. The structure of 9, the derivative of
(Meopz),CH,, was determined in an X-ray diffraction study [84].

Treatment of [{PtIMe;}4] with Ag{SeCN] resulted 1in the formation of
[{PtMe,(SeCN)},]. Pyridine derivatives, including [PtMes(py)>(SeCN)] and
[{PtMe,;(py)(SeCN)},] were also prepared, and structures proposed ([85].
Reaction of alcohols, ROH, with [PtMe,(NN)] (NN = bipy or phen) resulted in
oxidative addition to yield [PtMe,(NN)(OR)(OH,)][OH]. The complexes were fully
characterised, and could be converted to [PFg], [BF,] or [C10,] salts. The
platinum(IV)-alkoxide bond was unusually stable towards solvolysis [86]. The
complex cis-[PtMe,(SMe;),] reacted with Mel to give fac-[PtIMe;(SMe,)>]. When
the reaction was carried out in CD4CN the intermediate
fac-[Pt(CD5CN)(Me);(SMe;),]1 was observed. When the bridged complex
[Pt Me,(L-SMe,),] was wused as the substrate, fac-[PtIMe;(SMe;)>] and
[{PtIMe;},] were produced. Both complexes undergo oxidative addition via an
SN2 mechanism, but the monomer reacted an order of magnitude more rapidly.
Both monomer and dimer also react with bis-1,2-(bromomethyl)benzene to give
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10, but in this case it is the dimer which reacts the more rapidly [87].
Reaction of [PtMe,(NN)] (NN = bipy or phen) with HX yielded fac-[PtMes(NN)X]
(X = C1, OPh, SPh, OMe, [CF3C0,] or [MeCO,]). Reactions of other electrophiles
were also studied, and it was concluded that they involved initial
electrophilic attack on one of the mutually trans methyl-platinum bonds (HX or
S0,) or electron transfer from a platinum-carbon o-bond to the reagent (C,F,
or C,(CN),) [88]. Reaction of [Me;SiCgH.}~ with [{PtIMey},] gave
[Pt(nS-CgH,SiMey)Me,], which was used as a hydrosilylation catalyst [89].

C(2)

ca3)

8 Molecular configuration and atom naming scheme for [{PtMe,(SMe)},] viewed
down the pseudo-three fold axis. (Reproduced with permission from [83])

There have been further reports from Abel’s group on the dynamic
stereochemistry of complexes of the type [Pt(LL)MejX]. Multinuclear nmr
spectroscopy was used to characterise the invertomers in [PtMe;(MeECH=CHEMe)X]
(E=8S or Se; X =C1, Br or I). The structure of [PtC1(Me),(MeSeCH=CHSeMe)]
was described as meso-1 in type, 11, with the two Se-methyl groups on the same
side as the chloride ligand. By contrast, the iodo analogue was of the meso-2
type, 12, with the two methyls on the opposite side to the iodide. The major
invertomers in solution were the same as those found 1in the solid state.
Barriers to inversion were determined [90]. The complex
[{MesPtX},(tetrathia-8-C-4)], 13 (X = C1) was also characterised in a
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diffraction study. The platinum atoms are each coordinated to two adjacent
sulphur centres, and the 1ligand has a chair conformation. Two fluxional
processes observed (pivoting at the metal and Pt-Me intramolecular
rearrangements) are considered to be different manifestations of one
transition state rather than independent rearrangements [91]. The preparation
of [{PtMesX},(Me,CCH,EECH,)] (E =S or Se; X =Cl, Br or I) has been
described, and the structure of 14 was determined in a diffraction study. Nmr
spectroscopic studies 1in solution revealed that the two selenium centres
invert synchronously, the first authenticated case of this phenomenon [92).

9 A stereoview of the [PtMe;{(Me,pz),CH,}] complex with the crystallographic
numbering scheme. (Reproduced with permission from [84])

Me, Br e
NNV

Me/‘ \Br/l “Me
SMez SMez
10
Me Me
Me, | JMe Me, | Me
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Me(21)

Me(23)

13 A PLUTO perspactive drawing of the molecular structure of
[(PtCIMe3), (SCH,SCH,SCH,SCH,)] showing the numbering scheme. (Reproduced with
permission from [91])

C(3)

c(4)
14 (Reproduced with permission from [92])

The thermal decomposition of [{PtIMe;},] in the presence of an alkene and
RyS1H gave a catalyst for alkene hydrosilylation. Two complexes could be
identified in the reaction mixture, [PtIMe(RCH=CH,),] and [PtMe, (RCH=CH,),]

References p. 767
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and both seemed to be effective catalysts [93].

various binuclear compliexes containing palladium—methyl or
platinum-methyl units have been studied. The complex [Pt,(dppm));] reacted
with iodomethane to yield succesively [Pt,(n'-dppm)(u~dppm).Mel[PFg]l and
[Pt (r—dppm),(k-1)Me,][PFs]. Treatment of [Pt H(1—H)(u-dppm).Me]l[SbFe] with an
‘added phosphine 1igand, L, gave [Pto(-dppm),(L)Me,]1[SbFgl. The 1likely
intermediate is [{PtH(L)}{u-dppm),(u-H)PtMe], but the mechanism was not proven
unequivocally [94]. Photolysis of [{PtMe}(sxH)(u-dppm),{PtH}] in the presence
of a solvent, S, (S = py, MeCN or Me,0) yielded [{PtMe}(s~dppm),{PtS}]* and
molecular hydrogen. The same organometallic product, together with methane,
was obtained from [Pt,(u-dppm),(u-H)Me,)*. Ethane was eliminated from
[MesPt,(t~dppm),]1*. Both methane and ethane elimination reactions were mostly
intramolecular (as established by labelling studies). The rates of the thermal
reactions depended strongly on the complex involved, but related photochemical
reactions all proceded at approximately the same rate [95].

The reactions of [Pt(R,PCH;PR;)C1,] with MeL{ were studied. When
R = Me,CH, only a mononuclear species, [PtMe,(R,PCH,PR,)], was isolated. When
R = Me or Et, only [Pt,Me (u-R,PCH,PR,),] was formed, but with R = Ph, both
mono and dinuclear complexes could be isolated. When [PtoMe,(u-SMez)z] was
reacted with R,PCH,PR, mononuclear species were isolated only when R = CHMe,,
with the other phosphines giving binuclear products. Mono and dinuclear
spacies did not interconvert thermally, but in the presence of an added 1igand
such as Me,S or dppm, interconversion did occur slowly at 60 ©C. The
structures of the dimeric complexes were determined for R = Me or Ph; there
was no metal-metal bonding. The dimer derived from dmpm reacted readily with
I, or Mel, in oxidative addition reactions, but the dppm derived analogue was
more crowded, and hence reaction with Mel or I, resulted in electrophiic
cleavage reactions [96]. The structure of
[{PtL}(-I){1-Me,PCH,PMe,)»{PtMe,}1I, has been determined in an X-ray
diffraction study (L = 0.45 I, 0.55 Me). Iodination of [Pt,(u-dmpm),Me,]
involves both oxidative addition and methyl transfer [97].

Oxidative addition and methyl group transfer was studied in more detail
for the reactions of [Pt,(u-dmpm).Me,] with X5, (X = Cl1, Br or I) giving
[{PtMes} (1-X) (1~dmpm),{PtMe}]X. The species 15 was characterised in an X-ray
diffraction study, and a mechanism for the reaction was proposed [98]. The
outcome of reactions of [PtyMe,(#-RpPCHzPR;),] with 1iodomethane depended on
the bulk of R. When R = Me, the reaction ylelded succesively
[{Pt(I)Me,} (L-dmpm),{PtMe,}] and [Pt,(i-dmpm),(-I)Meglt, but when R = Ph,
there was no reaction. When R = Et, the reaction was still reversible, but
very much slower, and the intermediacy of [{PtMes}(u-I){u-depm),{PtMe;}]I, 186,
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was established. The oxidative addition of CD;I was shown not to be
stereospecific [99].

15 Stereoview of the [{PtMey}(t-dmpm),(L-I){PtMe}]* cation showing the atom
numbering scheme. (Reproduced with permission from [98])

«s) el

18 A perspective view of the structure of [{PtMe,}(u~dmpm),(u1){PtMe,}]*
showing 50 % probability of vibrational ellipsoids. (Reproduced with
permission from [99])

Reaction of [PtC1,(SMe;),] with an excess of MeLi, followed by an excess
of Mel yielded [Pt Meg(iu-SMe;),], the first binuclear octamethyl complex of
this type. Addition of a 1ligand, L, caused bridge splitting to give
cis-[PtLo,Me,]. Reaction of the dimer with HX (X =C1 or OH) yielded
[{PtxMes},] [100].

Treatment of [Pt(cod)R,] or [Pt(dmso).R.] with bipym gave mono or
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binuclear complexes, according to the stoicheiometry of the added 1igands
[101]. The complexes [Pt(Me)(Me,MPz)L] (L = CO, PPhy, PhC=CPh; M = B or Ga)
were prepared, and their fluxional behaviour on the nmr spectroscopic
timescale investigated [102]. Reaction of 17 with a base such as NaH, in the
presence of [MCIL,X] yleled 18 (Y = Z = Me; M= Pt; L = PMeg) [103]. The
preparation of 19 from [PtMe,(SO,)] and the potassium salt of the ligand was
reported [104].

" A
:E: (¢] Pt(PMes )2

NaH/[PtC1(Me)(PMeslil szZr/ |

szZrif—O Me
Me ®
17 18

An EHMO calculation has assessed the ability of trans-[PtH(PPh;).X]
(X = Cl, Br or I) to add oxidatively a C-H bond of pentane. The calculations
indicated that the rate of the reaction is related to the difference in energy
levels and the overlap integral between the HOMO of the complex, and the LUMO
of pentane, as well as the stability of the transition state. The results were
consistent with the experimentally determined ease of reaction, C1~ > Br~ > I~
[105]. .

19Spt, 119gn and 3!P nmr spectroscopic experiments have been used in the
study of trans-[Pt(PEt;)>(R)(SnC13)] (R = Me, CHzPh, COPh, CgClg or CgHY).
Most of the data could be correlated with electronic effects. The structure of
the complex for which R = COPh was established in an X-ray diffraction study;
the longest Pt-Sn bond observed in complexes of this type (2.634 A) was
related to the strong trans-influence of the benzoyl group [106]. An
electrochemical study of the reaction between NiX, (X = C1 or acac), PRy or
P(OR); and R’;A1 suggested the presence of o-alkylnickel complexes as
intermediates [107]. In a related study, UV spectrsocopy indicated the
intermediacy of {RNi(acac)} and {R,Ni}, and suggested that the reactions of
the analogous palladium complexes followed a similar course [108].
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Reaction of [{Pt(Ge{CF5}3)(PPhy),},Hg] with R,Hg (R = Et, C1 or GeR’,)
gave [RHgPt(PPh3),R}, as the initial product [109]. With RHgR’ and [Pt(PPh3)s]
[Pt(PPhy)-(R)HGR’] was obtained (R = Me or Et, R" = chloroaryl). Demercuration
to give [Pt(PPhy),RR’] was frequently very rapid [110].

Treatment of [N1C1;(PMey) 5] with Me5CCHoMgC1 gave
trans-[N1(CH,CMe3)C1(PMe3),], which readily inserted carbon monoxide into the
nickel-carbon bond. Related species, inculding [Ni(NCS)(PMej)oR] (R = CHyCMe,)
and [N1(Cp)(L)(R)] (L = PMe; or PPhy) were also studied, and the structure of
trans-[N1(CH,CMe,),(PMe;),] was estabiished 1n an X-ray diffraction study
[111]). wWith the mercury compound, MesCCH,HgC1, and paliadium(II) 1in the
presence of copper(Il), the metal alkyl complexes were unstable, and gave
rearrangement' products, via carbocations. The reactions of 20 were
investigated in detail (Scheme 2) [112]. Reaction of 21 (sic) with
[M(bipy)C1,] (M = Ni or Pd) gave the dialkyl complex [113].

PdC1
L
Tow [Cl]' O O )
20 PdCl c1
duct
lh'igh c11- major produc
C1
via
Ci H _

SRt S

Scheme 2 Reactions of cyclohexyimethyl palladium chiloride [112]
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A kinetic analysis was performed on the decomposition reactions of
cis-[PtC1(PEt3)2(R)] (R = Pr or Bu). With added lithium chloride the main
products are alkenes, formed by B-hydride elimination, but when Et;P is added
isomerisation to the stable trans-complex is catalysed, and is much faster
than etlimination [114]. The mechanism of electrophilic c¢leavage of the
platinum-carbon bond in trans-[Pt(PEt3),(R)X) (R = Me, Et, Pr, Bu or PhCH,;
X = C1 or Br) or cis-[Pt(PEtPh,),Ph,] by H* in the presence of X /MeOH has
been studied. The mechanism shown in Scheme 3 was proposed, and explains all
the previously observed results [115].

cl-
/ fast, Cl1- 4

—_ — —Pt'—R

Pv—R —— —F
+ HY + H*
kn l-RH, slow l—RH, slow '

/ cl1-, fast /

—_ — = 0 - —C1
A ot

Scheme 3 Mechanism of electrophilic cleavage of platinum-alkyl bond [115].

The complex [Pt,(4~dppm),;] reacted with alkyl iodides, RI, in the presence
of [PFg]™ to give 22 (R = Me, Et, Pr, Bu, H or CH,CD,). Thermolysis or
photolysis of the ethyl derivative gave ethene and ethane as the main products
in the ratio 2:1. The reaction 1is quite slow, suggesting that the
platinum-platinum bond does not activate the alkyl group towards
B-elimination. With the deuterated analogue there was no scrambling (implying
that the PA-elimination reaction is irreversible), and no kinetic isotope
effect. Two mechanisms could be proposed for the reaction, one involving
initial splitting of the metal-metal bond, and the other dissociation of one
of the wu-dppm 1ligands [116]. Reaction of [PtL,] with BrCH,CH,OPh gave
trans-[PtBr(CH,CH,0Ph)L,]. Thermolysis of this complex at 100 °C gave ethene
and phenylethenyl ether in the ratio 1:2, consistent with competitive
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B-elimination of hydride and phenoxyl. The effect of varying the ligand on the
outcome was studied. A dissociative mechanism was proposed for B-hydride
elimination, and an associative one for phenoxy eliminaticn. In 23, the
proposed transition state, the electrophilicity of the platinum centre
increases with the m-acceptor character of L’ [117].

Ph

:0,
o Np . Lg >

| |

p—pt—Pt—pP—" |[PFs] >Pt\
IL IL Brl L

N L’

22 23

There have been a range of reports in which the alkyl ligand is a
carbon-bonded B-diketonate or a B-diester. When palladium
bis(B-diketonato~0,0) complexes, [PdL.], were treated with pyridine and a
trifluoromethyl containing A-diketone, L’ (L’ = CF;COCH,COR, R = CHy, CFj,
CMe; or 2-thienyl), complexes of the type [PdL(L’-C®)py] were formed [118].
Similarly tfacacH and hfacacH readily replaced the O-bonded acac ligand in
[Pt(acac-0,0) (acac-0)(py)] [119].

Reaction of thallium B-diketonates with cis- or trans-[PtCl1,(Et,S),] gave
products in which the BA-diketonate ligand was bonded to the platinum through
carbon. With an excess of added A-diketonate, the second halide and one of the
sulphide ligands was displaced to give [Pt(B-dik-C)(B-dik-0,0)(SEt,)] [120].
Halides could also be displaced from [PdCI1,(NN)] (NN = bidentate nitrogen
ligand) by K[CH(COOR),]. That the propanedioates were (-bonded was confirmed
by spectrsocopic studies, and by an X-ray diffraction study of 24 [121].
Reaction of diethyl propanedioate with Na,[PdC1,] 1in the presence of K[OH]
gave  [Pdn{CH(COOEt),},(#-C1),12~ and  [Pd,{CH(COOEL),},(1-C.0,)13~. The
bridging oxalato ligand is considered to be formed from metal catalysed
reactions of diethyl propanedioate [122].

Dimethy1-3-oxo-pentanedioate reacted with [Pt(PPhy),] at room temperature,
to give 25, This may be characterised as a highly puckered
platinacyclobutan-3-one ring with a weak transannular platinum-carbon bond, or
as a slipped n3-oxodimethylenemethane compound. Nmr spectroscopic data showed
that the ring was inverting, via a planar transition state [123]. In a related
process, heptane-2,4-6-trione reacted with [Pt(CO3)L,] to give 26, which had
very similar properties [124]. Reaction of [Pd;(dba);] with RO,CCH,COCH,COOR
in the presence of a 1igand, L, gave 27 (L = PPhy, AsPhy, bipy, PMe,Ph, PMePh,
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or PEty; R = Me, Et or Pr). A diffracticn study established the structures of
the complexes with R = Me, L = AsPhy or PPhy or L, = bipy. They were best
formulated as slipped n-oxodimethylenemethane derivatives [125].

24 ORTEP drawing of
bis(diethylpropanedioato-C){2,2-bis(2-pyridyl)-1,3~dioxolane} palladium(II).
Some of the hydrogen atoms have been omitted for clarity, and the ethyl
carbon atoms are represented by circles of arbitrary radius. (Reproduced with
permission from [121])

Reaction of [N1(C,H,)(PPhy),] with 1,2-bis(bromomethyl)benzene gave
dibenzocyclooctadiene and [N1Br,(PPhy),l, but when the substrate was
[Ni(cod) (PCy,)] the oxidative addition product, 28, was isolated in good yield
[126]. When the reaction between [Ni1(C,H,)(PPhy),] and 4-RCgH,CH.C1 was
carried out at -20 9C, the 1intermediate [N1(CH,Ar)C1(PPhy),] could be
observed. Carboxylation using CO,, followed by an aqueous work-up, gave
ArCH,COOH. Treatement of the o-benzyl derivative with butadiene resulted in
insertion to yield an allyl complex [127]. A range of oxidative addition
products, including cyclophanes, were reported from the reaction of
[N1(CoH4) (PPh3)2] with CgH,(CHpX)g-x (x =0, 1, 2, or 3; X = C1 or Br) [128].
Both o-benzyl and m-benzyl nickel complexes have also been prepared by a
contrasting route, from [NiC1,(PMey),] and 2-MeCgH,CH,MgCl. The presence of a
small amount of adventitious water 1in the reaction mixture led to the
isolation of the cluster 29, characterised in an X-ray diffraction study
[129). Reaction of ArCHX with nicke1(0) and PhCOX gave ArCH,COPh; a number of



similar couplings were also promoted [130].

C(14)

C(54)  C(55)

25 Molecular structure showing the atom numbering scheme. Atoms are drawn as
circles with arbitrary radii. Phenyl and methyl hydrogen atoms have been
excluded. (Reproduced with permission from [123})

26 Atoms are drawn as circles with arbitrary radii. Phenyl and methy)
hydrogen atoms have been excluded. (Reproduced with permission from [124])
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| COOR
L—-P
Rooc’
27
Ni(PCys )Br
Ni{(PCys )Br
28
C43
(K\\ 44

€16,

29 The CgH,~Me labels have been omitted for clarity. (Reproduced with
permission from {129])

Photolysis of propanone in the presence of [PtClgl®~ resulted in the
initial formation of the relatively stable species [CH3COCH,PtClgl2~. More
prolonged photolysis gave CH,COCH,C!1 and [PtC1,]2~, whereas treatment with
ammonia and silica yielded [NH,][Pt(CH,COCH,)C14(NH3)]. EPR spectroscopy in a
frozen matrix indicated that platinum(II) and CH;COCH,- radicals were involved
in the photolytic reaction [131]. The same type of product was formed
thermally from K,[PtC1,] and iodopropanone [132].
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Reaction of [Pt L,(1#-S),] (L = PPhy) with CH,I, afforded [Pt(CH,I),I,L,]
in ethanol and [PtL,(CH,I)I] in ether solution. Other alkyl halides react at
sulphur [133]. Treatment of [Pt(CaH.)(PPh3);] with CH.XX' gave cis- and
trans-[Pt(CH.X’)(PPhy)oX] (X = X’ = I, X=8Br, X" =Cl or X=1I, X' = Cl).
Treatement with Ag[BF,] in the presence of an excess of phosphine yielded 30
[134]. Oxidative addition of CH,XX’ to a platinum allyl complex was also
studied [135].

Pt [BF4]

30

The reactions of  trans-[Pd(CH,CN)CT1(L),] (L = PPhy) have been
investigated; 1ligand replacement occurs relatively readily. When the
derivative of a chelating ligand, LL, [Pd(CH,CN)C1(LL)] was treated with AgX
the dimeric species 31 was formed [136]. Treatment of [NiCl;L,] with LiCH,PMe,
gave 32, in which {CH,PMe,} acts as an n®-ligand [137). Nickel(II) bromide
reacted with LiCH;SPh to give a species of stoicheiometry {Ni(CH,SPh),} which
decomposed to [N1(SPh).], together with ethene and propene [138]. The complex
[Ni(CHSMe)(Cp)(PPh3)]1 has been prepared by several different routes,
including oxidative add1t6n of CH3SCH,C1 to [Ni(CzH4)(PPh3),]1 and reaction of
[N1(Cp) (PPh3)X] with LiCH;SMe. In the latter case the ylide Me,S*CH,~ has also
been used as the nucleophile, giving 33 and 34, [Ni{u-CH,S(Me)CH,}(PPhy),]*
[139].

L. ,—CN L L L +

|\Pd Spd] | Ni c1 CoNi”

" Sve—" D 7| “PMez N

L NC L . CHz2 SMe2
31 32 33

The treatment of trans-[Pd(CH,SR”)(PRPh;)X] with an excess of HX’' (R = Me
or Ph; X = C1, Br, I or [SCN]; R’ = Me or Ph; X’ = C1 or [OCOCFy]) gave MeSR’
and trans-[Pd(PPh R).XX’]. With [Pd(n2-CH,SMe)(PPhy)X], HX’ reacted more
slowly to give trans-[Pd,(PPhy),X',(u-X),] [140]. Attempted alkylation of
trans-[Pd(CH,SR’ ) (PPh,R)X] with R"X’ resulted only in halide exchange. With
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the n2-{CH,SMe} derivative, halide exchange also occurred, but was very slow
[141].

34 ORTEP drawing of the cation [Ni,{u-CH,S(Me)CH,}(Cp)2(PPhy)2]*. Hydrogen
atoms are not shown. Probability ellipsoids are at the 50 X level.
(Reproduced with permission from [139])

195pt nmr spectrsocopy has been used to distinguish between platinum(0)
and platinum(II) in alkene and diene complexes; 35 and 36 were distinguished
in this way [142]). It had previously been reported that metallocyclopentane
ions had been synthesised in the gas phase by the decarbonylation of
cyclopentanone by Ni*. A study of the reaction with cyclobutanone now shows
that a similar course, leading to a nickelacyclobutane, is followed. However,
the product 1is unstable with respect towards BA-hydride transfer, to give
propene complexes. The reaction of Ni* with cyclopentane and cyclchexane was
also studied; carbon-carbon bond cleavage occurred, and alkenes and dienes
were the main products [143].

\_0
NI Pt —|
/
|

35 36

Reaction of [PtCi (dppm-P,P)] with 1,4-d11ithiobutane gave 37 which
reacted with an excess of dppm to give 38, readily isolated as a pure
compound. The complex 38 reacted with other metal derivatives, to give a range
of binuclear complexes, including 39 [144]. Trityl cation has been widely used
as a hydride abstraction agent, and reacts with [Pd(CHz).L;] to give
[Pd(n3-CH,CHCHCHa)Lo1Y. That the initial abstraction is of a B-hydride was
shown by a deuterium labelling study, and the first intermediate was a
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o-3-buteny) complex [145].

::hz P/\P
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Dpt\ F> _deem_, _/\pt\
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39

A range of complexes trans-[PtC1(PMe;).R] have been prepared. Pyrolysis of
the complex for which R = (CHzmsz) gave trans-[PtCIH(PMey).] and
2-methy1-1,4-pentadiene. The thermolysis was inhibited by the presence of free
PMe;, and the related cis-complex [PtCl(dmpe)R] also reacted much more slowly.
Some further reactions are shown in Scheme 4 [146].

P P
| I
_ AgLBF4 ] . -10 oC
c1 ’I’t% Seeg P—Pt— ——
P
P P
Nt NI
Pt—)> +  Pt—)
P’ P
P P
: | /\A 140 °C ' b/
I
P ,I, D

Scheme 4 Reactions of [PtCi(PMes),R] [146)

The structure of 40 was established in an X-ray diffraction study; the
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conformation of the ring was best compared with the all c¢7s boat conformer of
1,3,5,7-cyclononatetraene, and the cyclopropane rings adopted an
anti,syn,anti,syn-arrangement [147]. Reaction of 3,3-dimethylcyclopropene with
[N1(PPhy)5] gave 41, which could be oxidised in air to 42 [148].

C26 cC21
P
Cc25 cs

C24 (C23C3%

C36 C31

ci19

40 (Reproduced with permission from [147])

(RaP)2Ni! I \\%\
VAN “

41

The protolysis of 43 has been studied; with DC1, 44 was the sole product,
and Ky/Kp = 4. This suggests a three-centre transition state and an SE;
mechanism [149]. Reaction of [Pd(PPhy),] with 45 (M = Pd or Pt; X = O or NR)
in toluene gave 46 [150,151].

0

(dppe)Pd
e D D

43 44
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The complexes 47 and 48, prepared via organomercury compounds, proved to
be surprisingly stable towards A-hydride elimination, presumably because there
are conformational barriers to the proper alignment of the palladium for
elimination [152]. The structure of 49, prepared from sodium ascorbate and
cis-[Pt(dach) (H.0)2]1[NO3],, has been established. This is the first example of
an ascorbate ligand which is metal bound at C(2) and 0(5) [153]. Reaction of
50 with [Pt(C,H,)(PPhy).] resulted in oxidative addition to yield a trans
platinum alkyl complex, via a radical process [154].

49 ORTEP illustration of the structure of [Pt(cis-dach)(ascorbate)] showing
the 40 % probability ellipsoids for all non-hydrogen atoms. (Reproduced with
permission from [153])
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2.2 Metal aryl complexes

Advances in the synthesis and polymerisation of metal-containing monomers,
including trans-[M(Ar)C1(PRz)2] (M = Ni, Pd or Pt) and metal alkynyl
derivatives have been reviewed [155].

The complexes [PtAr,(cod)], c¢is- and trans-[PtAr,(PBuy),>] have been
studied by 'H, 12C and 2!P nmr spectroscopy. The coupling constants, J(PPt),
1J(Ptc), 2J(PtH) and 2J(PC) show a clear correlation with the 1ligand
configuration at platinum, and may be used for configuration determination
[156]. Spectroscopic data have also been reported for
trans-{Pt(CgH,Y) (PEt3)-X] and [Pt(CgH.Y)(PEt3)3)[BF,). Good correlations were
obtained between a range of spectroscopic parameters and the electronic and
steric parameters for Y [157].

A number of structural studies on o-aryl complexes have been reported. The
complex trans-—[NiBr(CgBrg)(PMePh;),) showed slightly distorted square planar
coordination [158], and in trans-[PtC1(Ph)(PPhy),] the platinum-carbon bond
was shortened 1in comparison with platinum-alkyl complexes [169). The
structures of [NiAr,(nbd)] and [NiArp(cod)] (Ar = C¢Fg) have been established,
and the bonding in the complexes was discussed in detail [160]. Reaction of
[BugNl,[Pt(CgCls),] with either X, or TI1Cl; gave the blue paramagnetic
platinum(III) derivative, [BucN][Pt(CgClg),], the first fully authenticated
monomeric platinum(III) complex to be structurally characterised. Diffraction
studies, of both starting materials and products, showed that the structure of
the anions was essentially identical [161].

Reaction of platinum atoms with CgFgBr yielded {PtBr(CgFs)}, which
disproportionated at room temperature in propanone to give [Pt(CgFs)2(MeC0).]
and PtBr,. The solvate reacted with Jligands such as PEt; to yield
trans-[Pt(CgFs)>(PEty)2]. The comparable reaction with PhBr was less
favourable, but PhCH,C1 gave what appeared to be an n?-benzyl derivative,
which reacted readily with phosphite ligands [162].
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A number of preparations of o-aryl derivatives have resulted from
oxidative addition reactions. For example, [Pd(PPh,),] was reacted with 18
haloarenes, RX (R = chloroaryl; X = Cl, Br or I) to give
trans-{Pd(PPhy),(R)X]. The products for which X = I reacted with iodine to
yield [PdI;(PPh3)»(R)]; the protolysis and decomposition of these complexes
was discussed [163]. Reaction of ArXx (Ar = dichlorophenyl, X = I) with
[NiBr(PPhy)5] yielded [NiAr(PPhy),;X]. Various mechanisms were proposed for the
reaction [164]. Oxidative addition to [Pd(PPhj),] also occurred with 3- or
4-bromopyridines, to give trans-[PtBr(het)(PPh;),], the reactions of which
were explored in detail. When the substrate was 2,6-dichloropyridine, a single
oxidative addition occurred [165]. Reaction of the product, 51, with Me,S0,
resulted in Mmethylation; spectroscopic data indicated that there was partial
double bond character and restricted rotation about the metal-carbon bond
[166]. Photochemically induced oxidative addition of chlorobenzene to
{Pd(PPhy;),] gave a low yield of trans-[PdC1(Ph)(PPh3).] [167]. Reaction of
[Ni(depb),] (depb = Et,P(CH,),PEt;) with PhCN gave an equilibrium mixture of
trans-{Ni(CN)(depb-P),(Ph)] and trans-[Ni,(CN),(u-depb),(Ph),]. Rate and
equilibrium constants for all the processes involved were established, and
radical processes discounted on the basis of a lack of EPR or CIDNP signals

[168].
Phs P
C1 —gM/ 7N
PPhs

Cl

51

Substitution reactions using organolithium and organomagnesium compounds
have been well represented in syntheses reported in this period. Reaction of
c1s-[PtC1,(PBuy).] with LiCgH.X gave cis-[PtAr,(PBus)z]. Protolysis with one
molar equivalent of HC1 yielded trans-[Pt(Ar)C1(PBus),), which could be
further substituted by Ar’Li, giving trans-[PtArAr’(PBus),] [169]. The complex
cis~[Pt(PBus),(Ph)2] could be 1ithiated at the 4-position of the aryl rings
using Me,CLi, and the dilithio derivative reacted readily with a range of
electrophiles [170]. Other mixed biaryl complexes have been prepared for study
of their thermolysis [171].

Reaction of CgBrgMgBr with [NiC1,(PRPh;).] gave [NiBr(CgBrg)(PRPh3);]. The
bromide could then be substituted by a range of other anions including [N;]™,
Cc1-, I, [NO.]™ or [SCN]J~, but the rate of the reaction was slower than for
the {CgClg} derivative [172]. The species [N1(CqClg)C1(PRPh,).] was prepared
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in the same way; in this case the chloride 1igand could also be substituted by
a range of aryl and alkynyl nucleophiles [173].

. Treatment of cis~[PtC1,(PPhg),] with 2-X~CgH, L1 gave the
cis-[PtAr,(PPhy),] derivative, for X = CFy, NMe, or Me0, but the reaction
failed for X = NO,, F or Me. However, when the other ligands at platinum were
tmeda or cod, the less reactive lithiocarenes gave successful reactions [174].
The reaction was more generally tested later, and a wide range of complexes of
the types [Pt(CgHs-2-X)o(PPhy)2] and c7s-[Pt(CgHa-2-X)(CeH4Y)(PPh3),] were
prepared [175]. When the lithioarene was 2,6-(Me0),CgHsLi, only a
monosubstituted product was obtained from [Pt(PPh3),X,], but [PtAr,L.] was
formed from [PtC1,(tmeda)] [176].

Whilst it had been known that reaction of R,Hg with c¢is-[PtC1,(CO)L] gave
a single isomer of [PtC1(CO)(L)(R)] (R and L trans), when R is a 2-substituted
aryl group, the reaction is very slow, and for R = 2,4,6-MeyCgH,, both
possible stereoisomers are obtained in approximately equal amounts. The isomer
with R and L trans was considered to have been produced by an Sg2 cyclic
mechanism via 52, with the other isomer formed by a non-cyclic process [177].
Treatment of [PtC1.Lz] (L = py or L, = bipy or phen) with Baf0,SR], (R = CgFs
or 4-HCgF,) gave [RyPtL,], BaCl, and $0.. Partial substitution to yield
[Pt(Ar)CiL,] was also possible by careful control of the ratio of the
reactants. {RSO,} derivatives were thought to be intermediates in the reaction
[178].
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Various new aryl complexes have been prepared by ligand exchange reactions
on existing aryl complexes. Thus [N1(CeClg){P(CH:Ph)3},X] (X = €1, Br, I,
[MS] or [MmO0]) were prepared [179]. Nucleophilic substitution of
[Ni(CgClg)(PPhR)2X] (R = Me, Et or Pr; X =Cl, Br or I) with methanol,
ethanol, Na[NO,] or K[CNS] has been noted [180]. The kinetics of the
substitution reaction of trans-[NiC1(CgClg)(PPh,Me),], with substituted
pyridines have been 1investigated. The rate constants were found to be
controlled by steric effects rather than amine basicity [181]. Reaction of
[Ni(bipy)Br(CgH,~2,4,6-Me;3)] with RL1 (R - 2,4,6-Me,CgH, or Me) gave
[N1(bipy)(CgH,-2,4,6~Me3)(R)]. The latter reacted with 1odine to give
[Ni(bipy)I,] and RCgH,-2,4,6-Me, [182].

Ligand exchange reactions of trans-[Pd(CgFg),(dioxan),) gave
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trans-[Pd(CgFg)aL,] (L = ketone)] [183]. A larger range of ligands, both mono
and bidentate, was used for reaction with cis-[Pd(CgFs),(dioxan),] [184]. With
c1s-[Pd(CgFg)2(thf),] as the substrate, and CO as the incoming 1ligand,
cis=[Pd(CgFg)2(CO)>] was  the product. The stretching  frequency,
Voo = 2186 cm™!, indicated that back-bonding to the metal was negligible
[185].

The complex [Bu,N][M(CgFg)a(CNR)] (M = Pd or Pt; R = Me, Cy, Me,C or
4-MeCgH,) was prepared from [BulN]J[M(CgFg)a(tht)] and RNC. These
triaryl complexes were unreactive towards amines, but trans-{Pd(CgFs)2(CNR):]
reacted slowly with PhCH,NH, to give the carbene complex
trans-[Pd(CgFg)>{C(NHR)NHCH,Ph},]. The bis(aryl)platinum complexes were less
reactive [186]. A range of reactions of [Pd(B-dik)(PPhy)(R)] (R = 2-, 3-, or
4-pyridyl) with nucleophiles has been studied, as have the reactions of
trans-[RPA(PEt3)-X] with T1[A-dik]. The nmr spectra and fluxional behaviour in
the products were discussed [187].

Ligand exchange reactions of trans-[Pt(Cg¢Fs)o(dioxan)z], leading to
trans-[Pt(CgFs)2L>] (L = Et,NH, PhNH, or piperidine) have been studied [188].
Both cis- and trans-[Pt(CeClg)(OCHO)(PEt;).] were readily decarboxylated to
give the related hydrides. The complex [Pt(CeClg)C1(PEt3),] reacted with
Ag[BF,] to give [Pt(CqClg)(PEtg).(solvent)]1[BF,], and further reactions of
these and related species were studied [189].

The normal mode of substitution of c7s-[Pt(dmso-S),(Ph),] is associative.
However, with chelating Jigands, L-L, both dissociative and bimolecular
processes were observed. The strong trans-influence of the phenyl 1ligand is
necessary to weaken and lengthen the platinum—sulphur bond sufficiently that
dissociation to [Pt{n2-dmso)(Ph)>] occurs [190].

Reaction of [Pt(dppm—P),(Np),] with [Rh,C1,(C0) 41 gave
[{PtNp,} (-dppm) {RhC1(CO)}]. A number of related complexes were also studied
[191]. Treatment of [Pt(PPh,CmCR’),R,] (R = 2-MeCgH,, CeFs Or CF3; R’ = Ph, Cy
or SiMe;) with [Fe,(CO)g] gave 53, together with some of the complex which
has lost the {Fe(CO0),} wunit; the structure of the iron-free complex
for which R = CgFg, R' = Ph .was established in an X-ray diffraction
study [192]. Reaction of trans-[Pt(PCH,Ph),(Ph),] with CO, gave
trans-[ {Pt(P{CH;Ph}3),(Ph)},(1#-C053)], 54, the structure of which was
established in an X-ray diffraction study. The reaction was considered to
proceed in a stepwise manner via hydrogen carbonate intermediates [193].

various aryl derivatives of platinum(IV) have been reported. Complexes of
the type [Pt(Ar)C1,]1X~ were prepared from ArI and K [PtCl,] in H,0/tfaH [194].
Arenes reacted with [PtC1g]2~ under 1rradiation, to give aryl platinum(IV)
complexes, which were 1isolated as the ammonia adducts [NH ]JIPt(Ar)Cl (NH),]
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[196]. In a thermal reaction, H,[PtClg} reacted with toluene to give
[Pt(Ar)Clg]l2~. The kinetics of complex formation as well as of interconversion
of the 3- and 4-substituted isomers were studied. These suggested the
formation of Wheland intermediates, which were able to interconvert in
solution [196]. More detailed studies suggested that in the thermal reaction
the initially formed intermediate was a n~-bonded arene complex, but 1in the
photochemical reaction, an electron transfer pathway was dominant [197].

Phz R’
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R p > Fe(CO)s
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53
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54 A sketch of the dimer with some bond lengths and angles of interest.
E.s.d.’s are 0.004 for Pt-P, 0.007 for Pt-0, and 0.01-0.02 for the other bond
lengths. Only the donor atoms of the phosphines are shown. (Reproduced with
permission from [193])

Reaction of [PtC1g]2~ with ethenylbenzense gave a platinum(II)
ethenylbenzene complex. Irradiation of [PtClg]®~ 1in the presence of hexane
yielded a platinum(II) complex of 1-hexene. With PhOMe a 4-platipated aryl
complex was the sole isolated product. Again the kinetics of the reaction have
been studied in detail, and competition between electron transfer pathways and
electrophilic substitution reactions considered [198]. Treatment of [PtClgl?~
with ArHgX, followed by reaction with NH3/S10, gave [Pt(Ar)C14(NH3)]~. This is
a convenient reaction for the specific preparation of 3- or 4-substituted
species, since mixtures are generally obtained in reactions with arenes. Ph,Sn
and Ph,Pb give lower yields in this reaction [199].

The 195Pt nmr spectra of [ArPt(NH;)C1,]~ have been reported, and the data
correlated with the substituents on the aryl ring [200]. The thermal behaviour
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of [Ar],[PtClg]l (Ar = N-alkyl-py) has been investigated. Initially on heating
HC1 is Tost to give, for example, [AN-Mepy][PtClg(M-Mepy-H)], in which one of
the heterocyclic rings has been metallated [201].

Kinetic data for oxidative addition reactions of Ni(0) with ArX have been
published. The arylinickel complexes produced readily inserted alkenes, to give
arylated alkenes and {HNiX} [202]. Reaction of [Ni(CgFg)2(n®CgHgMe)] with
TiCp followed by [Et,N]I gave the new class of compounds [Et(N][Ni(CgFs)2Cp].
In the structure of 55 there is a non-planar deformation of the Cp 1igand, and
this is the first example of the direct replacment of an arene ligand by [Cpl~
[203]. Reaction of [Ni(cod),] with PPh; and Ph;PCHCOPh gave 56, the structure
of which was established in a diffraction study [204].

55 Computer drawing of the [N1(CeFs)2(n®-CgHg)]™ 1on as 1t exists in crystals
of the [(CoHg)4N]* salt. Anisotropic ellipsoids are represented at 50 %
probability and hydrogen atoms have been reduced in size for clarity.
(Reproduced with permission from [203])
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The electrochemical reduction of cisS[NIBr(CgHy-4~Br)Ni(PPhy),] 1n MeCN
gave a polymer coating of nickel containing poly para-phenylene. The coating,
which contains nickel-aryl units, undergoes a two-electron reversible
reduction, and a one—electron reversible oxidation. There is thus a large
potential window in which the polymer is not destroyed [205]). Poly-2,5- and
poly-2,6-pyridine coatings were produced on glassy carbon electrodes by the
nickel catalysed reduction of dibromopyridines 1in MeCN. The complexes
trans-[NiBr(PPhy),(2-pyridy1-5-Br)) and trans-[NiBr(PPhy),(3-pyridyi-6-Br)],
formed by the addition of the dibromopyridines to [Ni(PPh3),}, were used as
the starting materials [206). The photolysis reactions of 57 (L = PMe; or
PMePh; X! = H or Br, X2 = H or Br) have been investigated [207]. Reduction of
[N1(CgFs) (PPhy)2X] (X = (CgFg) or Br) with [BH,]J~ gave an unstable species
[Ni(Ar)(PPhgy),]~, which was not fully characterised. In the presence of CO,
the reaction yielded [Ni(Ar)(CO),(PPh;).]. Some related alkynyl complexes were
also studied [208]. Reaction of NiCl, with NaH, [RO}Na and bipy in the ratios
4:2:1:2 gave an incompletely characterised nickel(0) complex, which catalysed
homocoupling of aryl haides, and haloalkenes [209].

X1 OMe MeO 2
oL
YE
L‘
X OMe MeO X1
57

Reaction of palladium ethanoate with PPh, gives [{Pd(OCOMe),(PPh3)},] or
[Pd(OCOMe),(PPh;),] depending on the reaction stoicheiometry. Thermolysis of
the products gave biphenyl and phenyl ethanoate, possibly via the initial
sequence of reaction (2) [210]. When trans-[Pd(Ar)I(PPhy)] is treated with
RSnMe; (R = Ph or 4-MeCgH,) cross-coupling to yield RAr occurred. The reaction
mechanism was discussed in terms of initial halide substitution followed by
isomerisation and reductive elimination [211].

The complex trans-[M(CgFg)(0C103)(PRy)2]1 reacted with [R’,PCS,] to give
trans-[M(CgFs) (PR3)2(R’4PCS,)11C10,] (M = Pd, R=R"=Et or Bu,
Ry = R’3 = Et,Ph, R=Bu, R’ =Cy, or R=Ph, R'=Et or Bu; M= Pt,
R = R’ = Et or Bu). The same type of complex was also obtained by reacting CS,
with [Pd(CgFg)(PEty)3][C10,]. The structure of 58 was established in an X-ray
diffraction study; the {EtaPCS;} moiety acts as a unidentate ligand, bound at
sulphur [212].
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58 Perspective view of the cation trans-[Pd(CeFs)(PEty)2(S2CPEt3)]* with
thermal ellipsoids constructed at the 30 X electron probability level.
(Reproduced with permission from [212])

The reductive elimination of biaryls from cis-[Pt(Ar)a(PPhy)2] has been
studied. The influence of the substituents on the aryl ring on the rate of the
reaction was considerable, and AH* was 1linearly correlated with the
substituent constants and with *J(PPt) [213). A further range of complexes of
the types c7s-[Pt(Ar)(CgH,—4-Me)(PPh3),] and c7s-[Pt(Ar)(CgH,-4-OMe)(PPh3).]
were similarly investigated [214].

The kinetics of dmso exchange in the complex cis-[Pt(dmso),(Ph),] were
investigated by stopped-flow techniques. Ligand replacement reactions with
bipy, dppe or phen were also studied, and it was concluded that the reaction
proceeded by a dissociative mechanism [215]. Isomerisation, solvolysis and
thiourea substitution of cis-[Pt(CgH,~4-F)CI1(PEt;),] have been reported. The
data were consistent with a dissociative mechanism, and the reactivity tended
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to be dominated by the solvation of the departing halide [216].

The complex trans-[Pt(Ar)(H)L,] could be prepared by reaction of
trans-[Pt(Ar)(OH)L,] with methanol, trans-[Pt(Ar)L,X] (X = C1 or NHCOMe) with
[Me0)™/MeOH or Na[BH,]/MeOH or trans-[Pt(Ar)L,(solvent)]{BF,] with [MeO]~/MeOH
or NalBH,]/MeOH. Reductive elimination from the products occurred only at high
temperatures, and their stability 1increased with an 1increase in the bulk of
the phosphine 1igand, L. Loss of benzene from trans-[Pt(H)(PEty),(Ph)] was
accelerated by €O, and dinhibited by PEty, [217). Protonation of
[BuyN][Pt(CgFg)4] with one molar equivalent of HC1 gave [Bu,NI[Pt(CeFs)sC1],
whereas with two molar equivalents the product was [BugN],[Pt,(CgFg)e(1-C1).].
The related salts of [(PhsP),N], PPN, were also studied with particular
reference to replacement of the halide ligand by dppm. Mixed metal dimers and
trimers were prepared, including [(PtArs)(u-dppm){Pd(Ar)(PPhy),}] and
[BusN)[Ag{PtAr,(st-dppm)},] [218].

A detailed paper has been published regarding the reactions of complexes
of the type [PtCI1{CO)L(Ph)] with organomercury compounds. For the reaction
between PhpHg and 58, the group trans to the phosphine 1s replaced in both
forward and reverse reactions, because PRy has a stronger trans-infiuence than
CO. The mechanism probably involives an SE, cyclic pathway, with a transition
state 60 [219].

L Ph L Ph
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various binuclear o-aryl complexes have been noted. Reaction of
[Pd(CgFg)L2X] with [Pd(CgFg)L2(0C103)] gave the dimer
trans,trans-[{Pd(Ar)L;},(1=X)1[C10,] (X = [CN], [SCN] or [N3], L = PPhy).
However, the scope of reaction of the bipy complexes 1s greater, and the
bridging group may also be chloride or bromide. Some complexes of higher
nuclearity were also prepared [220]). When the perchlorate derivative was
reacted with T1,[CS;]) the product was 61. With [Pd(n?-CS3)(PR3).], the related
species [LoPd(u-S,CS)Pd(Ar)L,1(C10,]) was formed [221].



423

PR3
ReP L A
Pt. ;C—=S—Pd-Ar
I '
PR3
61

A series of binuclear complexes were prepared by the reaction of
[Pd(nl-dppm),RR’] (R = R’ = CgClg or Cg¢Fs Or R = CqFg, R’ = C1) with various
gold complexes, bearing 1ligands which could be easily displaced. Examples
included [(PdRR’)(u-dppm),AuCl]), [(PdRR’)(u-dppm),{Au(CeXg)}) (X = €1 or F)
and [RR’Pd{(u#-dppm)AuC1}>] The structure of 62 was established 1in a
diffraction study [222]. Oxidative addition of 63 (X or Y = N) to [Pd(PPh;),]
gave a mixture of trans-[Pd(Ar)C1(PPhy),] and the binuclear complex, 64. The
proportion of the binuclear complex could be increased by addition of H,0,,
which removed free phosphine by oxidation. Nmr spectroscopic data indicated
that there was restricted rotation about the C-Pd bond in the mononuclear
species, suggesting that dp»n* back bonding was important [223].

62 (Reproduced with permission from [222])

The complexes [{M(PR3)}(1-H){Pt(CeClg){(PEt3)}]* (M = Ag or Au, R = Et or
Ph) were prepared from trans-[Pt(CeClg)(H)(PEty)s,] a'nd [NL(PRy)1Y [224].
Reaction of [BugyN][Pt(CgFg)3(SCqHg)] with [Ag(0C104) (PPhy)] gave
[PtAg(CeFg)3(PPhy) (SC4Hg)] characterised in a diffraction study. At 2.637(1) A
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this possesses the shortest known Pt-Ag bond [225].The tetranuclear complex
[BuyN]2[Pt2Ag2(CeF5)4Cl4], 65, was formed by treatment of
[BugN] [Pt(Cg¢Fg)2C1,] with Ag[NO3] and was characterised in a diffraction
study. The bonds between the two silver atoms and between platinum and silver
are quite strong, and there is a weak interaction between the platinum atoms.
The 2-fluorine substituents on the aryl rings are quite close to the silver
atoms [226]. Addition of PPhy allows replacement of a chloride ligand, and
splitting to give the dimer [BuN][PtAg(CgFs)aoC1(#-C1)(PPhy)], 66. By
contrast, reaction with AsPhy or SbPhy gave trans-[PtAr,L,] and
trans-[Bu N1 [PtAr,CY,] [227].

Y
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63 64

65 ORTEP drawing of the [Pt,Ag.(CeFg)4C14]%~ ion. (Reproduced with permission
from [226])

Photochemically induced oxidative addition of aryl bromides or iodides to
[Pto(i-Py0gH2) 414~ gave [Pt,(u-P.0gH>)4ArX]1*~. The chloride could be prepared
by halide exchange, though not by direct oxidative addition. The mechanism of
the addition involves double activation induced by single electron transfer
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[228].

66 ORTEP drawing of the complex anion [PtAg(CgFg)2C1.(PPhy)]~ showing the
atom labelling scheme. Carbon and fluorine atoms are shown as small circles,
for clarity. Pt, Ag, C and P atoms are represented by their 40 % probability

ellipsoids. (Reproduced with permission from [227])

2.3 Metal acyl complexes

Many metal acyl complexes result from insertion of carbon monoxide into a
metal-carbon bond, and will be considered in the next section. Treatment of
[N1(CO)(np3)1[BPh,] (npa = N(CHCH,PPhz)3) with ethoxide ion gave
[N1(COOEt)(np,)1IBPh,]. This reacted with BHy.thf to give the four-coordinate
complex [N1(CO)(Hnpy)1[BPh,] and [NiH(np,)1IBPh,], which is five-coordinate.
The intermediate is assumed to be [N1(CHO)(npa)]* or [Ni(CO)(H)(np3)]*, which
may lose CO or H* {229]. Reaction of benzene-1,2-dicarboxylic acid
dichloride with [Ni(CO),] was reported to give 67, but the species was not
fully characterised. An analogous species was obtained from
1,2-dil1odobenzene, 1n which the carbonyl units of the metal acyl are assumed
to have been derived from the nickel carbonyl. A related reaction is described
for [Pd(PPhy),] [230]. The acylnickel complex [N1(CO),(COR)}™ was prepared
from RLi and [N1(CO),], and reacted readily with unhindered enones (reaction
(3)) [231].
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The structure of trans-[PtC1(COOMe)(PPh,),], 68, has been determined
[232]. Reaction of trans-[PtC1(COhexy1)(PPhy),] with SnC1, has been studied by
3p nmr spectrsocopy. The species trans-[Pt(COhexy1)(PPhy),(SnCl,)] was
formed, together with a species which was not fully characterised, but seemed
to contain a chloride 1ligand bridging the platinum and tin centres. The
complexes were discussed as models for 1intermediates in catalytic
hydroformylation [233].

68 (Reproduced with permission from [232])

3 METAL COMPLEXES FORMED BY INSERTION AND RELATED REACTIONS

The carbonyl 1insertion reactions of square planar complexes have been
reviewed; the reactions of platinum and palladium complexes have particular
relevance to the mechanisms of carbonylation reactions [234]. cCalculations
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have been performed to optimise the transition state for the insertion
reaction of [Pd(CO)(H)Me(PH3)] to give [Pd(COMe)H(PH;)]. The reaction takes
place by methyl migration with a low activation energy, and provides an model
for the carbonylation of trans-{PdMe,(PR3),] [235].

Carbonylation of [N1{N(SiMe,CH,PPh,),}R] gave a compound, originally
thought to be 69, in a rapid reaction. However, for R = CH=CH, small amounts
of material characterised as 70 were also formed, and “69" (R = CH=CH;) lost
CO slowly to give this compound. Thus it is clear that the originally formed
69 underwent a novel rearrangement to give 71. A1l the complexes showed
enhanced intramolecular silyl group exchange between oxygen and nitrogen, due
to the proximity of the nitrogen lone pair of the {C=NSi} group to the
transannular {0-Si} moiety [236]. The complexes [PtC1(Ph)(PY)] (PY = dppp,
Ph,PCH,CH,SMe or  Ph,PCH,CH,NMe,) underwent CO insertion to give
[PtC1(COPh)(PY)], but the derivatives of dppe and Ph,PCH,CH,ASPh, were
unreactive. It was concluded that dissociation of (PY) was essential for
coordination of CO prior to insertion [237].

Me2 Ph2 Me2z Ph2
ﬁ Si\/P 0= 81.\/P\
R-C-N = Ni(c0) R " wiccor
Si W - si P
Me2 Ph2 Me2 Ph2
69 "

70 ORTEP diagram and numbering scheme for the complex
[N1(CO){(r\z-csz)&N(s1mzCHzPthTos1mzCHzPth}]. The unshaded thermal
ellipsoids represent the disorder in the backbone. (Reproduced with
permission from [236])
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There have been a number of reports of insertion of €O into
metal-heteroatom bonds. Reaction of [PtC1(dppe)(Me)] with Na[OMe] resulted in
substitution to yield [Pt(dppe)(Me)(OMe}] Carbonylation gave
[Pt(COOMé)(dppe)Me], whilst reaction with CoF, yielded
[[Pt(CF,CF,0Me)(dppe)Me]. In neither case was any insertion into the
platinum-carbon bond noted. Labelling studies suggested the intermediacy of a
five-coordinate complex. Alkenes bearing electron withdrawing groups, such as
CH,=CHCN or CH,=CHCOOMe, gave less than 10 % yield of insertion products
[238,239]. The thermally unstable species [Pt(dppe)(OMe),] was prepared
similarly, and could be mono and dicarbonylated. The dicarbonylation product,
72, was characterised in an X-ray diffraction study. At 80 ©°C it decomposed to
give a mixture of CO, methanol, methanal and oligomers. Oxidation with a range
of oxidising agents gave dimethyl oxalate, dimethyl carbonate, methy]l
methanoate, CO, CO, and methanol {240]. However, reaction of [ML,Me,] (M = Pd
or Ni, Ly = bipy or (PEty),) with ArOH gave [ML,(Me)(OAr)] which was
carbonylated to [M(COMe)L,(OAr)]. Thermolysis of the acyl palladium complex
gave MeCOOAr, but heating the nickel complex resulted in deinsertion of CO.
The reaction mechansims were discussed [241].

72 Perspective drawing of the coordination sphere in [Pt(COOMe),(dppe)]. Only
the ipso-phenyl carbon atoms are indicated and the hydrogen atoms are omitted
for clarity. Thermal ellipsoids are drawn at the 50 X probability level.
(Reproduced with permission from [240])

Addition of water to [Pt{cyclohexyne)(PP)] ((PP) = dppe, dppp, dopb or
vdpp) gave 73, which inserted CO first into the platinum-oxygen bond. When
(PP) was dppp, a second, slower insertion into the platinum alkenyl bond
occurred. The platinum carboxylic acids were relatively stable and did not
readily decarboxylate. They could be converted to esters and amides. Labelling
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studies suggested that [Pt(CO)(PP)R]J[OH] was an 1intermediate in the
carbonylation [242]. Reaction of [MC1.(pnp)] (M= Pd or Pt;
pnp = 2,6-bis(diphenyliphosphinomethyl)pyridine) with CO and alkoxide ion gave
[M(COOR) (pnp)]C1, and amides could be prepared similarly [243].

50

Carbonylation of [N1I (NHEt;).) in the presence of free EtNH gave
[N1(CONEt,)I(NHEt,),]. This underwent substitution of the amine ligands with
Et,P and insertion of PhCmCPh to give [Ni{C(Ph)=C(Ph)CONEt,}I(NHEt;),] [244].
These carbamoyl complexes could also be prepared directly from NiI,, CO and
Et,NH. When the carbamoyl complex is reacted with [NiI(NHEt;),] a trinuclear
cluster, 74, is formed, and was characterised in a diffraction study. Addition

P
( /o co (:\Pt/coou P P = dppp

73

of PEt, gave a monunuclear species, 75 [245],
c(21) c(23)

74 (Reproduced with permission from [245])
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75 (Reproduced with permission from [245])

Reaction of [NiC1,(pnp)] with CO and RNH, gave {NiC1(CONHR)(pnp)l}, the
structure of the complex not being described. If the pKq of the amine is
greater than 4.0, no additional base is needed, but for less basic amines,
addition of Na[CO3] or EtsN was necessary. Base treatment of the carbamoy]l
complex resulted in deprotonation to give an 1isocyanate derivative, which
reacted with an excess of the amine to give a urea [246]. The halide 1igand in
the complex [PtCIL,R] (L, = dppe, R = Me, Ph or PhCH,; L, = dmpe, R = Me)
could be substituted by LiNHCH,Ph to give a relatively unstable product.
Carbonylation then gave the isolable species [Pt(CONHCH,Ph)(dppe)Me], and
there was no insertion into the platinum-alkyl bond [247].

Insertion of 4-C1CgH NC into [Pt(dmpe)H(Me)] occurred exclusively at the
platinum-hydride bond to give 76 as a single isomer. This implies that hydride
migration is stereoelectronically controlled with the new C-H bond trans to
the developing lone pair on nitrogen. Reaction of the aryl isocyanide with
[Pt(dmpe)Mez] in methanol gave 77, again as a single isomer, characterised by
a diffraction study. Above -30 ©°C the Z- and E-isomers equilibrate. The
mechanism of the reaction 1s thought to 1{nvolve methanol attack on a
coordinated isonitrile, followed by protonation at platinum and methane
elimination. If the reaction 1is conducted 1in toluene, 1insertion of the
isocyanide into the platinum-methyl bond does occur, but the reaction is some
10° times slower than that of the methyl hydride complex, and is neither clean
nor stereospecific [248].
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There has been a kinetic study of the insertion of isocyanides into the
palladium-aryl bond of 78 [249]. The steps proposed for the the reaction of
related complexes of non-chelating phosphines were similar and various
substitution reactions on the product were described [250].

ct
(dppe ypa]
Y
cl
78
Reaction of [Pd(PPhy),] with chloropropanone gave

trans-[Pd(CH,COCH4)C1(PPhy)2], which readily 1inserted RNC (R = Me or
4-MeOCgH,) to give 79 [251]. The bis(isocyanide), 1,4-CNCgH,NC, reacted with
[Pd,(t-dppm),X,] (X = C1, Br, I, [NCO} or [SCN]) by a double insertion
reaction to give the A-frame complex 80 [252].
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There have been a number of reactions reported which may be considered to
be insertions of CO,, though in most cases the mechanisms were not delineated
in detail. Thus 81 was prepared from [Ni(cod),], Me,NCH,CH NMe., PhCH=NPh and
€0, [253]. A similar process allowed the synthesis of 82 by carboxylation of
[NiL(RC=CR)], or from Ni(0), RC=CR, L and CO,. Carbonylation of 82 gave the
anhydride, and alkynes could also be inserted into the nickel-carbon bond. A
similar process was reported using alkenes, to give 83. In the case in which a

References p. 767



432

non-symmetrical alkene, RCH=CH,, 1is used as the substrate, two insertion
products, 84a and 84b were formed, their proportions depending on the
temperature at which the reaction was carried out [254]. With allene as the
substrate and a basic ligand, L, such as bipy or dcpe, the product was 85.
Reactions with substituted allenes were regioselective (reaction (4)) [255].
With butadiene the three products obtained, 86a, 86b, and 86¢c, were in
equilibrium. Carboxylation of the mixture gave 87 which could be readily
opened with methanol [256].

80 (Reproduced with permission from [252])

Mez2 Ph
‘ R R R
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Quadricyclane reacted with [Ni(bipy)(cod)] and CO by insertion into one of
the strained three membered rings. Carboxylation then gave 88, which could be
protonated to 89. A number of related reactions with strained double bonds
were also described [257]). Reaction of dicyclopentadiene with {N{1(0)(bipy)}
and CO, gave 90, in a stereoselective reaction [258]. The insertion product 91
was readily isomerised to 92. Although the diastereomeric excess was initially
small, it rose to 54 X S after 10 h at 24 OC [259].

H+
—_—

Ni(bipy)
o o COOH

88 89

The insertion of -isocyanates into nickel complexes is closely related to
the insertion of CO,, and several new reactions have been reported. Reaction
between 1,1-dimethylallene, [Ni(cdt)], RCNO and an appropriate ligand, L, gave
93, as the major product. A range of reactions was discussed [260). Oxidation
resuited in bimolecular coupling to give 94 [261]. Under the same conditions
RCHO yielded 95 [262). With ethene, and a reaction at low temperature, 96 was
formed; thermolysis yielded CH,=CHCONHR, rather than a B-lactam [263). The
complex 96 may react with further ethene to give an expanded ring, prior to
B-elimination [264). In the absence of addend, the isocyanates are coupled to
give 97 and/or 98, but all the yields were low [265].
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90 (Reproduced with permission from [258])
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The insertion of alkenes into metal hydride bonds is a fundamental step in
most hydrogenations catalysed by transition metal complexes. The mechanism of
alkene hydrogenation and isomerisation in the presence of platinum complexes
has been reviewed. The alkene insertion into the platinum hydride bond 1in
trans-[PtH(PR3),(SnX3)] was followed by multinuclear mmr spectroscopy.
Insertion was faster for the trans than for the cfs-complex [266]. The complex
[PA(OCOCF,).(PPhy),]1, in the presence of tfaH, catalysed isotope exchange
betwesn H, and H,0, via [PdH(PPh3)3][X]. Addition of ethene lowered the rate
of reaction, and a mixture of CO and ethene inhibited it completely. Under
these conditions [PdH(PPhy);}* reacted with ethene to give [Pd(Et)(PPhs),X],
which further inserted CO to yield [Pd(COEt)(PPhy)n,X]. Insertion of more
ethene and protolysis gave EtCOEt [267].

The facile insertion of perhaloalkenes has been again demonstrated by the
reaction of [Pt(dppe)Me(OMe)] with C,F, to give [Pt(CF,CF,OMe)(dppe)Me] [268].

Insertion of CH,=CHCOOMe into the unstable species
trans-{PtC1(H) {P(OMe)3}>] gave only cis-[Pt{CH(Me)COOMe}C1{(P(OMe)3}2]. The
fact that only the branched product is formed is quite distinct from the the
reactions of the related PEt; derivatives [269]). Reaction of a zinc porphyrin
derivative, bearing peripheral organomercury functionality, with CH,=CHCOOMe
in the presence of Li[PdC13] gave the corresponding porphyrin bearing
{CH=CHCOOMe} units, but some complications did occur due to overmercuration
[270].

In a heterogeneous reaction, under an ammonia atmosphere,
[PLt(CoHs)C12(NHa)] yielded [Pt(CH,CHoNH..HC1)(NHg)a)C1 [271). The complex 99
was in equilibrium with its isotopomer via the insertion product, 100 [272].

D D

(dmpe)Pt ) D (dmpe )Pt
_|_ —— (dmpe)Pt - D > _|_

D D

99 100

Similarly, insertion of alkynes into metal hydride and wetal-carbon
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bonds are key processes 1in their hydrogenation and oligomerisation
respectively. Reaction of PhCeCH with trans-IN1C1(COR)(PMe;)>] gave 101, in
which the nickel atom 1s 5-coordinate, and has distorted square pyramidal
geometry. For the complex in which R = CH,CMe,Ph the square pyramidal species
was in equilibrium with the novel ylide complex 102 [273]. Cycloinsertion of
103 and related species was studied. As predicted by the work of Thorn and
Hoffman, kinetic studies show that the insertion step involves a 4- rather
than a 5-coordinate intermediate [274].

101 (Reproduced with permission from [273])

Insertion of dmad into 104 involved reaction of the platinum-chlorine
bond. The reaction did not occur in systems with less bulky phosphine 1{igands,
suggesting that 5-coordinate intermediates were not 1ikely in this case [275].

Reaction of [Pt(n2-PhNO)(PPhy).] with dmad gave 105, via insertion of the
alkyne into the Pt-N bond of the n2-bonded ArNO 1igand. Insertion of alkenes
bearing electron withdrawing groups was also studied [276]. Reaction of the
amino carborane, 106, with PhCeCPh, gave 107 [277]. Treatment of
sym, trans-[Pt,(1-C1)2(PEt;)2(SnC13),] with two molar equivalents of CF;CmCCFg,
resulted in 1insertion into both the Pt-Sn bonds, to give 108 as the major
product, in equilibrium with its cis-isomer. One plausible mechanism advanced
for the reaction involved formation of cationic platinum alkyne complexes by
substitution, followed by attack of [SnC1;]~ at the alkyne [278].
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102 (Reproduced with permission from [273])
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106 (Reproduced with permission from [277])
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107 (Reproduced with permission from [277])
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108 Line drawing of the dimeric double insertion product. (Reproduced with

F(42)

Flany Fia3)

permission from [278])

Reaction of 109 with CH,N, gave 110, by insertion of {CH;} into a
metal-chloride bond [279]. Insertion of methylene also occurred with
[Pt(cod)X,) (X = C1 or I) to give the stable complex [Pt(CHX)(cod)] [280].
Reaction of cyclooctene with PhNy in the presence of PdCl; gave 111,
characterised by a diffraction study. By-products included cyclooctanone,
phenylimine, and a bis(aziridine) palladium complex. The aziridine complex was
formed in larger quantities from [PdC1:(coe),] and phenyl azide. The initial
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step in both processes is probably insertion of PhN, into a metal alkene bond
[281].

111 ORTEP view of
trans-dichlorobis(11-pheny1-9,10,11-triazabicyclo[6.3.0]undec-9-ene)
palladium(II)-chloroform (1/2). Thermal ellipsoids are drawn at 30 %

probability. (Reproduced with permission from [281]).

N
Insertion of CF,C=CCF, into 112 (C N = 2-dimethylaminomethylpheny)) gave a
double insertion product, 113. A complex mechanism was proposed [282].

SiMes
o<
NN
Me2z

112
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113 Molecular structure of the double insertion product. The fluorine and
hydrogen atoms are omitted for clarity. (Reproduced with permission from
[282])

A number of insertion reactions have the opposite sense, that is they are
the insertions of metal complexes into organic molecules. Thus in the reaction
of [Pt(PPhy),] with RN=C(C1)-C(Me)=0 the products are 114a and 114b, in the
ratio 9:1. Reaction of the mixture with MeNH, gave mainly 115. A range of
reactions of 115 with other metal complexes was reported [283].

0

)
c1 PhaP ‘?_
i -
PhaP — Pt —( Ci-pt \,
N
PPhs | PPhs
R R
114a 114b
N/Me
PhsFI’ Me
c1-Pt
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The activation of methane by trans-[Pt(H,0),C1,] has been studied from a
theoretical perspective. As the reactants approach, the repulsion energy
decreases initially as a result of distortion of the metal complex, but at a
later stage as a result of deformation and stretching of the C-H bonds in
methane [284]. Reaction of [Pt(C,H.)>(PCy3)] with 116 resulted in insertion of
the metal complex into the C-H bond of the aldehyde. Related reactions were
also considered [285].

7\
4 I N [Pt(CzHe )2 (PCys )1, 7 I
WV Y
)
CHO CysP—Pt
|
116

Reaction of [Pt(PPhy);] with R;Hg (R = 2,4,6-C15CgH, or 2,3,5,6-C1,CeH)
gave [Pt(HgR)(PPh3),(R)]), by insertion of the platinum into the alkyl-mercury
bond. Further reaction with [Pt(C H,)(PPhy).] gave the trimetallic species
[Hg{Pt(PPh3)>(R)}>], 1indicating that the second alkyl-mercury bond is not
deactivated towards insertion by the reaction of the first [286]. When
[Pt(PPhy),] reacted with 4-FCgH,HgC1, the product was [Pt(CgHe—4-F)CI1(PPhy).1;
insertion had occurred into the Ar-Hg bond, followed by elimination of
mercury. With PhHgSCgH,~4-F, 1insertion of platinum into both the Ar-Hg
and the S-Hg bonds took place, to yield, after mercury elimination,
[Pt(Ph)(PPhy),(SAr)] and [Pt(Ar)(PPhy),(SPh)] [287].

Insertion of nickel(0) into butane-1,4-dioic acid anhydride gave
intitially 117 (L, = bipy or dppe), which was not {solated, but lost CO in a
reversible reaction, to give 118. When the reaction was carried out using a
substituted, non-symmetrical, anhydride, regioselectivity was generally low
and depended on the 1igand [288). A similar reaction was reported for
[N1(CoH,) (PPhy),] with benzene-1,2-dicarboxylic acid anhydride [289].

(o)

LnNi
LnN‘i\ AN

117 118

Insertion of [Ni(CO)4] 1into the strained ring of 119 gave three
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products; their relative proportions indicated that the major opening
was of the Jess hindered bond, with retention of configuration. The
related substrate bearing four methyl groups on the cyclopropane ring
was unreactive [290]. Insertion of {L,Ni} 1into the strained ring of
biphenylene depended on the nature of L, with the reactivity order
[Ni(bipy)(cod)] < [N1(PPhg)4] < [N1(CH4)(PPhg)a] < [N1(EtaP),)] being
established. The reactions of 120 were 1investigated (Scheme 5) [291].
Biphenylene end-capped polyquinoline and polyimide prepolymers were melt
processed in the presence of [N1(co)2(PPh3)2] at 325-340 OC and 500 psi to
give high quality transparent films. The curing involves insertion of Ni(0)
into the four-membered ring of the biphenylene, followed by dimerisation

[292,293].
INi(CO), ]
B \ S .
(OCINi (OC)Ni
0
0

1% %%,

13

Insertion of platinum(II) from Zeise’'s dimer into 121 gave two
platinacyclobutanes in the ratio 2.3:1. Protection of the ketone as an acetal,
in 122, resulted in different regioselectivity, and an accelerated reaction
[294]. The reactions of 123 and 124 proceeded similarly, but the products of
their decomposition depended strongly on the nature of L (Scheme 6) [295].
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Scheme 6 Formation and decomposition of platinacyclobutanes [295].
4  METAL CARBENE, CARBYNE AND YLIDE COMPLEXES

Reviews have discussed the structural consequences of bonding 1in
transition metal carbene complexes [296], and the reactions of such complexes
with unsaturated hydrocarbons [297].

Reaction of [N1(CO),] with LiN(CHMep), followed by [Et,0)[BF,] gave the
carbene complex [N1(CO)5{C(OEt)N(CHMe,),}]. Replacement of one of the carbony]l
1igands by PPh, gave a more stable complex, which was reacted with BCl3 to
yield 126 as the final product [298]. When [Ni(cdt)) was treated with
MeyP=CH,, [Ni(cdt)(CH,PMe;)] was formed. This, and the related species
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[Ni(C_H,)2(CH,PMe;)], decomposed at room temperature to give, respectively,
[Ni(cdt)(PMe3)] and [Ni(CzH,)o(PMes)]. In the presence of ethene, cyclopropane
was formed, suggesting a strong carbene character for the complexes [299]. The
structure of the previously reported complex, 126, has been determined in an
X-ray diffraction study. The nickel adopts square planar geometry, and the
short nickel-carbon bond length suggests that m-back-bonding is very important
[300].

PPhs
i
[OC — Ni=C—N(CHMe2 )2][BC14]

|
Cco

125

N
(;:\\\‘"

S 11) c(1a)

126 Atoms are represented by thermal ellipsoids at 30 X probability levels.
Hydrogen atoms are omitted for clarity. (Reproduced with permission from
{300))
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Reaction of either MX, or [ML,X,] (M = NI, Pd or Pt; L = MeCN, PhCN or
PPh3) with HOCH(R)CH(R’)NC (R = R’ = H, R’ = Et, R= Hor R’ = H, R = Me) gave
tetraoxazolinium metal complexes such as 127. The four five-membered rings are
approximately perpendicular to the coordination plane, and the structure is
stabilised by extensive hydrogen bonding. The related complexes containing
six-membered rings could also be synthesised, and in some cases intermediates
with some of the ligands cyclised and the others not could be observed [301].

127 (Reproduced with permission from [301])

The conversion of quadricyclane to norbornadiene has been catalysed by 128
(X = halogen, R = H, alkyl or CN) [302). The reactions of o-heteroaryl
complexes such as 129 (L = PMe,Ph) have been extended. This complex may be
considered to be carbene like in character, and O-methylation with Me,SO, was
readily accomplished. Reaction with RNC gave 130, but carbon monoxide could
not be inserted [303].

L= L
X +/ 7 N\
NN N Cl-M= y T Cl /M/
_ L L o
! = Me”  o- Me )

128 129a 129b
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The complex trans-[Pt(CF,)(H)(PPhy),] reacted with alcohols or thiols in
the presence of H[BF,] to give carbene complexes such as 131. Similar
reactions were noted for trans-[(CF;)Pt(PMe,Ph),C1] [304]}. Treatment of
Ho[Pt(CN),] with an propene oxide resulted in the formation of 132. The
opposite regiochemistry was noted, but not explained, for ethenylbenzene oxide
[305]. Reaction of the isocyanide complex, 133, with base gave an ylid which
cyclised to the carbene complex 134 (M = cis- or trans-{PtC1,(PR’3)}) [306].

ITPhs OR H
H— pt,=c/ /N
| “or (NC)2 Pt =T C_ )2
PPhs 0
131 132
/PRs
PRs*+ [BF4]-
N=C — [M] M)
H
133 134

There have been a number of reports concerning bridging carbene complexes.
Reaction of diazomethane with [Pt,Cl,(i-dppm),] gave [Pt,(L-CHy)C1,(k-dppm),]
[307]. A similar insertion into the platinum-platinum bond was reported for
[Pt,(u~dppm),(H)L] (L = PPhy), but in this case insertion also occurred into
the Pt-L and Pt-H bonds to yield [{Pt(Me)}(1~CH.)(r~dppm).{Pt(CH,L)}]*. When
the ligand, L, was CO or PMe,Ph, insertion into the M-L bond was suppressed.
The structures of [Pt,(CH,L)C1(u~dppm),]* and [Pt,(u-CH,)C1,(u~dppm),), 135,
were established in diffraction studies. When [Pt,(i~CH;)(CO){(i-dppm),(Me)]
was reacted with Na[BD,), CH, and CO were evolved, and extensive deuteration
was noted in the product, [{Pt(CH,D)}(u~D)(u-Ph,PCD,PPhy),{Pt(CH,D)}] [308].
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135 Molecular structure of [Pt,C1,(u4-CHy)(-dppm),] viewed approximately
along the crystallographic diad axis passing through C(1). Hydrogen atoms are
omitted. (Reproduced with permission from {308})

As ever, much new work has emerged from Stone’s group, concerning bridging
carbene and carbyne complexes. The reaction of [PtW(C0),(Cp)(tCR)(PMe;),]
with  [Cu(Cp*)(thf)]  gave [CuPtW(C0)(Cp)(Cp*) (Ly-CR) (PMe3).], 136,
characterised in a diffraction study. The four atoms, {CCuPtW}, adopt a
butterfly configuration with platinum and copper at the wingtips, no Cu-Pt
bond, and one of the carbonyls semi-bridging between platinum and tungsten.
Complexes with bridging alkynes were also described [309]. Protonation of
[PtW(CO)(CP) (L-CR)(PR’3)2] (R = MeCgH -4-Me; PR’ = PMe,, PMe,Ph or
PMePh,) gave [PtW{r-c:n3-CH(CgH,~4-Me) } (CO) (CP) (PRy)21[BF,], 137, in
which two carbon atoms of the aryl ring have an n2-attachment to
tungsten, and one of +the CO ligands 1is semibridging [310]. 137
reacted with CO to give [PtW(u-CHR)(CO);(Cp)(PRy)>1[BF,], or RyP to yield
[PtW(L-CHR)(CO),(Cp)(PR3)3][BF,]. Reduction of 137 using K[BH(CHMeEt),] gave
[PtW(CO),(Cp) (4~CR) (1~H) (PRy) 1], which existed as a mixture of
diastereoisomers in solution. The structure of 138 was established; a single
diastereoisomer was isolated in the solid state [311]. 137 reacted slowly with
2-butyne, 1in contrast to the {CoWw} analogue, for which the reaction is much
faster. In the product, 139, the carbene forms a symmetric bridge, with the CO
1igand semi-bridging [312). The species [PtW(C0),(Cp)(u#-CR)(PMe;),] reacted
with [Cp,T1(u-CH,)(L-C1)ATMe,] to give 140. The spectroscopic properties of
the product were discussed, and mechanisms for the reactions proposed [313].
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c(23 cMma)

136 (Reproduced with permission from [309])

c@n

C(32)

137 Molecular structure of the cation of
[th{“'oir\a"cH(csH4-4_*)}(co)z(PMQ3)2(r\"c;H‘)][BF4]. (Reproduced with
permission from [310])
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138 (Reproduced with permission from [311])

139 (Reproduced with permission from [312])

Reaction of [Au{WsCR{CO)>(Cp)}>][PFg] with [Pt(CzH,)(PMeg).] gave 141,
which could also be prepared from [Au(PMes) (thf) ] [PFg] and
[PEW(CO) > (Cp) (+-CR) (PMe,) 2] [314]. The tetranuclear

cluster,
{08 yPt (y~C)(C0) 4o (1-H) 2(PCYy) ], 142, and the pentanuclear species,
[0s,Pt 2 (Lig—C) (4-C0)(CO) g (1-H) 2 (PCys) 2], 143, were prepared from

[085(1y—CH) (C0) 1o (1-H)] and [Pt(C2H,)2(PCys)] at 80 OC in toluene. In 142 the
carbide 1s irregularly bonded to all four metal atoms. Each osmium bears three
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CO ligands, and platinum is ligated by CO and PCy,. In 143 four metal atoms,
{Os,Pt,} form an approximate square plane, with 0s(3) bridging the Os-Os edge.
The carbide is approximately equidistant from all five metal atoms, and the
hydride 1ligands bridge the 0s(1)-0s(3) and 0s(2)-0s(3) bonds. When
[Pt(C,H,)2(PCy;3)] was reacted with [0s;(u—H)(u-COMe)(CO);0], the major product
was [0s3Pto(i-H) (Lg-C) (1-OMe) (1-CO) (CO) g(PCy,).], 144. Two platinum and two
osmium atoms are arranged in a buckled square plane, with 0s(3) bonded only to
0s(1). A1l the metal carbide bonds are approximately equal in length, and the
hydride bridges the shorter of the two Pt-0s edges. Nmr spectroscopic data
were consistent with the solid state structure, but there was some dynamic
behaviour. This paper represents a rather uncommon report of the generation of
carbide complexes from non-carbide precursors [315].

140 The hydrogen atoms on C(4) are shown at calculated positions. (Reproduced
with permission from [313])

The bridging carbene complex [PtW(i-CHAr)(-C0)(CO)(Cp)(PEty),][BF,]
(Ar = 4-MeCgH,) has been prepared in a single step from
[Pt(H) (PEty) (propanone)][BF,] and [W(CAr)(C0).(Cp)], this preparation being
appreciably more convenient than the two-step process previously reported by
Stone for the PMe; derivative [316]. When [PtH(PEt,),(propanone)] 1is reacted
with trans-[Pt(CsCPh),(PEty),], 145 1{s obtained, by c7is-addition of the
platinum hydride across one of the carbon-carbon triple bonds [317].
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141 (Reproduced with permission from [314])

142 (Reproduced with permission from [315])
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144 Cyclohexyl groups have been omitted for clarity. (Reproduced with
permission from [315])
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145 ORTEP view (thermal ellipsoids at 15 X probability) of the cation
[Pt (4~C=CHPh) (CmCPh) (PEt,) 4]1[BF4]. (Reproduced with permission from [317])

Reaction of the manganese alkylidene carbene, [Mn(=C=CHPh)(C0),(Cp)] with
[PtL,] or [PtL,(trans~stilbene)] gave 146, fully characterised
spectroscopically [318]. Some reactions of the complex with nucleophiles were
studied, and the PPh, ligand trans to the r-carbene could be readily replaced
by €O [319]. When the complex was reacted with [Fe,(CO)g], {Fe(CO0),} adducts
were obtained, but the structures were not described in detail [320].

Ph

1
oc\ :l\ /PPha

— Pt
cp)4 JQco' “pPhs
148

when [{PtH(PP)}(tH),{Pt(PP)}] (PP = dppe) is treated with styrene in the
presence of molecular hydrogen, the stable complex [Pta(u#-CHCHxPh)(u#H)(PP);],
147, was obtained, and characterised in a diffraction study. The wu-alkylidene
is symmetrically bound, and the hydride, although not located, 1s probably not
symnetrically ligated [321].

A range of metal complexes have been reacted with the metallocyclobutane
[T1(CH,CRR’CH,)(Cp).] to give [{T1(k-CH;)(Cp)2}(M-X)ML,] and RR’C=CH,. Among
the complexes studied were [PtCi(Me)(PMej);l (n=1 or 2) and
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[{Pd(n3-CaHg) (1-C1)}.] [322].

147 ORTEP view of the structure of the cation in the crystal of
[Pt (-CHCH,Ph) (dppe) ,(1-H)]1[BF,]. The bridging hydride was not located and
only one carbon of each P-phenyl group is shown. (Reproduced with permission
from [321])

Reaction of [W2(0CMe3)e] with trans-[Pt(C=CH) ,(PMe,Ph),] gave
trans-[Pt(CsCH){C.W,(0CMe3)g}(PMeoPh).], which, over a period of 4-5 days was
converted to trans-[Pt{C,W,(0CMe;)g},(PMe Ph),], 148, characterised 1in a
diffraction study. The {PtP,C.} unit 1is planar, with the platinum formally in
the +2 oxidation state. The {C,} unit is coordinated as [C,]*", and this is
the first complex of this type to be characterised. The bonding resembles that
of a u,,n2-alkyne, but the carbon carbon bond is substantially longer [323].

Reports on ylids bhave, as usual, been very diverse. There have been
further reports on complexes of the type 149, used as catalysts for ethene
oligomerisation [324]. Reaction of [Ni(cod),] with Ph3P=CHCOPh and Me,P=CH,
gave a complex formulated as 150 (sic) [325], used for ethene oligomerisation
and polymerisation [326], and polymerisation of ethyne to give a predominently
trans-product [327]. The product of reaction of [Ni(cod),] with PhyP=CHCOPh
and Me,SiN=PPh;, also proved to be a useful catalyst for ethene polymerisation
[328]. Reaction of Nez§6Hc0Ar with NiX, gave [N1;X,(ylide),]. The structure is
probably dimeric with bridging halides [329]. A similar reaction was reported
for PdC1, [330].
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148 A ball and stick view of the central trans-{PtP,(C,W-0g)>} moiety of the
centrosymmetric trans-[Pt{C,W,(0CMe;)g}.(PMe,Ph)2] molecule looking nearly
down the PPtP axis, showing the PtC,W, unit. [Reproduced with permission from
[323])

Ph\ /Ph

Ph P
, o ]
Mes PCH2 o}

Ph

150

Reaction of the bis(ylide), PhgP=CRCOCOCR=PPhy, with [Pd(PhCN),C1, gave
161, characterised spectroscopically. The halides could be replaced by (en)
{331). Similar complexes were prepared of the monodentate ylid PhyP=CHCOOR.
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solid state IR spectroscopic data implied that the product was

trans-[PdC1,L»], but solution data indicated that the cis-form 1is also
important. Both meso and d}-isomers were obtained [332].

when PdCl, was treated with two molar equivalents of (Me,N)3P=CH;,
{PdL,C1,} was obtained. A similar reaction converted PtI, to {PtI,L,}. The
products were unstable in chlorinated solvents at room temperature, and their
structures were not conclusively established [333]. [Pd(PPhy),] reacted with
E-XCH=CHCOOR by oxidative addition to give trans-[Pd(CH=CHCOOR)(PPhy).X] as
the initial product, but this was rapidly converted to 152, characterised in a
diffraction study [334].

Treatment of  [Pd(CgFs)L»(0C103)] with  PhgP-CHCOMe, appy, gave
[Pd(appy)(Ar)L;]1[C10,]. In this complex appy was O-coordinated, which was
unprecedented for keto stabilised ylid complexes of palladium. In
[Pd(appy) (Ar)C1(tht)], prepared from appy and [Pd,Ara(u-C1),(tht),], the
normal C-coordination obtained [335].

The electrochemistry of 153 has been investigated [336]. Studies of the
formation and decomposition of a range of platinum ylid complexes have again
been reported by Puddephatt’s group (Schemes 7 and 8) [337].

Reaction of [PdCl1,(MeCN),] with R3N gave complexes of the type 154, the
first characterised enamine palladium complexes. For example, the use of
EtN(CHMe,), gave 154a (R}, R2 = CHMep, R?, R* = H) in 17 % yield, and 154b
(R! = Et, R2 = CHMe,, R® = Me, R* = H) in 38 % yield [338].

§  METAL COMPLEXES FORMED BY INTERNAL METALLATION AND RELATED REACTIONS

There has been a useful review of the uses of cyclometallated complexes in
synthesis [339], and a most comprehensive account of applications involving
cyclopalladated species [340). The (-metallation of phosphine complexes has
been discussed [341].

There continue to be many reports of the preparations and reactions of
cyclometallated complexes of benzylamine derivatives. The reaction of
trans-[PtI,L,] with successively PhCH,NH», Ag[BF,]/propanone and KI, to give
155 has been shown to be strongly solvent dependent [342]. Reaction of
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[PdC1,12~ with PhCHNHR (R = H or Me) gave [PdCl,L,], but with PhCH,NMe,,
cyclometallation occurred rapidly. Similar reactions were noted for palladium
ethanoate. In the reaction of [{PdL(OCOMe)(1-0COMe)},] with PhCH,NMe, nmr
spectroscopic studies were used to show that interaction between the metal and
the aryl ring protons preceded cyclometallation [343]. The oxidative addition
reaction, (5), allowed a more general synthesis of cyclometallated complexes
of primary and secondary benzylamines, and the products of bridge splitiing,
such as 156 and 157 were characterised fully for the first time [344].

c(13)

152 (Reproduced with permission from [334])
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Scheme 7 Formation of ylids from cyclometallated platinum complexes [337]
X L’ X X /\
| ! | I ’ N o+
XL =Pt—CH~" — ()L-Pte’ — L—Pt—( L
i I I [PtLL’X2]
X(L) X(L)
13
+
S L’ L< I;I
1 1 W
[L-Pt—cH—"]+x- 200 , °rh fL- Pt—/—]’ L/P'|<> — CzHd
x X
FN
or
hy
[L—- pt__/_]* — L - Pt—( + [PtLL’Xz2] + S
X

Scheme 8 Decomposition of platinum ylid complexes (X = C1, L® = py, L = py or
PPhy, S = dmso) [337]
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There have been more reports of the preparation of cyclometallated
derivatives of N,¥dimethylbenzylamines. A kinetic study using palladium
ethanoate 1indicated that 1igand coordination was rate controlling, and
palladation to give the five-membered ring was then rapid. The kinetic isotope
effect was negligible, and the reaction rate was not very sensitive to
substituents on the aromatic ring [345]. A more detailed full paper considered
the reaction in terms of the palladium ethanoate oligomers [346]. Reaction of
palladium ethanoate with PhCH(COOEt)NMe. gave 158, and the usual exchange and
bridge splitting reactions were reported {347]. A chloro bridged dimer was
obtained with Li>[PdC1,). The corresponding acid, PhCH(COOH)NMe,, gave
N,O-chelate complexes {348].

OCOMe

Pd\

e

168

Et02C

The structures of the three isomers of 159 were established in X-ray
diffraction studies; all adopted trans-geometry in the solid state [349]. 13¢C
nmr spectroscopic data have been reported for the range of complexes 160 and
161. No quadrupolar broadening due to coupling to 1°5Pd was noted [350]. The
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structure of the bis(cyclometallated) complex, 162, was established; the
palladium atom adopts slightly distorted square planar geometry, and the bond
lengths are in accord with trans-effect considerations {351].

MeO

N L X
NMe2 S
R Pd
\pa, \
NMe2
\\\\</C1
2 R
159 160
Me
.
e
Phs P /01 /
Pd Pd
\ Re \ e
N 4
\R1 N\,
Ph
161 162

Carbonylation of 163 gave the insertion product, 164, whereas R2NC yielded
initially only the bridge split derivative. Insertion occurred on subsequent
heating [352]. Reaction of 185 with LiC1/CH,COOH at room temperature resulted
in cleavage of the Pd-N bond. Heating the product, 168, in ethanoic acid at
80 OC yielded PhCH,NEt, and [{Pd(PPhg)(u-C1)C1},] [353]. Reaction of 167 with
Na[M] ([M] = [Co(CO),], [Mo(CO)s(Cp)] or [Fe(CO)3(NO)]) gave 168, and related
reactions were noted for derivatives of 8-methylquinoline or
2,N,N-trimethylaniline. One bridging metal could be replaced by another, and
the fluxional behaviour of the complexes was probed by nmr spectroscopy [354].

X—
| 0
Pd—]2
N
NHR “R
163 164

An interesting bridge splitiing reaction for 167 with 169 was reported
[355].

Soviet workers have reported new syntheses of cyclometallated complexes by
exchange of the cyclometallated 1ligands (reaction (6)). The reaction mechanism
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was shown to involve bridge splitting followed by protolysis of a
palladium-carbon bond, the presence of ethanoic acid as a cosolvent being
essential. The final rapid step is palladation of the incoming ligand. The
reaction 1s useful not only as an example of ligand exchange, but also as a
method for the palladation of relatively unreactive substrates [356-358].

PPh3
PPhs I-
| Pd—Cl
Pd~C1 |
l ci
NR2 *NHEt2
165 166
/01\
Pd_ Pd
/ 2 c{
/N
Me” Mo Me” \Me Me/ “Me
167 168
O
Fe OH
1
169

(o} cl &E-n C—H
N N < ( (
(P - — (e

Cyclometallation reactions of o~substituted, chiral benzylamines have
received much attention. The preparation of 170 was reported [359]. With
PhCH(R!)NHR? and L1i,[PdC1,] a mixture of [PdCl,L,] and the cyclometallated
species was obtained, their relative proportions depending on the
substituents. The usual bridge splitting reactions were reported [360). When
PdC1, was reacted with S-PhCH(Me)NH, in the presence of molecular hydrogen, a
dark brown solution was obtained. Whilst these complexes were poorly defined,
the derivatives of the N,N-dimethyl analogue were more easily characterised,
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and acted as precursors to enantioselective catalysts for the reduction of
azlactones. The true catalysts are thought to be oligomeric palladium(0)
species [361].

Me
N/

“CHMe2
Pd
Qm
2
170

When a chiral bidentate phosphine is used to split an optically actice
chloro bridged dimer, species such as 171 are obtained, and were used as a
check on thé optical purity of the phosphine [362]. A similar strategy was
used for the resolution of asymmetric bidentate aminophosphines and
aminoarsines, 172 (E = P or As), involving fractional crystallisation of 173
[363]. The 1ligands PhAs(Me)CH,CH,NH, and PhAs(Bu)CH,CH,NH, were resolved
similarly [364]. When the nitrogen atom is substituted by two different
groups, as in 174, two diastereoisomers are obtained on cyclometallation. One
diastereomer generally predominates, to an extent which depends on the size of
the substituents at nitrogen. The complex 175, with an S-configuration at
carbon and R-stereochemistry at nitrogen, was characterised in a diffraction
study [365].

NH2
Pth\
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E - Ph
Me \Me |
Me
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175 (Reproduced with permission from [365])

The cyclometallation of FcCH,NMe, with [PdC1,}2~ has been studied, and a
range of bridge splitting reactions discussed [366]. Protolysis of 176 gave
the amine and trans-[Pd,C1,(s-C1),(PPhy),] [367]). The cyclometallated
derivative of the chiral substrate, 177, was used in a prostaglandin synthesis
[368].

PPhs
| NMe2
Pd—-C1 [iiir/*\v/A\v/A\v/COOEt
| \NMez
FeCp FeCp
176 177

Carbonylation of 178 1in the presence of the prochiral species
HOCH,CH(OBNn)CCH,0H gave HOCH,CH(OBn)CH,OCOFc with 36 % asymmetric induction
[369,370].

Oxidative addition of 2,6-bis(dimethylaminomethyl)bromobenzene to
[Ni(cod),} gave 179 (M = Ni, X = Br). The bromide could be readily substituted
by a sequence involving reaction with Ag[BF,] to give the aquo derivative,
followed by substitution by X~ (X~ = €17, Br~, I, [AN02]7, [NO3-01-, [HO]™,
[02CR]™ or [CF3803]7). Somewhat surprisingly, the methanoate salt, 180, was
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stable at 80 °C in benzene [371]. The platinum complex, 179, (M = Pt,
X = OCOH) lost CO, readily at 50 ©°C in benzene [372]). The reaction of this
platinum aguo complex with iodomethane had been noted previously, and a full
paper has now discussed this reaction in more detail [373].

T

Pd—-C!
NMe2
FeCp
178
NMe:z
M—X

NMe2

179

c(5) C(4)

X

180 (Reproduced with permission from [371])

There have been isolated reports of cyclometallated derivatives of simple
amines. One is discussed in a review of organometaliic chelates of the m-m and
7 types [374]. When palladium ethanaote reacted with Me,NCH,CMe,, the
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product was 181, which underwent the usual bridge splitting reactions [375).
Reaction of 182 with [Pd,(dba);] gave 183, with retention of configuration at
the chiral centre. In the presence of pyridine, the monomer, 184, was formed
[376].

Me Me
N,/
N OCOMe
AN .
\Pd< \/\
2 BrHg NMe2
181 182
L »
Br — Pd — NMe2 py — Pd — NMe2
§ | !
\_/ Br
2
183 184

The amine (Me0,C),CHCH,CH,CH=CHCH,NMe, reacted with Li,[PdC1,] to give 185
(X = NMe;), which could be reduced with Na[BH,] to 186. Related reactions of
allylthioethers were also reported [377]. The complex 187 (X = Cl1) reacted
with diazomethane to give palladium(0) and insertion products (187, X = CH,C1,
CHy and/or CH,OEt depending on the reaction conditions) [378].

COZMG H

Me0O,C X

z / MeOOC_ COOMe \N< e
Pd —> 4
H l NMez / X
Cl—, =
185 186 187

Reaction of 2-dimethylamino benzyl 1ithium with [NiC1;(PRgy),] gave 188. A
similar reaction was noted with the o-trimethylsilylated analogue. Insertion
of CF3CaCCF3 into the nickel carbon bond occurred cleanly for R = Me, but with
the complex of the bulkier PEt, ligand, 189 was obtained [379]. When 190
was reacted with Ag[OCOMe], the ethanoate bridged species was
obtained, and was shown to be non-rigid in solution. However, when
palladium ethanoate was reacted with 2,N,Mtrimethylaniline, a trimer,
[ (C-N)Pd(4-0COMe ) ,Pd(u+-0COMe) ,Pd(C-N)] ({(C-N) is the cyclometallated aniline)
was formed [380].
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Several cyclometallated compiexes of imines have been reported. Reaction
of 191 with palladium ethanoate gave 192, which could be carbonylated in
methanol to 193. The rate of the reaction depended on the nature of Y:
electron withdrawing groups retarded the reaction, and rates could be
correlated with 13C nmr spectroscopic parameters [381]. The related complex
194 was characterised in an X-ray diffraction study. If the analogue of 194
with halo bridges was subjected to carbonylation conditions the sole product
was 195, and 194 reacted with CO in the presence of PPh,/methanol to give 196.
Related reactions of jsocyanides were also studied [382].

R Qe -
‘I

Reaction of 197 with [Pd(dba),] led to a wuseful preparation of
cyclopalladated benzalimines; the usual bridge splitting reactions on the
products were demonstrated [383]. The metallation of PhCH=N(CgH4-2-Me) has
been noted [384]. Reaction of 198 with PdX; (X = C) or (OCOMe)} gave only 199
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[385]. Cyclometallation reactions of 200 have been reported [386].

194 (Reproduced with permission from [382])
MeQ MeO
(¢]
MeOOC N
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H N
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In 201, spectroscopic data make it clear that the alkene 1s not metal
coordinated. However, the pendant alkene may be coordinated by palladium by
addition of [Pd(MeCN),C1,]), and the alkene complex reacted with water to give
202. B-Hydride elimination resulted in a coordinated enol, and in the final
product, both of the pendant alkenes had been oxidised to methyl ketones
[387]. Bridge splitting reactions on the polymeric species, 203 (Ar = CgFg),
using PhyPH, have been investigated. In benzene solution, the dimer, 204, was
formed, but in the presence of K[OH], the product was 205, in which a C-P bond
has been formed at the expense of a C-F bond [388].

201 202

Ar Me

AT
Phz PH ¢l

N N
/ \p d< P Pd_

1 \r\==< PPh2H
c1/ \N=-< / cr )

203 204
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205 (Reproduced with permission from [388])

Further cyclometallated azoarene complexes have been prepared. For
example, 4-MeOCgH,-N=N-CgH,-4-OMe reacted with K [PdC1,] to give a metallated
halo bridged dimer, which was treated with 8-hydroxyquinoline to yield 206.
The metallated complexes, unlike the 1ligand 1itself, 1lacked thermotropic
mesophases [389]. The complexes 207 (X = C1, Br or I) underwent the usual
bridge splitting reactions with pyridine, quinoline or PhNH,. When X =C1, 207
showed a strongly birefringent and fluid nematic mesophase at temperatures
between 190 and 205 ©°C. The mononuclear derivatives of pyridine and quinoline
were also liquid crystalline, and a layered smectic phase was present [390].

Metallation of non-symmetrical azoarenes was shown to be regioselective,
when the electronic character of the substituents on the rings was highly
dissimilar. Thus 4-Me,NCgH,~N=N-C¢H,~4-NO, was metallated only in the electron
rich aromatic ring, but ©both possible products were obtained from
4-Me0CgH,~N=N-Ph. A range of complexes were prepared, and their electronic
spectra described. Whilst the free 1ligands do not 1luminesce, intraligand
fluorescence was noted for the metallated species [391]. Metallation of 208
with [PdC1,)2~ occurred initially to give 209. However, if the naphthalene
pari-position was blocked, as in 210, metallation occurred at the exocyclic
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position, to give 211 as the final product [382].
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The azo compound Ph-N=N-CH(COMe), does not react with PdCl,, but with the
copper complex, 212 was formed [393). Bridged palladated complexes of
azobenzene have been used as catalysts for the hydrogenation of nitrobenzene
or benzaldehyde [394).

C'l

212

Oxidation of 213 with 3-C1CgH,CO3;H gave 214 by apparent insertion of
oxygen into the metal-carbon bond. Various transformations of the product were
discussed [395].

Bridge splitting reactions of the cyclometallated benzalazine polymer,
215, have been studied [396]. The ease of cycloplatination of (4-RCgH4C=N),
depended on the nature of R; no cyclometallation occurred for R = NOz, H or
NMe,, but the reaction was facile for R = C1 [397]. Monocyclopalladation of
benzalazines gave the dimer, 216, and this could be further reacted with
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Ko[PtC1,] to give an oligomer. Bridge splitting of the oligomer with PEt, gave
217, the first mixed metal complex of this type to be characterised [398].
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Metallation of the oxime of lanost-8-ene-3-one with Na,[PdC1,] has been
reported. Various reactions of the metallated oxime were reported [399]). It
had been previously reported that pailadation of MeyCC(Me)=NOH yielded 218.
Reaction of 218 with successively pyridine, Pb(OCOMe), and Na[BH,] gave the
functionalised compound MeC(=NOH)CMe,CH,OCOMe. The latter was also readily
metallated to give 219, which was similarly functionalised to
MeC(=NOH) (CH,0COMe), [400]. Other reactions of 218 to give chlorinated and
reduced derivatives were also reported [401].

Reaction of BuySnCHCH,C(Me)C=NOR (R = H or OCOMe) with [PdC1,(PhCN),]
gave 220. Related reactions leading to complexes containing six-membsred rings
were also reported [402].
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Metallation of the hydrazone derivative, Ph,C=NNHPh, with Li,[PdCl,] gave
221, characterised in a diffraction study. The dimer adopts
trans-stereochemistry [403]. Reaction of Me,;CC(Me)=NNMePh with PdX, gave 222
and 223. The temperature dependence of the nmr spectrum of 222 was interpreted
on the basis of cisstrans isomerism and hindered rotation about the N-N bond
[404].
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The reactions of 224 with HX had been previously described. There has now
been a kinetic study of the reaction with aniline, indicating that the first
step in the reaction is the displacement of the cyanide ligand by the aniline.
In a second step the aniline attacks the nitrile, with assistance from the
metal, to give 225 [405]. Both primary and secondary amines follow a similar
pathway, unlike the related reactions in the platinum series, and the
nucleophilicity of the amine enhances the rate of the second step in the
reaction [406]. 224 was among a range of complexes reviewed as catalysts for
nitrile hydration [407].
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222 (Reproduced with permission from [404])

There have been further reports of the metallation of pyridine
derivatives. The structure of 226 was established in a diffraction study; the
central six-membered ring adopts a boat conformation, with a Pd-Pd
distance of 3.165 A [408]. Reaction of [PdC1(py-4-Me)>] with 227 gave
trans-N, N-[ {PdC1 (u-pyCHPh—N, C) (py-4-Me)}.], 228, characterised in a
diffraction study [409]). Reaction of polyethene bearing pyridine side-chains
with Na,[PdC1,] in the presence of 2,6-bis{CH,CH(COOMe),}pyridine gave 229.
The polymer bound palladium complex showed significant activity in catalysis
of hydrogenation of PhCH=CHCOOH [410].
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228 ORTEP drawing of trans-N,N-[{PdC1(x-pyCHPh-N, GH)(py-4-Me)}.]. (Reproduced
with permission from [409])

—CH—CHz2 —

229 (R = COOMe)

Reaction of 2,4’-bipy with Pd(OCOMe), gave [{Pd(CyoHsN, ) (L-0COMe)},] which
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was converted to the chloro bridged dimer with LiCl. Various bridge split
products, including 230, were characterised, and it seems 1likely that
metallation of bipy is more common than has generally been believed [41t],
Thermolysis of [PtAr,(bipy)] (Ar = CgHs-4-X; X = H, CMey or CF,) resulted in
the loss of one mole of the arene, and metallation of bipy to give an unstable
species, [PtAr(C,oHs;N,)1, which was trapped by py-4-CMe, to give 231 [412].

230

231 Molecular structure of [{Pt(Ph)(py-4~CMes)},(sbipy-2H)]. The main
distortion in the square planar metal coordination is the N-Pt-C chelate
angle of 81.7(4) ©, (Reproduced with permission from [412])

when [PdC1,]2~ 1is treated with [AMMebipyl* the 1initial product is
[Pd(bipy-MMe)C1;3]. Thermolysis results 1in ligand metallation to give the
unusual monomeric 232; the halides may be substituted with a range of 1igands
including py or bipy. Related reactions were reported for the platinum
analogues [413,414].
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The complex cis-[Pt(2-Phpy-H),], 233, was prepared from
trans-(PtC1,(SEt,).] and 2-(2-1ithiophenyl)pyridine. An X-ray diffraction
study showed bow-1ike distortions of the ligands. Cyclic voltammetry showed
that the complex underwent an irreversible one electron oxidation and an
almost reversible one electron reduction. Reaction with bromine gave
[PtBr,(2-Phpy),] [415]. Absorption spectra, emission spectra and emission
1ifetimes were established for this and several related species. Low energy
absorption bands in the near UV and visible regions were assigned to MLCT
transitions. Strong and structured luminescence emissions observed 1in the
500-600 nm region (1ifetimes 1in the microsecond range at 77 K) were assigned
to MLCT excited states [416].

233 ORTEP plot of the [Pt(Phpy),] dimer. (Reproduced with permission from
[415))

Derivatives of the type 234 of 8-methylquinoline or
N, N-dimethylbenzylamine have been prepared and characterised, in which X was a
halide and Y = {Ph,PCHCOOEt}, {PhPCHCN}, {Mo(CO)3(Cp)}, {Co(CO)4} or
{Fe(C0)3(NO)}. Reaction of the complex in which the bridge 1s {Mo(C0),} with
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Ag[BF,] gave [{Pd(8-mq)};{uy-Mo(CO)4(Cp)}(uy-C1)]1[BF,], 235. The molybdenum
and all three carbonyl groups are metal bonded, an unprecedentated arrangement
[417]. Reaction of 236 (R =H or Me) with [PdL,] gave 237. The authors
favoured a radical mechanism for the reaction [418,419). Chiral 237 (R = Me)
was similarly prepared and structurally characterised [420].
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235 (Reproduced with permission from [417])
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Reaction of 238 (R = COOEt) with Li [PdC1,] gave the N,Nbipy complex as
the initial product. Treatment with K,[CO;] or K;[CO3]/Ag[NO3] resulted in
successive cyciometallations to yield 239 [421,422]. [PdC1,]2 reacted with
240 to give 241 [423]). when palladium ethanoate was treated with
1,3~-bis(2-pyridy1)propane, metallation occurred at the central carbon atom of
the aliphatic chain to give 242; this is the first example of insertion into a
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CH, group to give a doubly chelated compound [424].
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The bridge splitting reaction of trans-[PtaCl1,(#C1).(PEty).] with 243
gave 244 at room temperature. A diffraction study showed that the non-bonded
H...Pt distance was 2.3 A, suggesting that platinum act1vated.the C-H bond 1in
the conversion, on heating, to 245 [425].

The ligand 2-(1-pyrrolyl)pyridine was metallated in the pyrrole ring on
reaction with Li,[PdC1,] to give 246 [426].

Two groups gave reported complexes of the type 247 in which the X-Y bridge
is a carbon-metallated heterocyclic moiety [427,428].

various internal metallations of phosphines have been described.
Thermolysis of [PdI,{P(CgH,—2-Me)3}>] gave 248, in which the metallation has
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been facilitated by steric congestion. This metallated complex is formed at
early stages in the Heck reaction, is catalytically inactive, and redissolves
on heating [429].

N
N
N/ I|°t -C1
243 245

Cs

The reaction of 249 (X = C1) with dppm has been investigated. Addition of
2 molar equivalents of dppm gave a {L-dppm}-complex. Reactions with diarsines,
and arsinophosphines were also studied [430]. Bridge replacement was also
accomplished from the ihalo to the SR derivative [431], and with pyrazoles,
to give species such as 250 [432].

Reaction of trans-[PtC1(L)(P-C)] ((P-C) = CHyCMe,P(CMes),); L = PhyAs,
PhsSb, CO, PCy, or PPh,Me) with SnCl, gave trans-{PtL(P-C)(SnCly)]. Many
spectroscopic data were reported [433]). The decomposition of [PtH(L)(P-C)]



(L = PPhy) in solution has been studied [434].

248 Molecular structure and labelling scheme for

[{ (u—I)(l"dP{ceH..-z-Me}2{C;H,—2-CH2})}2]. Hydrogen atoms have been deleted to
improve clarity. A crystallographic inversion centre is located in the centre
of the {Pd,I,} rhombus. (Reproduced with permission from [429))

CMe
Mes C\ 3

249

Thermolysis of 251 1in MeCN, benzene or trichloromethane, gave 282, via
253, The complex 253 was formed by C-H metallation, and the final product by
N-H reductive elimination [435].
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250 ORTEP drawings of the complex [Pt (CgHyN;),{CH,CMe,P(CMey),},]1. The
methyl groups of the non-metallated -CMe, groups are omitted for clarity.
(Reproduced with permission from [432])
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The bis(cyclometallated) complex, 254, reacted with Ag[CF,S0,1/propanone
to give the propanone solvate. The solvate could be substituted by Na[HCOO] to
give 255 as the final product, this complex being surprisingly stable [436].
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Reaction of 2-1ithiated dialkylarsinomethylbenzene with [MC1,(SEt,),] gave
256 (M = Pt, R = Me or M = Pd, R = Ph). Bridge splitting of 257 with the same
1ithio complex gave mixed bis(metallated) complexes [437,438].

ASR2 PPh2
2 Pd.
M S
2
256 257

Thermolysis or photolysis of 258 gave 259. A number of related species
including 260 were also characterised [439]. Metallation of PhNHCOMe with
Pd(0OCOMe), gave the isolable complex 261. This underwent oxidative addition
with iodomethane to give 2-MeCgH,NHCOMe as the final product. The reaction
could be made barely catalytic [440].

Metallation of 4-MeCgH,CH.SCH,CgH -4-Me with palladium ethanoate gave 262,
via metallation only at the more electron rich 2-position [441]. Reaction of
[{Pt(tmtu)Bry},] with an excess of tmtu gave 263, with close to perfect
octahedral coordination. Nmr spectroscopic data indicated that there was
considerable delocalisation of electron density between the nitrogen and
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sulphur atoms. The reaction is unusual in that the metal s oxidised with the
loss of molecular hydrogen [442].

Phs P o] 0

/OOC >P t/
(PhaP):z Pt\ Pha P
00C

258 259

260 (Reproduced with permission from [439])

NN
N Yo ocome
26

G

1

The outcome of the reaction of PhC(=S)N(CH;), with PdC1, depends on the
solvent. In hmpt the C(,S coordinated complex, 264, was obtained, but 1n
methanol, 265, metallated in the arene ring, was formed [443,444].
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263 ORTEP illustration of the structure of the cyclometallated
[PtBro(tmtux),] complex; tmtu* denotes the deprotonated form of tmtu.
(Reproduced with permission from [442])

I

264 265
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6  METAL CARBONYL, THIOCARBONYL AND RELATED COMPLEXES

Carbonyl phosphine clusters of palladium and platinum have been reviewed
[445], as have the wuses of platinum carbonyl complexes 1in homogeneous
catalysis [446]. A review of three-membered ring metallocycles included a
number of species with {Ni,Co}, {Ni.Fe} and {PtWFe} cores [447].

6.1 Mononuclear carbonyl complexes

The mechanism of catalytic methanation of CO, over nickel catalysts
involves {Ni(CO)} intermediates [448].

Reviews have been published concerning the environmental effects of
[N1(cO),] [449), and its safe storage, toxicity and handiing [450]. Biological
monitoring of nickel complexes 1in general and [Ni(CO),] in particular have
also been discussed [451]. In poisoning of rats by [Ni(CO),] the antidotal
action of tetraethylpentamine was tested. This was as good an antidote as
diethyl dithiocarbamate, and the two may act synergistically [452].
Diethyldithiocarbamate has been shown to affect the distribution of ©3Ni 1in
mice exposed to [®3N1(C0),]. ©3Ni concentrations in 1lung tissue were
depressed, but there was some increase in the concentrations in brain tissue
[453].

Potential energy curves for the 3a and 1L* states of {Ni(CO)} have been
calculated by an ab initio CI method employing a large basis set. It was
concluded that the ground state of {Ni(CO)} is L*. Some molecular properties
of the two states were computed and compared [454]. The theoretical background
of the model potential method was reviewed, with the emphasis on practical
aspects of preparation of atomic model potentials. The newly constucted basis
sets and model parameters were used in calculations on a number of species,
including {Ni(CO)} and [Ni(CO),] [455]. The interaction of nickel with CO, H,0
or RyP was studied at the CASSCF and contracted CI level. The effects of
adding one, two or four CO l1igands were discussed in detail [456]. Effective
core potentials were used to calculate SCF equilibrium geometries and
properties of mono and tetracarbonyls of nickel, palladium and platinum [457].

Calculations on the electronic structure of [Ni(CO),] by the method of
SCF X wave scattering have been undertaken. The results of the calculations
were compared with experimental data from X-ray emission, X-ray absorption and
PES [458]). The geometry of [Ni(CO),] was optimised with basis sets of varying
size, the larger ones being of near Hartree-Fock quality. The best basis sets
give a metal-ligand bond distance 0.097 A longer than that determined
experimentally. Relativistic corrections were obtained at the level of
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first-order perturbation theory, and yield a nickel-carbon bond contraction of
0.026 A [459]. Assuming tetrahedral symmetry, an optimisation of the geometry
of [Ni(CO),] was performed using the LCGTO X, method. The resulis cbtained for
the metal-carbon bond 1length, the dissociation energy and the stretching
frequency were compared with experiment; the calculation 1leads to an
overestimate of the metal-carbon bond strength [460].

Calculations of the X-ray absorption spectra and diffuse LEED intensity
patterns were used to illiustrate the extraction of local structural
parameters for atomic and molecular adsorbates on clean surfaces. Among the
sytems considered was [N1(CO),] on Ni<111> [461). The results for the first
overlapping sphere Z,-SW chemical shift calculation proved useful in
reproducing 13C nmr spectroscopic data for [Ni(C0),] [462].

The concept of absolute electronegativity was used to show that the
transition metal acts as a Lewis base and carbon monoxide as a Lewis acid in
the neutral metal carbonyls of nickel, palladium and platinum. m-Bonding is
dominant, and estimates of the mean bond strength could be made [463].
Hartree-Fock-Slater calculations were reported on protonation energies for
nickel, palladium and platinum tetracarbonyls [464].

There have been a number of reports of the use of [Ni(CO),]) as a precursor
of the metal, in the form of films or coatings [465]). One interesting patent
abstract described the formation of a nickel coating from [N1(CO)g]! [466].
Passivation coatings for surfaces of iron recording powders with thicknesses
of 2.5-30 A were prepared by contacting the iron powder with [Ni(CO),] and
decomposing the carbonyl [467,468]. Aluminium powder of 50-100 um was coated
with nickel by dissociation of [N1(CO0),] vapour, and the procedure was
recommended for gas-spray coating of protective 1layers [469]. Plasma
decomposition of [Ni(CO),)/PH; in argon or hydrogen as the carrier gas gave
black or silver films respectively. The films formed in the hydrogen
atmosphere were three times as conductive, but both were phosphorus enriched,
and contained chemisorbed carbon monoxide [470].

In the decomposition of {[N1(CO),) adsorbed on the surface of activated
X-ray amorphous lamellar silica, the structure crystallises. When the nickel
is then selectively removed from the silica matrix, the skelton of the newly
formed structure does not change [471]. Quartx optical fibres were coated with
nickel from [Ni1(CO),] to improve tensile strength [472]). Cu/Ni methanation
catalysts were prepared by a two step method invoiving precipitation of copper
on silica, followed by deposition of nickel by decomposition of [Ni(CO),}
[473].

A dispersion of PTFE was added to a mixture of [N1(CO),] powder and water,
and blended to make a paste, to which ethanol was added to give a gum-like
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aggregate useful for thin water repellant fiims for electrodes [474].

A chromatographic method has been used to determine [Fe(C0)s] and
[Ni(CO),]) 1in fluid streams, using 10 X squalene on Chromosorb W [475].
Zeolite X shows a high capacity, up to 25 X by weight, for [Ni(CO),). Some
decoposition occurs at room temperature under nitrogen to give an orange
species which 1is very reactive, and which has spectroscopic properties
consistent with the unsaturated {Ni(CO);}. Thermolysis gave black material
with an undefined metal phase [476]. The influence of composition and
distillate formation rate on the temperature of condensation of a gaseous
mixture of [Ni(CO0),) and [Fe(CO)g] has been studied experimentally and
predicted theoretically [477].

A review of the chemiluminescence of organometallics included discussion
of [N1(CO),) [478). A portable chemiluminescent detector for [N1(CO),) bhas
been improved [479].

Laser induced vibrational energy transfer in [Fe(CO)g] has been studied.
The deactivation of excited species by collision with [Ni1(CO),] was measured
[480]. A frequency doubled CO, laser of modest output energy has been used to
study, for the first time, the IR multiphoton absorbtion by, and dissociation
of [Ni1(C0),]. The multiphoton cross section was measured, and shown to be high
(o approx. 2 x 10°17). Pressure measurements showed that the final products
were N1 and CO, and the extensive decarbonylation along the ground state
surface is consistent with recent studies of the photochemistry of the
molecules from excited electronic states [481].

A number of coupling reactions requiring stoicheiometric [N1(CO),] have
been reported (reactions (7-11)) [482-488].
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Monosubstitution of [Ni(CO),] to give [Ni(CO),L] has been noted using
L = Me,NPF, and related compounds [489], 266 [490] 267 [491] 268 [492] or 269
(493]. When Me PCHP(Me)CH,PMe, was used as the ligand, the initial product
was [{N1(CO)3}5L]1, but this lost [N1(CO),] to give the chelate 270 [494]
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Double substitution of [Ni(CO),] with biphosphines [495] or dmpm {496]

[Ni(CO),(LL)].
[Ni (CO)szl were

gave complexes of the type
P(OCHCF3)5, [N1(CO)L,] or

When the added

tigand was

formed, their proportions

depending on the reaction stoicheiometry [497]. With B,H,.2PMe, the species

271 was formed in an equilibrium reaction [498].
OC\Ni/CO
W H
1 |
Mes P — B — B — PMes

|

H

T —

2

[HfCpa(PEt;),]  and
[{MCp2}(1-PPh,) - {N1(CO)2}]1.

The complexes
[Ni(CO),] to give

[Thep*,(PPh,),)

both reacted with
The structure of 272 was

established in a diffraction study; the metal-metal distance is rather short
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[499,500].

272a Overall geometry of the [{ThCp*,}(4PPh,)>{N1(C0);}] molecule (ORTEP II
diagram, 30 % thermal ellipsoids). (Reproduced with permission from [500])

272b Geometry of the {Th(u-P),Ni} core with distances shwon in Angstroms and
angles in degrees. (Reproduced with permission from [500])

A number of syntheses of nickel carbonyl complexes involve carbonylation
reactions. For example, reaction of [N1(n®-CgHg)(S1C143),] with carbon monoxide
gave [N1(C0)5(S1C13),]. The structure of this pentacoordinate complex was
established in a diffraction study; the nickel adopts trigonal bipyramidal
geometry with the silicon ligands axial [501]. The complex [Ni(cdt)(C0)] could
be produced by 1low temperature carbonylation of either [Ni(cdt)(PPhy)] or
[Ni(edt)]. A range of reactions of the product were studied [502].
Carbonylation of [N1H(np3) 1{BPh,] (np3 = N(CH,CH,PPh>)3) gave
[N1(CO)(Hnpy)1[BPh,], 273. The coodination of nickel was shown to be
tetrahedral, but there is a significant interaction between the metal and the
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proton on the nitrogen atom [503]. Carbonylation of
[(ZrCpx) (1-0CH,PPh, ) 3 {N1(PPhoCH0H)}]  gave  [(ZrCp*)(u-OCH2PPh3)a{Ni(CO)}1,
characterised in a diffraction study [504].

273 Perspective view of the complex cation [N1(CO)(Hnpy)l+; ORTEP drawing
with 30 X thermal el1ipsoids. (Reproduced with permission from [503]))

The electrochemical synthesis of [Ni(PPh3),] from [Ni(acac),] has been
described. If the reaction was carr1ed'out under carbonylation conditions a
mixture of [Ni(CO)3(PPhy)] and [N1(CO),(PPhy),] was obtained; carbonylation
occurs  after  reduction [505}. Carbonylation of a mixture of
[N1(NHAr) ,(PPh3)2], x =1 or 2, gave a mixture of [Ni(CO),(PPhy);] and
c1s-[Ni(C0),(NHAr),] {506].

Carbonylation of Ni(CN), gave [N1(C0)2(CN),], which reacted with [R¢N]IOH]
to yield [R4NI{N1{C(=N)OH}(CN)(C0),]. Proton transfer and loss of {HNCO}
yielded [R(N}[N1(CN)(CO)a], which was able to undergo oxidative addition of
allyl halides, giving [N1(n?-CH,CH=CH,)(CN)(CO),]. Overall, catalytic
carboxylation of the organic halide was accomplished [507].

Electrochemical reduction of nickel perchlorate in the presence of CO and
phosphines gave only nickel(0) carbonyl phosphine complexes, with no evidence
for nickel(I) or nickel(1l) carbonyl intermediates [508). Reaction of
[Ni1(PCy3)2] with C30, gave successively [N1(C0),(PCys)>] and [Ni(CO)5(PCyy)].
when the reaction was followed by IR spectrsocopy a band at 2080 cm~! appeared
rapidly, and decayed gradually. This was atrributed to a ketene type
intermediate [509].

The complex {Ni(np3)] reacted with methanal to give a paramagnetic
nicke1(I) complex, [N1(np3)(CHO}] which was more slowly transformed to
IN1(CO)(np3)] [510). Reaction of MeC(CHxX)s (X = Br or I) with [N1(CO)(Cp))~
gave [{N1(CO)(Cp)}.], [N15(CO)-(Cp)s] and [N1(CgHg)(CO)(Cp)], 1in which {CgHg}
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was 1-methylcyclopropyimethyl. A mechanism for the reaction, and for the
formation of the small amounts or ring-opened product seen, was proposed
[511].

The structure of [Ni(bipy-2,4-Me;)(C0),] was established in an X-ray
diffraction study; the torsion angle between the rings of the bipy ligand was
4.3 0 [512].

Geometry optimisation within the CNDO version of the MO-LCAO-SCF approach
for complexes [NiLs,X]9 (L = C1 or NH3; X includes CO) has been described
[513]. The He(I) and He(II) PES for [Ni(CO),(MesCN=CH-CH=NCMe,)] have been
analysed [514]. EPR spectroscopic data were obtained for [N1(CO),(PPhy);]
grafted onto »-Al1,0; or S10, and reacted with EtA1C1,; these showed the
presence of nickel(I) derivatives [515]. A study of the complexes
[N1(CO)3(PRy)] was used to determine the X values for 157 phosphine 1ligands.
The deviations from Tolman’s additivity rule followed a predictable pattern
[516].

Reaction of [N1(C0).(PPhy),] with cyanogen gave [N1(CN).(PPhy).].CoN,. A
diffraction study showed that the cyanogen was trapped in the solid matrix,
but not nickel bonded [517,518]).

In the previously described complex [Ni(CO)I,(PMe,).) the nickel carbon
bond was the shortest recorded. The chloride complex, 274, has now been shown
to be isomorphous, with a similar nickel-carbon bond length [519].

Reaction of [N1(C0),] with Ph,PLi gave Li[(OC),Ni(u-PPh;IN1(C0};1, which
could be converted to the [PhyP-N=PPhy]* salt. In trichloromethane coupling of
the nickel centres occurred, giving [N1,(CO),(u~PPh,),] with a nickel-nickel
bond [520].

The electronic structure of {Pd(C0)} was studied by means of effective
core potential calculations, including configuration interaction. A study of
the °tt and IL* states showed that the low spin states are bound, and the high
spin states repulsive. The bonding energy was astimated as 30.1 kJ mol™% and
the equilibrium bond length as 4.03 au [521].

The concept of absolute electronegativity has been used to show that
transition metals act as Lewis bases and carbon monoxide as a Lewis acid 1in
neutral metal carbonyls. This implies that m-bonding is dominant, with some
o-bonding being induced. Values of absolute electronegativity and absolute
hardness were calculated for the metals in low spin valence states. Thus the
instabilities of [Pd(C0),] and ([Pt(cO),] were correctly predicted [522].
Equilibrium geometries and harmonic frequencies of {PtXY} (XY = CO, N, [CN]™
or [NO]J*) in the iL* states were calculated by the ab 7nitio SCF method with
gradients using appropriate effective core potentials. The calculated results
for {Pt(cO)} and {Pt(N,)} were compared with IR spectroscopic data for the
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matrix isolated species [523). The electronic properties of [ptLC1,)
(L = [CN]=, €O, [NO]* or Ny) were calculated by the linear combination of
fragment MOs within the CNDO approximation. The donor properties of the
ligands were discussed 1n terms of MO populations {524].

N

274 ORTEP drawing of [N1C1,(CO)(PMey).]1. (Reproduced with permission from
[5191)

Cocondensation of platinum atoms with oxalyl chloride gave
¢1s-[PtC1,(C0),) as colourless crystals [525]. It has been reported that this
complex may exist in tetrahedral or cis-planar forms, depending on the
aggregate state and the solvent [526,527). The structures and properties of
platinum f1ims obtained from [Pt(C0),C1,] in MeCN by thermal dissociation on
amorphous alumina, single crystal KC1 or glass ceramics, have been studied
[528].

Reaction of [PdX,]2~ (X = Br, (OCOMe), or X, = (S0,)) with CO gave
[Pd(CO)X,]1~ in & reversible reaction. Hydrolysis of the product yielded €O,
and palladium(0), and the reaction was accelerated in the presence of oxygen.
Carbonylation of [Pt(CHaCN)C1(PPhy) 1+ gave [PtC1(CO)(PPhy)o1X (X = [PFgl,
[€104]~ or [0Ts]™) [530].

Reaction of [Pt(PPhy)2(02)] with [PtC1(CO)(PPhy).]* gave 275, which could
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be substituted with PPh, to yleld 276 [5631]. When cis-[Pt{As(CMey),}C1,(CD)]
reacted with PR;, the arsine was the 11gand replaced, giving the cis-product
{532]. Reaction of [PtC1,(1C1),(CQ);] with CO gave trans-[PtC1.(C0).] as the
kinetic product, which was converted to the crs-isomer as the thermocdynamic
product. The same reaction is not possible in the palladium serias, because of
the lower Pd-CO bond strength [533].

-+
PhsP_ O0—o_ GFM o—o_ GrM
\Pt,';\ “e-Pt-cl (PhaP)sPt” 0>—|='t.—c1
Phs P 0/ IIDPha ' I'!‘Pha
215 276

6.2 Binuclear carbenyl complexes

r-Irradiation of [N1(CO),) 1in & Kkrypton matrix at 77 K gave three
binuclear nickel carbonyl radicals, detected by EPR spectrsocopy. The speciaes
[Ni,(CO)gl* and [Nip(CO)gl* each had two bridging carbonyl ligands, whilst
[Ni2(C0)};1~ had a single carbonyl bridge {534]., The photochemical
disproportionation of metal-metal bondéd carbonyl dimers, including
[{N1(CO)(Cp}a] has been reviewed [535].

Reaction of the 1ligand (MeNPPh), with [Ni{CO),] gave [LNi»(CD),1, 277,
This could be oxidised to {MeNP(=Q)Me}, [538]. Two isomers of
[N15(C0) 4{#P5(CHMB,)5},] were formed from the reaction of the 1igand with
[N1(CQ),}. They were characterised by nmr spectroscopy [537].

OC CO CO

— / \N,/ =

/ \ e \H\Me

Me

21

when [NiC1,(PPhg),] was treated with Na[M(CO),Cp) (M = Mo or W), 278, with
two semibridging carbonyl groups, was formed. Calculations suggested that the
motal-metal interation was not very strong. CV studies indicated a reversible
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one-electron oxidation to [NiW(CO)4(Cp)(PPhy),]t [538].

278 X-ray crystal structure of [NiW(CO)3(PPhy),(ng~CgHs)]. Apart from the
carbon atoms bonded to phosphorus, the remaining phenyl group carbon atoms
have been omitted for clarity. (Reproduced with permission from [538])

The preparation of [Pd,C1,(C0)2] from PdCl, and CO 1in SOCl, was
studied as a function of temperature and CO pressure. The data
obtained were used to deduce a value of 100 kJ mo1~t for the
palladium—carbon bond energy. Reaction of the dimer with CO 1in ethanoic
anhydride gave the polymer [{PdC1(C0)},] [539]. Carbonylation of [PdH(PPhy);]*
gave [{Pd(PPhy),}(i4-CO)(i-H){Pd(PPhy)2}], via reaction of [PdH(PPh3)3l* with
[Pd(CO)(PPhy),] [540].

Carbonylation of [Pd>Cl,(x-dmpm),] gave the A-frame complex, 279,
characterised in a diffraction study. The related reaction with
[Pd, (u~dmpm), (OH),) was reversible, and with the {OPh} derivative, insertion
into both the Pd-Pd and the Pd-O bonds occurred [541]). The kinetics of the
carbonylation of [Pd,(u-dppm),X,] to give [Pd,(u-CO)(m—dppm),X2] (X = €1, Br
or [NCO]) were studied. Insertion of CO is very selective over reaction with
0,, €02, Hp, CoH, or CoH, [542].

when [Pd(dba),] was treated with [Mn(CO)gX] in the presence of dppm, the
complex [MnPd(CO)5(x-dppm)oX] was produced (X = €1, Br or I). The bromo
complex, 280, was structurally characterised, and two of the CO 1igands were
semi-bridging [543].

Carbonylation of head-to-tail-[Pt,C1;(L-PhaPCH SMe) 5 ] gave
[Pt,C12(C0)>(Ph,PCH,SMe-P),], 1in which there was an unsupported metal-metal
bond [544].
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279 Drawing of [Pd,C1,(4~CO)(u—dmpm),]] showing all non-hydrogen atoms.
(Reproduced with permission from [541])

280 (Reproduced with permission from [543])

Reaction of  PhaAsCH.PPh, (dapm) with [Pt(cod)X,] gave either
[Pt(dapm)X.] or cis-[Pt(dapm-P),X,], depending on the reaction
stoicheiometry. The latter species (X = C1) reacted with [(Pt(dba),] to
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give [Pt Ci,(udapm),], which could be carbonylated to [Pt,C1,(x~CO)(u-dapm),]
as a mixture of head-to-head and head-to-tail isomers [545]. The complex
cis,mer-[MnC1(CO),(dppm~P, P’ ) (dppm-P)] reacted with [Pt(PPhy),]1/CO to give
[MnPtC1(CO)5(~dppm),], in which two of the carbonyl groups were semi-bridging
[546].

Treatment of [M1(CO)(PPhy);] with [M2(PhCN),C1,) (M!, M2 = Pd or Pt) gave
281. If the asymmetric carbonyl ligand is formally assigned to M!, both metals
may be considered to be 16e centres [547]. The w-phosphido metal hydride
complex 282 (M =Cr, W or Mo) was formed by oxidative addition of a
phosphorus—-hydrogen bond to platinum(0). Insertion of cod into the metal
hydride yielded 283, and further reactions were studied (Scheme 9) [548]). A
similar reaction was noted for [Re(CO)(Cp)(NO)(PCy,H)]* and [Pt(CoH4)(PPhj)-]
(Scheme 10) [549], and some further reactions of molybdenum and tungsten
complexes were noted (Scheme 11). In this case there were differences between
the molybdenum and tungsten series, related to the greater ease of oxidation
of tungsten, and the greater bond strengths af third versus second row metal
hydride bonds [550].

281

The structure of 284 has been established in a diffraction study.
Fluxional behaviour was noted 1in the H nmr spectroscopic timescale,
attributed to a unique rotation of the {PtL,} unit about the Mn-H bond [551].

6.3 Trinuclear carbonyl complexes

The cluster [ (1y-Me4CP) {Co(CO) 4} {Fa(CO) 4} {N1(C0O),(Cp)}] has been
investigated electrochemically. The radical anion, generated in this way,
undergoes fragmentation under all conditions [552].

Carbonylation of [Pd(dppm)(OCOMe),] 1in the presence of an excess of
trifluoroethanoic acid gave [Pd3(143-CO) (L-dppm) 3] 2%, via binuclear
derivatives. Spectroscopic evidence was presented for some of the
intermediates in the reaction [553). The trimeric complex reacted reversibly
with anions, X, X =2c1, Br, 1 or [CF3C02]17), to give
[Pdy(145-CO) (1-dppm) 3 (Lg-X)]1*. The equilibrium constants were 1in the order
I= > Br~ > C1— > [CF3C0.]", as might have been expected for covalent
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interaction with the soft palladium centre. The structure of the chloro
derivative was established in a diffraction study; the Pd-C1 distances at
2.741-3.161 A are too long for ordinary covalent bonding [554].
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P P P
P
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(0C) 4 M—PL(PRs )z o—-f—gg’—-— (0C)4 M/—->Pt.<
M M ers

Scheme 9 Reactions of platinum carbonyl i-phosphido complexes [548]
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Scheme 10 Reactions of rhenium platinum w-phosphido complexes [549].

when [Pd,Cl,(u-dppm),] was reacted with Nap[Fe(C0),] the product was
[Pd,Fe(CO),(u-dppm),], 285, which catalysed reaction (14). When the substrate
was the mixed palladium platinum dimer both possible product isomers were
obtained, and could not be separated [555]. Comparable reactions were noted
between [PdPtCl.(u~dppm),] and Na[Co(CO),] or Na[Mn(CO)g], except that 1in
these cases. the trinuclear core was attached to a further {Co(C0),} or
{Mn(CO)5} unit as in 286. In these cases a palladium-phosphorus bond was
opened regioselectively [556].
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Metal-metal bonding and antibonding orbitals were considered for
triangular complexes of the type [MaLg); [Pta(CO)g)2~ was taken as a classic
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example of a 44e unsupported structure with three terminal and three bridging
1igands [557].

The structure of [Pts(u-C0)3(PPhy),] was established in a diffraction
study [558]. Reaction of [Pta(u-X)3(PCyz)al (X = CO or 80,) with dppp gave
[Pt3(dppp) (PCy3)2(#+-X)3l. The structure of the S0, bridged complex was
established in a diffraction study, and that of the CO bridged species was
comparable. The chelating biphosphine adopted a low symmetry conformation with
respect to the {Pt;} plane, so that the other two phosphine ligands were
inequivalent on the nmr spectroscopic timescale at low temperature [559].

Phosphine exchange 1in the complexes [Pty(i-C0)ala]l (L = P(CMey)s,
P(CMe3);Ph or PCy;) with added phosphine L’ (L’ = P(CMey),Ph, P(CMe3)Ph;, PCy,
or P(CHMez);) has been studied. The process was shown to be an associative
one, with the {Pt;} unit remaining intact. 1°CO was scrambled between clusters
in a much slower reaction. Reactions of the clusters with CS, COS or $0, to
give dimers was discussed [560]. Skeletal rearrangements of methylcyclopentane
were reported to be catalysed by [Pt;(CO)3L4} (L = phosphine 1igand) on
alumina, but it was not clear what was the catalytically active species
[561].

Reduction of [Pt (15-C0O) (—dppm) 412+ with Na{BH,] gave
[Pt5(u3~-CO) (u-dppm) 5(t3-H)]*. This lost €O to give [Pty(u—dppm)y(uy-H)1t,
which was also obtained directly by sodium amalgam treatment of
[Pts(15-CO) (1-dppm) 512+ [562].

The preparation and characterisation of [{M(uy-M’{NR,},)(CO)}3;] (M = Pd or
Pt, M’ = Ge or Sn, R = SiMeg) has been reported. The complexes undergo
reversible one electron reduction in thf at -1.2 V to give radical anions
characterised by EPR spectrsocopy. The structure of 287 was established in a
diffractions study [563].

Reaction of [Pt(cod)Me,] with an excess of [HM(CO)gl, under an atmosphere
of CO, gave [PtM,(C0),.] (M = Re or Mn). the presence of [M,(C0);o] as a
by-product of the reaction suggests that it proceeds through a radical
pathway. In 288 the platinum adopts square planar geometry [564,565]. The
structure of the manganese derivative has also been established [566].

Reaction of [MoRh(1-C0)>(CO)(Cp)(PPhy)] with [Pt(C;H4)(PPhy);) gave
[MoPt(C0),(Cp) (PPhy),(4-PPhy)] and the trinuclear species,
[MoRhPt (14-1-0:1-2-n-CgHg ) (4-CO) 2 (CP) (PPhy ) o (4-PPh,)], 289, the structure of
which was established in a diffraction study. The Mo—Rh bond is
bridged by two CO 1ligands and the Mo-Pt bond by {PPh,}. The Rh-Pt
bond is bridged by a phenyl group; one carbon atom is o-bonded to platinum
and the adjacent m-bond is n2-}igated to rhodium [567]). Thermolysis of the
known butterfly cluster [Co,Pt,(CO)g(PPhy)>] 1in the solid state gave
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[CoPt, (L-C0) 5 (CO)(PPhy)atk-riny) 1. The platinum—platinum distance falls in the
appropriate range for {Pt(I)-Pt(I)}, and a formal description of the structure
would therefore be that it 1is bridged by {#-PPh,}~ and {u#-Co(CO);(PPhy)}-,
both acting as 4e donors [568].

287 The molecular structure and atom numbering scheme for
[{M(x-Sn{NR>},)(C0)}3], M = Pd or Pt. The {M3Sny} units are nearly coplanar.
(Reproduced with permission from [563])

288 ORTEP diagram of the molecular structure of [Re;Pt(CO);5]. The
platinum-rhenium bond length is 2.8309(5) A and the carbonyl groups on
rhenium are eclipsed. (Reproduced with permission from [564])
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289 The molecular structure of
[MORhPt(“‘CsHs)(U'1'°21-2*"\"03“5)(U‘co)z(PPha)z(U'Pth)] show‘lng the
crystallographic numbering scheme. (Reproduced with permission from [567]))

6.4 Tetranuclear metal carbonyl clusters

MO LCAO INDO theory has been applied to {Ni,} and higher nuclearity nickel
clusters. The main contributor to bonding is the nickel-1ligand interaction,
but there are also significant contributions from metal-metal bonding. Among
the species considered were [N1,(C0)g(1>-C0)312~ and [N1,4(CO)g(L-CO)aH]™
[569].

When [Ni(CO),] is reacted with [Fes(C0)44]2~, the product is
[FesN1(C0)4,12", which may be protonated to give [FegNi(CO0),,H]™. Salts of
both anions could be isolated, and the structure of the
benzylitrimethylammonium salt of the hydride, 290, was established in a
diffraction study. The metal atoms form a tetrahedron with eight terminal and
four edge-bridging carbonyl groups. The hydride is located over the centre of
an {Fe,Ni} face at a distance of 0.60(3) A from the trimetal plane [570].

It has been noted that [0s5(C0);gHz] reacts with [{Ni(CO)(Cp)}2] under a
hydrogen atmosphere to give [N10s3(C0)g(Cp)Ha) [571]. Reaction between
[0s3(C0)3oH,] and [NiC1(H)(PCyy)2] gave [Ni0s3(CO)yq(H),(PCya)]. The structure
of the product was assigned on the basis of spectroscopic data, and comparison
with the platinum analogue. The metal atoms form a tetrahedron with each
osmium atom ligated by three terminal carbonyl ligands, and the nickel atom by
PCy;. One Os-Os and one Ni-Os bond are bridged by hydride 1igands, and one
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carbonyl 1igand bridges an Os-Ni bond [572]. Treatment of
[Ni0s5(C0)g(Cp)(1-H)3] with NaH resulted in hydride abstraction to yield
[N10s3(C0)o(Cp) (-H),]~. This product reacted with {MC1(PPhy)] (M = Au or Cu)
to give [Ni0s3(CO)g(Cp)(u-H) {t-M(PPh3)}]; the gold complex, 291, was
characterised in a diffraction study. The {NiOss} unit is a tetrahedron, with
an 0s-0s bond bridged by a gold atom [573). The complex [Ni0s3(C0)g(Cp)(iH)5]
has been shown to be an active catalyst for the hydrogenation of alkenes,
alkynes and dienes [574].

290 Perspective view of the [FesN1(CO);,H]~ anion with thermal ellipsoids
drawn to enclose 20 X probability. (Reproduced with permission from [570])

Carbonylation of [PdL(NO,),] (L = PPh,, PMePh,, PMe,Ph or PEt,) gave
[Pd,a(CO)gL4]. The structure of the complex for which L = PPhy, 292, was
established in a diffraction study; the palladium atoms are at the corners of
a distorted tetrahedron in which five of the six edges are bridged by CO.
Dimeric products were obtained from PEt,Ph derivatives [575].

The complexes [Pt,(H-CO)gl,] (L = PEt,, PEt,(CMe;) or PMePh,) were
prepared from [Pt(cod),]), L, C,H, and CO. The structure of the purple
modification of the PMe,Ph complex, 293, was determined in a diffraction
study. The {Pt,} unit is a distorted edge-opened tetrahedron with- five
edge-bridging carbonyls and four terminal phosphine ligands [576]. The PEt,
derivative was also reported to have been prepared from
[Pt(cod),]1/PEt,/CO/Me,C0/NHy [577], and its structure was established [578].
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291 View of the molecule [N10sy{i-Au(PPhy)}(n-CgHg)(CO)g(i~H),] showing the
atom numbering scheme. The hydride ligands, which bridge the 0s(1)-0s(2) and
0s(1)-0s(3) bonds, are not represented. (Reproduced with permission from
[673])

Reports of osmium-platinum clusters have been numerous. A number were
discussed in a review of the synthesis, reactivity, structure and bonding of
such species [§79]. When [0s3(C0);0(1,-S)] was reacted with [Pt(PMe,Ph),], the
products were [0s3Pt(CO),o(PMe,Ph),(H;~S)], 294, [0s3Pt(CO)g(PMe.Ph),(,-S)],
295, [0syPt(CO)g(PMe,Ph)>(1y-S)), and [0s,Pt(CO)e(PMe,Ph)g(1y-S)], 296. The
complexes 294 and 295 both possess approximately planar arrays of one platinum
and three osmium atoms, with sulphur bridging a {PtOs,} face. Photolysis of
295 gave 208 and [0syPt(CO);(H)(PMe,Ph),(PMeCeHs)(y-S)], 297. This latter
has a tetrahedral array of metal atoms with the sulphur bridging the {0s3}
face [580-582].
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292 Molecular structure and numbering scheme for [Pd (CO)s(PPhy),]. The
hydrogen atoms are omitted for clarity. (Reproduced with permission from
[5751)

C(22)
293 Perspective view and atomic numbering scheme for [Pt,(u#-CO)g(PMe,Ph),].

Thermal ellipsoids are constructed at the 30 X electron probability level
except for hydrogen atoms which have an artificial radius of 0.1 A for
clarity. (Reproduced with permssion from [576])
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294 ORTEP diagram of [0s3;Pt(CO)4o(PMesPh),(13-S)] showing 50 % probability
ellipsoids. (Reproduced with permission from [580])

295 ORTEP diagram of one of the two crystallographically independent
molecules of [0s3Pt(CO)g(PMe,Ph),(Uy-8)] showing 50 % probability ellipsoids.
(Reproduced with permission from [580])
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296 ORTEP diagram of [0s,;Pt(CO)g(PMesPh);(ky-S)] showing 50 % probability
ellipsoids. (Reproduced with permission from [580])

297 ORTEP diagram of [Os3Pt(CO),(H)(PMe,CaH,)(PMe,Ph),(k3-S)] showing 50 %
probability ellipsoids. (Reproduced with permission from [580])

Reaction of [0s3(C0)g(H3-8)2] with [Pt(C,H,)(PPhy),] under a nitrogen
atmosphere gave 34 X of [Pt0s3(C0);o(PPhy)(15-S),], 298, and 24 ¥ of
[PtOs4(C0)g(PPhy) o (L5-S),], 299. When the reaction was carried out under an
atmosphere of CO, the decacarbonyl was essentially the sole product. Both
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products were characterised by diffraction studies, and consisted of
triangular {PtOs3} clusters with the third osmium atom linked to one of the
others via a metal-metal bond and a bridging sulphide. The clusters are formed
by insertion of {PtL,} into an osmium sulphur bond, followed by rearrangement
[583].

298 ORTEP diagram of [08,Pt(C0),o(PPhy)(u3-S)2] showing 50 X probability
e11ipsoids. (Reproduced with permission from [583)])

Oxidation of [0s3Pt(CO);o(PPhsy)(ky-S),] with MegNO  resulted in
decarbonylation to give a dimer, [{0saPt(CO)g(H)(PPh,CgHs)(Ha-S)(Ly~8)}51],
300. The hydride 1gands are believed to bridge the elongated osmium—osmium
bonds [584].

Reactions of the unsaturated cluster [0szPt(CO);q(t-H)2(PCyy)] have been
studied. Carbonylation gave the known species [0s;Pt(CO0);;(u-H),(PCys)], 301,
now characterised in a diffraction study for the first time. The metal atoms
adopt a butterfly arrangement with the platinum at the wingtip. One hydride
bridges the 0s-0s vector of the "body" and one an 0s-Pt bond. The platinum
atom 1is ligated by PCy, and one carbonyl, the wingtip osmium bears four
carbonyls and the others three each. Hydrogenation of the unsaturated cluster
gave [0s,Pt(CO) o(-H)4(PCys)], 302, in a reversible reaction. In this case
the metatl atoms adopt a closo-tetrahedral arrangement, and the
hydrides occupy edge bridging sites on two Os-Pt and two 0s-Os bonds. The {M,}
unit has Dpq symmetry with two short unbridged edges and four longer bridged
ones. Reaction of  [0s3Pt(CO),o(i-H)2(PCy3)] with diazomethane gave
[0s3Pt (14-CH3) (CO) 4o (#-H) ,(PCy5)] as an equilibrium mixture of two isomers. In
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the orange-yellow form, 303, the {CH,} bridges the 0s-0s edge cisoid to the
phosphine at platinum, whilst 1in the red form, 304, 1t bridges the edge
transoid to PCy,. In the orange form, hydrides bridge the other two 0s-0s
edges, whereas in the red form they are thought to bridge one 0s-0Os and one
Os-Pt edge. Nmr spectroscopic studies indicated that these structures were
maintained in solution and equilibrated only slowly [585].

299 ORTEP diagram of [0s;Pt(C0)g(PPhy)a(1y-S),] showing 50 X probability
el11ipsoids. (Reproduced with permission from [583])



513

300 ORTEP diagram of [{OssPt(CO)a(H)(thPceH4)(ua—S)(u4-s)}2] showing 50 %
probabi1ity ellipsoids. (Reproduced with permission from [584])

301 (Reproduced with permission from [585])
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302 Molecular structure of the complex [0s3Pt(C0);o(H-H)((PCys)] showing the
two crystallographically independent molecules and the atom numbering scheme.
(Reproduced with permission from [585])
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303 Molecular structure of the complex [0saPt(i=CH,)(C0),q(t+H)(PCys)]
(yellow-orange isomer) showing the crystallographic numbering scheme.
(Reproduced with permission from [585])

when [Pt,(u;-CO)5(PCy3)3] was treated with [Au(PCy,)C1]}, the product was
[PtaAu(U-C0)5(PCy,) 1Y, isolated as the [PFgl™ salt, 305. The {Au(PCy;)}
fragment occupies an apical site above the {Pt;} triangle, and the phosphines
bend 17 © out of plane to minimise steric repulsion and maximise bonding
[586]. Breakup of the high nuclearity cluster resulted from the reaction of
[Pt12(C0)2412~ with [IrC1(CO)(PPhy)2] to give the butterfly cluster
[Ir,Pt,(CO)(PPhsy)>], 306, which was shown to be a catalyst for alkene
hydrogenation [587].

Strategies for the preparation of mixed metal clusters, {M,Pt,}, where M
is Cr, Mo or W have been discussed. It was noted that the reaction of
[PtC1,L,]1 with Na[M]l ([M]~ = [(Cp)M(CO)3]~ or [Mn(CO)g)™ and L = RNC or PhCN)
gave complexes of the type trans-[PtL,M;]. However, when L = PRy, the desired
species, such as [M,Pt,(CO)g(Cp)2(PR3)>], were formed. The preparation and
characterisation of a wide range of new complexes was described. A1l the
structures were based on a planar triangulated parallelogram framework for the
metal core, as in 307 [588]. The electrochemistry of the clusters has been
studied, and a two-electron reduction and two distinct one-electron oxidations
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noted. Both reduction and the second oxidation led to decomposition [589].

304 Structure of one of the two crystallographically independent molecules in
the crystal of [0ssPt(L—CHy)(C0O),o(1H)(PCy,)] (red isomer). (Reproduced with
permission from [585])

6.5 High nuclearity metal carbonyl clusters

The structures of metal clusters, including those of nickel, palladium and
platinum, have been reviewed [590]. A review of the polyhedral skeletal
electron pair approach included extensive discussion of carbonyl nickel and
platinum clusters [591].

A new topological electron counting theory, based on Euler’s theorem and
the effective atomic number rule, has been developed to predict the electron
counts of a large number of polyhedral metal clusters, 1including homo and
heteronuclear species from the nickel triad [592,593]. Stone’s Tensor Surface
Harmonic Theory has been successfully applied to three connected polyhedral
molecules of main group and transition elements, including [Nig(PPh)g(C0)g)
[594].
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305 Structure of the [AuPt,;(C0),(PCya).]* cation. For reasons of clarity, the
cyclohexyl rings have been omitted except for the 7pso-carbon atoms.
(Reproduced with permission from [586])

The reaction of NiCl, with PPh; and (Me,;Si),PPh did not procesd to
completion, but the brown material obtained could be converted by CH3;COC1 to a
mixture of [N1gCl,(u,~PPh)g(PPh3),] and [N1g(CO),(u,-PPh)g(PPhy),], 308. The
structures of both products were determined, and methods for their
interconversion described. Both are based on a cubic array of eight nickel
atoms with each face coordinated by a (u-PPh) 1ligand [595]. The cluster
[N1gC1,(1y-PPh)g(PPhy) 4] could be reduced with Na/Hg in the presence of CO to
give 308, and [Nig(uy~PPh)q(PPhy),] reacted directly with CO to give the same
product. Isocyanide complexes were prepared similarly [596]}. In a related
reaction [N1gC1,(PPhy)gSg] was reduced by Na/Hg under a CO atmosphere to give
[Nig(CO)>(PPhy)gSe) [597].
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306 (Reproduced with permission from [5871)

Ultrasound treatment of NiX, under an atmosphere of CO gave [Nig(C0),»,]2",
but in low yield [588]. The complex [NigC1(CO)g{(MegSi)>CHP=PCH(SiMes),}2]1,
309, was prepared by reaction of (MegSi),CHPC1, with Na,[Nig(C0);,], and its
structure determined. Four of the five n1gke'| atoms adopt a butterfly
configuration, and the phosphine acts as a o-donor to nickel [599].

A number of papers have reported nickel carbonyl carbide clusters. For
example, reaction  of [N1g(C0)32)2~  with  tetrachloromethane  gave
[N130€(C0);3912~, [NigC(CO);,12~ and [NigC(CO);gl3~. The {Ni o} species is
succesively carbonylated to give the other two clusters, the structures of
which were established in diffraction studies [600). When the chlorocarbon
added contained two carbon atoms, as in tetrachlorosthene or hexachloroethane,
the product was [NigC,(C0)3¢}2~, which was isolated and characterised as the
tetraphenylarsonium salt, 310 [601]. When the related species [Ni;,(C0);¢Co12"
was reacted with PPhy, cluster condensation occurred, giving [Ni;g(C0)23C¢]14",
311. This 1is a unique hexadecanuclear truncated V,-octahedron caging two
interstitial {C,} moieties with a very short interatomic separation of 1.38 A-
It was envisaged that the new cluster could be formed by the fusion of two
{Ni;0} units with the loss of a unique interstitial nickel atom [602].
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307 ORTEP diagram of the molecular structure of the
[CroPt,(L-C0) 4 (U3-CO) > (Cp)o(PEL,),] cluster. Thermal ellipsoids enclose 50 %X
of the electron density. (Reproduced with permission from [578])

Reaction between [N1g(C0);2]2~ and [C0o,CC1(CO)gq] gave a complex mixture of
clusters from which [CoaN1gC(C0)20]3~ could be isolated pure, and its
structure determined. It has an unprecedented metal framework with a square
antiprism of metal atoms tetracapped on two alternative pairs of triangular
faces [603]. When the added nickel complex was [N15C(C0),,]2",
[CoaNi;C»(C0),¢)2” was formed, and the structure of its tetraphenylphosphonium
salt, 312, determined. The anion has a metal framework based on a 3,4,3-Cpp
stack, and may be regarded as resulting from the condensation of two octahedra
or two trigonal prismatic moieties. Cobalt and nickel sites were not
distinguished, and the metals are probably randomly distributed. The {C>} unit
inside the cluster has a carbon-carbon bond length of 1.48 A [604]. The
ketenylidene cluster [Fe;(CC0)(C0)g)2~ reacted with either [Ni(CO)4]) or
[{N1(CO)(Cp)},] to give [FesNi5C(C0),5]2" [605].
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308 Molecular structure of [Nig(CO).(us—PPh)g(PPhy),] (without phenyl
groups). P(1), P(3), P(6), P(7) and P(41)-P(46) represent respectively the
P-atoms of the PPh, and PPh ligands. (Reproduced with permission from [595])

309 The SiMes groups are omitted for clarity. (Reproduced with permission
from [589])
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310 (Reproduced with permission from [601])

The complexes [NijgPte(CO)4gHe-p] (n = 3,4,5 or 8) were prepared from
[N1g(C0)3,1%~ and PtCl, or K,[PtCl,] under varying conditions, and could be
interconverted by protonation/deprotonation. The struciures of
[PheAs] 2 [Ni3gPte(CO)4gH2] and [Ph,As],[Bu N]3IN15gPtg(C0O)4gH] were established
in diffraction studies. The metal frameworks consist of an inner octahedron of
six platinum atoms fully encapsulated by a V5 octahedron of thirty-eight
nickel atoms. The metal cluster has the same structure as a fragment of a ccp
metal lattice. Preliminary measurements suggested unusual magnetic behaviour
[606].
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311 ORTEP drawing of the structure of the [Ni;g(C2)2(C0) 45 (4-C0) 40 (ky-CO)I4~
tetraanion. (Reproduced with permission from [602])

Palladium and platinum phosphine carbonyl clusters have been reviewed
[607). In the palladium ethanoate catalysed reduction of H[C10,]) by CO, the
only palladium compound which could be separated from the reaction mixture was
the polymer [{PdC1(CO)},]. This does not seem to be the active catalyst, but
rather a deactivation product. The tetranuclear species [Pd,(CO),(OCOMe),] was
isolated from the related reduction of HNOy, but again this is not the active
catalyst [608]. [{PdC1(CO)},] was used as a source of paliadium in the
preparation of [Pd,Cl,(udmpm),] [609].

The clusters [Pd;o(C0)32(PR3)e], [Pd3(CO)3(PR3).] and [Pd (CO)g(PR3),]
were prepared from palladium ethanoate, CO and PRy, under a variety of
conditions [610). Oxidative carbonylation of [Pd,(CO)g(PPhy)4] or [Pd(PPhjy),]
gave [Pd;o(C0);,(PPhy)gl; the oxidant acts to increase the cluster nuclearity
by removing phosphine 1igands as phosphine oxide [611].

The mixed carbide cluster [CoFe,C(C0);,.)” reacted with [{Pd(n®-CyHg)C1},]
to give [CoFe PdC(CO);5]-, which has not yet been fully structurally
characterised [612].
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312 (Reproduced with permission from [604])

An excellent review has been published on homonuclear platinum clusters
[613]. The uses of platinum carbonyl clusters in catalysis has also been
reviewed, 1including both homo and heteronuclear clusters [614]. The new
topological electron counting theory based on Euler’s theorem and the
effective atomic number rule has been used to predict electron counts of a
large number of polyhedral electron clusters including [{Pt,(C0)g},)3~ [615).
Th theory permits a better understanding of ‘the 1interrelationships between
cluster geometries [616-618].

Electronic structure calculations for [M3(C0)gl?™ (M = N1 or Pt, n=1,2
or 3) show that the highest occupied state in these diamagnetic dianions is a
low lying molecular orbital from the 2m, CO system, and that the unoccupied
molecular orbitals of 2m, origin are at least 0.7 eV higher in energy. The
data are used to discuss the different configurations of the nickel and
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platinum complexes, and the absence of a palladium series [619]. Tha
structures of [{Pts(CO)g}pl?~ (n = 2,3,4,5,6 or 10) have been considered. For
n =2 there is some departure from ideality, in that there is a lateral slip
of one {Pty} triangle relative to the other. In the trimer there is a helical
twist of 13 9 from one unit to the next, and in the pentamer the angular
distortioen 1s confined to the middle three {Pt,} units [620].

Bonding in high nuclearity clusters with close packed arrangements of
metal atoms is dependent primarily on radial interactions between the surface
and interstitial atoms. Radial bonding interactions were shown to predominate
in [Pt;5(C0)2.]1% and [Pt,e(C0)55]1%37, but in [Pt,4(C0)50]2~ tangential bonding
interactions also make a partial contribution [621],

There have been several reports of the uses of platinum carbonyl clusters
in catalytic reactions. For example, chlorided »-alumina impregnated with
[Et N1>[Pt;5(C0)30] and [Re,(CO);o], followed by reduction and sulphidation,
gave a catalyst for reformation of mheptane [622]. Isocyanates were produced
from ArNO,/CO in the presence of [Pty5(C0)agl?~ [623]. Rate parameters were
established for generation of oxygen from water by a redox reaction with
hydrogquinone in the presence of [Pty;(C0);4]%~ [624]. Layered compounds with
the formula A,#*B,**(OH)zx49y-pDs™ . tH,0 (D 1s a polyanion including
[Pt,5(C0)3g]2~ and [NizCr{C0);gl%"; x,y,2,t >0, n= 1-10, 0.5 ¢ x/y < 10) are
suitable as ion exchangers and exhaust gas and hydrocarbon conversion
catalysts [€25].

The amberlite anion exchange resin, IRA 401, has been used as a sypport
for [Pt;g(C0)35]2~ and [PtRhg(CO);g5]~. XPES revealed the presence of
platinum(IV) impurities. On the surface the homonuclear complex may be
decarbonylated, hut the reaction is not reversible, and recarbonylation leads
to a different complex. Both supported complexes are active catalysts for the
hydrogenation of benzaldehyde, and the heteronuclear species also catalyses
the reduction of certain arene rings [626].

Thermolysis of [Pt g(C0)50]2~ wunder a nitrogen atmosphere, gave
[Pt.4(C0)3012. An X-ray diffraction study revealed that the metal framework
resembled a fragment of a cubic close packed structure. Hydrogenation and
substitution reactions were studied [627].

Reaction of [Pt(cod),] with [05g{C0);0l gave the 110 electron cluster
[0sgPt,(C0)y(cod)2], 313, characterised by a diffraction study [628].
Similarly, [0sg(CO),s(MeCN)>] gave [OsgPtao(C0),g(cod)2], 314, 1in which a
regular octahedron of osmium atoms 1s face-capped by two {Pt(cod)} units
[629].
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314 (Reproduced with permission from [629])

Thermolysis of the mixed cluster [PtRhg(CO);5]~ gave [Pt,Rhg(C0),5]3",
315, which was isolated and characterised in an X-ray diffraction study. The
metal skeleton has ideal Dg;, symmetry and is composed of three face-to-face
condensed octahedra. The platinum atoms 1ie on the three fold axis in the
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positions of maximum connectivity [630]. Reaction of Na,[PtClg] with
RhC1,.xH,0 under an atmosphere of CO gave a mixture of [PtRhg(C0),5]~ and
[PtRh4(CO)34]~. The latter species was isolated, and could be converted
reversibly to [PtRh,(C0),,]%~, by carbonylation/decarbonylation. This 1s the
first example of a facile interconversion of two trigonal bipyramidal clusters
with 76 and 72 CVE's, but it is noteable that the site of the platinum changes
in the interconversion, which may be mechanistically complex. A scheme was
proposed for the interconversion of the complexes [631].

@,
315 (Reproduced with permission from [630})

Treatment of [Ir(C0),Cp*] with [Pt(CoH,)a] 1n ether at 0 °C, gave
[IraPty(s-C0)5(C0)5(Cp*)3], 316. The central triangle of platinum atoms has
each edge bridged by an {Ir(Cp*)(C0),} unit, and the complex undergoes dynamic
behaviour on the nmr spectroscopic timescale [632].
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[HO]™/CO [HO]=/CO
[Ptc.ls]z— —_— [PtC"la(CO)]" —— [{Ptg(co)'}nlz- =4,50r 6
[HO)}~/CO

RhC1; ——————— [RNC1,(C0),)~

HO)~/C0 [HO)~/CO
[PtRhg(CO)y5]™ + A ——————

[
[RhCT1,(CO),1~ + [{Pts(CO)g}pml®
m= 4orb [PtRh4(CO)14]2' + B

By-products A are [Rh;»(C0)30]12", [Rhg(€O),g]~ if Pt:Rh < 1:5
[{Pt5(CO)g}pl2~ (p = 3 or 4) if Pt:Rh > 1:5

By-products B are [Rhg(C0),12~ and [Rh;(C0);¢]3~ 1f Pt:Rh < 1:4
[{Pt;(C0)g}3]123~ 1f Pt:Rh > 1:4

Nz or vacuum
[PtRh4(CO)“]2' —-—-———)[PtRh4(CO)12]2' + 2C0

co
[Rhg(C0), ¢l

[Rh(€O0),(MeCN) )+

[PtRhg(C0) 1)~ + [Rhg(CO)ss)™

3
[PtRhs(CO)1s]_ + CO

Scheme 12 Interconversions of ptatinum rhodium carbony! complexes [631]

316 The molecular structures of the two crystallographically independent
molecules of [IryPty(n-CgMeg)a(CO),5(4-C0),3] showing the atom numbering
scheme. (Reproduced with permission from [632]))
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Reaction of [FegC(C0)4,]%~ with [Pt(PPh,),] gave [FegPtC(CO),,(PPhy)]2",
but the structure of the product was not given [633]. When the trimer
[Pt5(CO)3{P{CHMe;)3}5] reacted with Ag[CF3S05] two {Pty} units were coupled by
silver in [Ag{Pt3(u-CO)3(P{CHMez}3)3)2]1[CF3805], 317. The silver ion 1inks
two staggered {Pt,} triangles, which rotate on the nmmr spectroscopic timescale
[634].

317 ORTEP diagram of the [Ag{Pt(uy~CO)3(P{CHMes}3)3}2] cation in the
[AQ{Pt(1,~C0) 3 (P{CHMe;}5)3)21[CF3S05] crystal. Only the phosphorus atoms of
the phosphine 1igands are shown. (Reproduced with permission from [634])

6.6 Complexes of C0,, and related species

Calculations have been performed on [N1(CO,)(PH3),]1 and [Ni(CS;)(PHj),l,
with particular reference to modes of binding and fluxional behaviour [635].
Reaction of [Ni(cdt)] with CO, in the presence of a phosphine ligand, L, gave
[Ni(n2-CO,)L,]. The toluene solvate of the complex with L = PCys, 318, was
structurally characterised [6368]. Reaction of CO, with [N1(n2-CS;)(triphos)]
gave [N1(CO;),(triphos)] as the initial product. This could also be obtained
by carboxylation of [Ni(CO)(triphos)]. Decomposition of the €O, derivative
gave [Ni(CO)(triphos)] and [Ni(triphos0)]. Further carboxylation of the
phosphine oxide complex ylelded [MNi(COg){Ph,P(=0)CH,C(CH3)(CH,PPh,),}] as the
final product [637].
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318 (Reproduced with permission from [6361)

Reaction of [Pt(0;)(PPhy),] with C30, gave a species of stoicheiometry
[Pt(C304)(PPh3)2], with the postulated structure 319. Good crystals could not
be obtained in this case, but the structure of the benzylamine adduct, 320,
was unequivocally established [638]. Reaction of 319 with PPh; gave 321; a
mechanism was proposed but not proven for this reaction [639]. Reaction of
C302 with [Pt(C,H,)(PPh3),] at 0 ©OC under CO, gave 322 or 323 depending on the
stoicheiometry. Further reactions of the complexes were discussed [640].

1 Hoo
! PhaP o)

M 0 PhCHzN —C 0 Not” Mo =0

Ph3P c—c’ Phs P \c/i ¢/ P Y
\Pt/ I \Pt/ I Phs P
COOH
PhsP/ \0—0 PhsP/ \0—0
319 320 a2
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6.7 Thiocarbonyl, carbon disulphide and carbonyl sulphide complexes

Transition metal thiocarbonyl [641] and carbonyl sulphide [642] complexes
have been reviewed.

Reaction of [Ni(np3)] (nps = N(CH;CH;PPh;)3) with CS, gave the simple
n2-adduct, [N1(CS;)(np3)}. This was treated successively with MeOSO,F and
Na[BPh,] to give 324, characterised in a diffraction study. This was thought
to be formed by phosphine attack on an n2-dithiomethyl ester formed in situ.
The reaction of [Ni1(npy)] with PhNCS also gave an n?-C, S-adduct, the structure
being assigned on the basis of the comparison of the IR spectroscopic data
with the related triphos complex. The reaction with COS gave only
[N1(CO)(npy)], the n2-C0S adduct being too labile for isolation [643]. The
structures of [N1(n2-CS,)(triphos)] and [N1(n2-PhNCS-S,C)(triphos)] have been
established in diffraction studies, and the data evaluated in theoretical
terms [644]. Protonation of [Ni(triphos)(CS,)] with H[BF,] gave
[{Ni(triphos)},S]1[BF,)>, whilst methylation with MeOSO,F yielded 325.
Oxidation with molecular oxygen resulted in oxidation of one of the phosphine
centres and of the CS, ligand to give 326 [645]. Reaction with CF;C=CCF; gave
the carbene complex, 327, the further reactions of which were studied [646].

The reactions of palladium(0) phosphine complexes with CS, have been
studied; the steric bulk of the phosphine controls the nature of the complex
precipitated, either [Pd(n2—CS;)Lp] or [Pda(#-CS;3),L,]1. Dimers were also
obtained from reactions of [Pdy(CO)sls] [647]. When [Pd(n?-CS;)(PCys).) was
reacted with an excess of CS,, [Pd(CS.)(PCys)] and Cy,P*CS,~ were obtained. IR
spectroscopic data indicated that the complexes formed were probably polymeric
[648]. The same polymers were obtained from a reaction between [Pd(n?—CS,)L.]
and [Pd(bipy)(CgFg)(OCOMe)] [649].
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324 ORTEP drawing of the complex cation with 30 X probability ellipsoids.
(Reproduced with permission from [643])
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The reactions of [M3(CO)3L;] (M = Pd or Pt) with CS, were compared. With
bulky ligands such as P(CMe3),Ph or P(CMe;)y, the dimers [M,(1-CS,),L,] were
obtained; spectroscopic monitoring of the reaction mixture indicated that the
mechanism involves monomeric species [650]. Treatment of [Pd(PPh;),],
[Pt(PPh3),] or [Pt{P(CHMe3)5},] with CEE'’ (E=E'=S or Se, or E =S,
E’ = Se) gave [M(N2-CEE’)(PR3).]. When M = Pd, an excess of CSe, ylelded 328.
Reaction of [Pd(n2~CSe,)(PPhy),] with a small phosphine such as PMe; or PMejPh
gave 329 [651]. When [M(n2-CES-C, E) (PP)] ((PP} = dppe or
1,2-bis(dipheny1phosphino)benzene; E=S or Se) was treated with
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[Pt(C,H)(PPhy),] 330 was obtained; the structure of the complex for which
= Pt and E = Se was established 1in a diffraction study [652].

Se /PRs
il —-C'—Se PRa
PhsP. C—Se Se-C-Se_
“pd! | N DA
7N Rs P se —C'—Se
PnsP”  Se—Cy op
Se
328 329
PPhs
( \Pt/-—\Pt/
“es
330

A full paper has been published detailing an extremely thorough study of
the reactions of [Pt(n2-CS,;)(PPhy),] (Scheme 13) [653].

In a review of CS, chemistry, the displacement of
1,1,1,4,4,4-hexafluoro-2-butyne,  hfb, from  [Pt(hfb)(PPhy),] to give
[Pt(n2-CS,) (PPhy).] was noted [654]. The complex 331 was mentioned in a review
of stannanedithiocarboxylate 1igands [655].

There have been effective core potential calculations on {Ni(0CS)} and
{Pt(0CS)}. With the nickel species bonding may be to carbon or to sulphur, or
to both, in the closed shell configuration. A1l electron calculations using
Gaussian 80 1indicated approximately n2-C,S-1igation. For the platinum
analogue, in the closed shell configuration, there is a preference for bonding
to oxygen [656].

6.8 Other related complexes

The coordination of Et0,CCOCO,Et to an {M(PCy3),} fragment (M = Pd or Pt)
has been described. Oxidation of 332 gave 333 [657]. In a study of the
reaction between [Pt(CyH,)(PPhy)>] and RpP(=S)C(=S)SR’ the data were
consistent with the displacement of ethene and n2-coordination of the ligand
through the carbon-sulphur double bond. PhNHC(=S)PR, gave a similar adduct
initially, and further reactions of these complexes were discussed [658].

Carbonylation of 334, reaction of [Ni(PPhy),] with ketene, or treatment of
[N1(PPhy),] with CH,Br./2n followed by CO, gave the ketene complex 335.
Thermolysis resulted in the loss of ethene, and the formation of the polymeric
species [{N1(CO)(PPhy)},] [659]. Reaction of [Ni(cod),] with [RxN=CH;]X
(R = Me or PhCH,) 1in thf gave a red insoluble product, characterised with
difficulty as [RaN=CH,][N1(n2-CH,=NR2>)X2]1. Thermolysis gave
[N1(RNCH,CHoNR,)X,] [660]3.
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Scheme 13 Reactions of [Pt(n2-CS,)(PPhy),] [653].
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7  METAL ISOCYANIDE COMPLEXES

The 1interaction of nickel atoms with MeNC 1in an argon matrix gave
mononuclear species [N1(MeNC),] at low nickel concentrations, and polynuclear
species with bridging isocyanides at higher nickel concentrations [661]). The
reaction of [Ni(CO),] with CF3NC gave [Ni(CNCF3),]}, which was treated with
[NiCp.] to yield [Ni,(u-CNCF5),(Cp),] [662,663]. [NiCp,] reacted directly with
jsocyanides, RNC, (R =Cy or MeyC) to give [Ni(CNR),(Cp)IC1. With
[N1C1,(CNR)»] (R = Cy) the product was [NiC1(CNR)(Cp)] [664}. The synthesis of
CN(CH,) [0H has been described. The 1igand was stabilised in an open-chain form
in complexes such as [N1(CNCH,CH;0H),(PPhy)2][PFgl> and [Pd{CN(CH;) PH},I.]
(n=3o0r 5) [665].

Oxidation of [N1(CNCMey),] gave [Ni1(CNCMe3)>(0,)]. In combination with
[MoBr,0,(PhyP0)2], this effected the oxidation of cyclohexene to
1,2-dibromohexane. When the two complexes were mixed at -40 OC a yellow paste
and a red solution were obtained. The yellow paste was a molybdenum complex
which was poorly characterised, but which appeared to be a peroxide. From the
red solution needle-1ike crystals of cfis,cis,trans-[Ni1Br,(CNR),(Ph3P0),] were
isolated [666,667]. The isonitrile 336 was polymerised in the presence of

Ni2+, via [N1(CNR),12+ [668].
—_ "

BnN..+, NBn
)
Y gr-

336

Reaction between the nickel(II) complex, [N1(CNMe),][PFgl,, and the
nickel(0) species, [N1(CNMe),], gave the diamagnetic nickel(I) dimer
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[N1,(CNMe)g]2*. With the addition of dppm this yielded 337, characterised in a
diffraction study. The complex is extremely non-symmetrical, with one nickel
atom adopting square pyramidal coordination, and the other being a distorted
trigonal bypyramid. The complex showed fluxional behaviour on the nmr
spectroscopic timescale [669). The cluster [Ni,(CNCMej)y] reacted with
R:N-P=NR to give [Ni,(CNCMes),(ks-N2-CNCMes) (Li3~N2-R,NP=NR),], 338 [670].

337 ORTEP drawing of the [Ni,(CNMe),(u-CNMe){u~dppm),]2* dication with all
the non-hydrogen atoms. (Reproduced with permission from [669])

The complex [PdC13(CNCH,PPhy)] was prepared‘from [PhaPCH,NC1X. The related
phosphine complex, 339, reacted with fluorenone to give the Wittig product,
340, (sic) [671]. Derivatives of L, 341, [PdL,X;] have been noted [672], as
have a range of complexes of 342 [673].

Condensation between [Pt(CNH),(PPh;),]12* and 4-methyl-3-pentene-2-one gave
[Pt (CNCMeCH,COCH;) 2(PPhy) 212 [674]. Reactions of 2-chloromethylbenzene
isocyanide with a range of complexes have been studied (Scheme 14) [675].

Potentiostatic reduction of cis-[PtC1,(CNR),] at a mercury pool electrode
resulted in one-electron reduction to give [{PtC1(CNR),},}, 343, characterised
in a diffraction study. Two electron reduction yielded [Hg{Pt3(CNR)g}.] for
R = 2,4,6-(MeaC);3CgH, [676). The related palladium complex, prepared from
[Pd>(dba);].CHC1; and RNC, was also structurally characterised [677]. The
photolysis of the complexes was 1investigated. Irradiation resulted in the
breaking of the metal-metal bond to give the 15e species [M(CNR),1*. In the
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presence of CX,, the sole photoproduct was [M(CNR),X]* [678].

338 Structure of [Ni,(CNCMejy),(H3—N\2~CNCMey) (My—N2-RoN-P=NR),]. methyl groups
have been omitted for clarity. (Reproduced with permission from [670])
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is- M = Pd Pt)
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Scheme 14 Reactions of 2-chloromethylbenzene isocyanide with palladium and
platinum complexes [675].
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343 (Reproduced with permission from [676])

The structure of [Pd,Cl,(#CNPh)(u-dppm).], 344 was established in a
diffraction study. The structure consists of discrete molecules packed in a
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spiral fashion along the 4;-axis, with an unusually large channel though the
structure, almost 10 A 1in diameter. The complex was photosensitive, giving,
on irradiation, [PdC1,(dppm)] amongst other products [679]. The structure of
the related derivative of 345 was also established. However, there were some
problems in the structure determination in that the {COOMe} group extends into
a channel 1in the structure, has very high thermal motion, and could not be
located [680].

2.334(3)

2.44213)
g

344 Selected bond lengths and atomic numbering scheme for
[Pd2C15(4-CNPh) (i—dppm),1. (Reproduced with permission from [679])

MeO2 CCH2

N i NC
N

Reaction of [PtCi,(dppm)] with MegCNC gave [Pt,(CNCMe,),(i-dppm),14+,
whereas [M(dppm),1C1, yielded [M(CNR),(dppm-P),] (M = Pd or Pt). Mixed metal
complexes were obtained from the latter by reaction with silver, gold or
rhodium complexes; thus [M(dppm).]Cl, reacted with [AgC1(CNR)] to give
[{AgC1(CNR)} (u-dppm),{AgC1}]* [681].

The structure of [Pd,(CNMe),I,), prepared from [Pd(CNMe),] and
[Pd(CNMe),]I., was established 1in a diffraction study. Although IR
spectroscopic date had implied that the {odo 1igands were bridging, the solid
state structure 1is an example of a rare unbridged structure, in accord with
theoretical expectations. The Pd-Pd distance, at 2,533 A, is similar to other
Pd(I)-Pd(I) bonds, and the Pd-I distances (2.697 and 2.699 A) are long,
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reflecting the high trans-effect of the metal-metal bond [682]. The structure
of [Pd,(4-SPPh;)>(CNMe)>] has been reported [683).

Reaction of the ligand dmb, 346, with Pd2*, in an aprotic medium, gave
(Pd(dmb) ,]**, which reacted further with X~ to encapsulate the anion between
the metal atoms in [Pd(dmb),X]3* [684].

NC
346

The bridged complex 347 (Ar = CgFg) reacted with R2NC to give 348,
characterised for R2 = R! = Me in a diffraction study [685].

Ar Me

RTNC s Ar ©
\ Ng RYNC
Pd Pd N
¢’ \N=< “CNR! N
/s cl CNR?2
Me Ar
347 348

Reaction of 349 with trans-[PtCY(H)(PPhy).] gave 350. Simple
cis-diisocyanide derivatives were prepared from [PtCl1,(cod)] or [PdC1,(MeCN),]

fese].
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| N
W{(CO)3Cp Phs P
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Few palladium isonitrile clusters have been defined. When palladium vapour
was allowed to react with CyNC, the sole product was [Pd3(CNCy)gl, the
structure of which was very similar to that of [Pt;(CNCMe;)g] [687]. Reaction
of [Ptla]l (L = RIR2N-P=NR®) with Me,CNC gave the trimeric complex
[Pty(CNMe,y) 3 (L-CNCMe3) (L-L) 21, 351, which could also be obtained from the
reaction of [Pt;(CNCMej)s(1-CNCMes)s] with L [688). When [Pt,(u-CO)3(PCys)s)
was reacted with three molar equivalents of 2,6-dimethylphenylisocyanide
(CNAr), the product was [Pta(CNAr)(u-CNAr),(u-CO)(PCys;)2]. When five molar
equivalents of the isonitrile were used, [Pty(CNAr),(u-CNAr),(PCy;)] was the
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main product. Structural studies showed that the bridging isocyanides were
severely bent about nitrogen, and their steric requirements are incompatible
with the presence of bulky PCy; ligands on both the adjacent metal atoms. Thus
replacement of the bridging CO by ArNC labilises the adjacent terminal PCy,; to
substitution [689].

351 (Reproduced with permission from [688])

Reaction of [Pt(C,He)(PPhy).] with [Au(CNCgHa-2,6-Me,).]1* gave the
tetrameric cluster [Au,Pt,(CNAr), 12*, 352, isolated as the [PFg]l~ salt. The
metal atoms define a flattened butterfly, with the gold atoms at the higher
connectivity sites [690]. Reaction of either [Pd(n®-CsHg)(Cp)] or [Pt(cod),]
with 353 gave an oligomeric specles [{M(L)y}p], in which x = 1.82#0.12 for
M=Pd and x = 1.2520.2 for M = Pt. The complexes were used as catalysts for
the heterogeneous hydrogenation of alkenes or alkynes [691].

8  METAL ALKENE AND ALKENYL COMPLEXES

A number of reviews have been published 1in this area, including
discussions of organic reactions of m-complexes [692], nucleophilic addition
to coordinated cyclic m-hydrocarbons [693], the thermodynamics of complexation
of unsaturated hydrocarbons with silver, nickel or zinc [694], palladium(II)
assisted reactions of alkenes [695] and crystal structural analyses of
platinum alkene complexes [696].
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352 Molecular structure of the [Au,Pt,(CNCgHa-2,6-Me,)4(PPhy),]12% dication.
For reasons of clarity the phenyl groups have been omitted. (Reproduced with
permission from [690])

353

Hatree Fock Slater calculations have been undertaken to determine bonding
energies in ethene, ethyne and dioxygen complexes of {M(PH3),} (M = Ni, Pd or
Pt). Back donation of charge from the metal was shown to be more important
than donation from tigands to metal, and the bonding energies were in the
order Ni > Pt > Pd [697]. Complete active space SCF and contracted CI
calculations were performed on the lowest singlet and triplet potential
surfaces for {Ni(C,H,)}. The ground state was shown to be 'A; with an energy
minimum corresponding to a distorted ethene moiety with a carbon-carbon bond
length of 1.45 A and the hydrogen atoms tilted 21 © away from the C-C axis.
The triplet 3A, state is essentially unbound, which is not in agreement with
previous calculations [698]. Calculations were used to predict 13C chemical
shifts for nickel ethene and ethyne complexes [699].

The reaction between [Ni(CoH4)3]), dmpe and R,P at -20 9C gave
[Ni(C,H,) (dmpe)(PR;)], the complex for which R = Ph, 354, being characterised
in a diffraction study. various intermediates were observed [700]. In the
absence of added R,P, [N15(CoH,) 4 (dmpe)], [N15(CaH4) 5 (dmpe),] and
[N1,(C,H,)2(dmpe),;] were formed, their proportions depending on the reaction
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stoicheiometry. The structures, 355, 356 and 357 were assigned using nmr
spectroscopy [701].
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354 (Reproduced with permission from [700])
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The complex [N1(C,H,)(CH3)LX] (L = PHy, X = C1) was considered as a model
for a polymerisation catalyst using the Cossée mechansim. From MO symmetry
considerations a rearrangement requiring rotation of the alkene around the
metal-alkene bond is necessary before reaction occurs. The barrier to rotation
is a function of the trans-effect of the 1ligand and the steric interactions
[702]. Reaction of [NiCp,] with RLi or RMgX in the presence of ethene gave
[N1(C,H4)(CP)R], the alkene being necessary to stabilise the metal atkyl
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{703].

Reaction of [Ni(C,H4)3] with  M[RsM’H] (M = L1 or Na; M' = Al or Ga;
R = Me, Et or Me,CHCH,) at temperatures below -70 ©C in Et,0 or Et,0/thf, gave
[M(solvent) 5] [N1(CoH,)2(H)(M'R3)]. The compiex was rather unstable, and was
readily converted to carbonyl derivatives [704]. TYreatment of [N1(CzH,)L;]
with ethene and HCN gave 358, from which slow reductive elimination in the
presence of L gave EtCN. Kinetic data, however, suggest that the processes
involved in catalytic hydrocyantion of ethene are more complex [705].

CN

|
L—Nij—Et
|

358

Ab initio calculations on the reactions of {Pd(CoH,)} with different
coordinated nucleophiles (including H~, Me™, [HO]™ or F~) have been
undertaken. They show weak ﬂ*»dyz back donation in all cases. Analysis of the
reactivity of the coordinated nucleophiles towards migration to the alkene
involved estimating the bond strength and energy of the orbital describing the
Pd-Nu bond. It was concluded that frontier orbital controlled c¢is-migration is
possible only for H~ and CHy~, with F— and [HO]™ being too unreactive
[7106,707].

Adsorption of ethene on the <110> surface of palladium at 110 K gave rise
to two related but distinguishable electron energy loss spectra corresponding
to Jow and high ethene coverage. Most of the spectroscopic features suggest
n-complexation of the ethene, but at very high coverage there are some
features which suggest that there are a small number of doubly o-bonded
complexes, involving pairs of palladium atoms [708].

Applications of a closed flow thermostable titration vessel to a study of
the reaction of sym,trans—[Pd;(C,Hs)2C1,(k-C1),) with secondary amines have
been discussed [709]. The complexes [M(C,H,)(PPh3).] (M = Pd or Pt) reacted
with S,N, to give [M;(PPhy),(1-SoN3)2]1 [710].

Calculations on the platinum atom with variation of the number of
electrons in the 5dy/,, 5ds/, and 6s,/, levels indicated that the energy of
the 4f,;, electrons depends on the ratio between the number of upper d- and
s-electrons. On the basis of semi-empirical calculations on the {Pt(CyH,)}
complex, the interaction of the platinum atom with the ligand leads to an
increase in the population of the 6s atomic orbital. The bonding of the ethene
was discussed [711]. An ab initio MO study on [Pt(C;H,)Cl3]™ indicated that
both donation and back donation contributed comparably to the stability of the
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complex [712].

The complex [Pt(C,H,)(PPhy),] has again been widely used as a source of
the {Pt(PPhy),} fragment, since the ethene 1s readily displaced. Among the
added ligands which were used to replace ethene were ArP=C=PAr [713]. In other
cases oxidative addition to the {Pt(PPhy),} fragment occurred (reactions (15)
{714}, (16) [715)}, (17) (7161, (18) [717] and (19) ([718]. Additionally,
[Pt(CoH,) (PPhy) ] reacted with [Co(E,S)(triphos)]{BF,] to give
[(triphos)Co(E;S)Pt(PPhy),1[BPh,], (S = P or As) in which platinum may be
described as either having bridged, or inserted into the S-E bond of the S,E
ring [719].

ON
CN Phs P N==C
N Nz W (15)
[Pt(CzHs )(PPhs )2 +* o /Pt.\ J
/ Pha P s — ¢
NG S N
X
’ /X PhsP\ y (16)
{Pt(CzH4 )(PPh3)2] + RR'N—P — /Pt
SNR phsP’ P=NR
I
NRR’
R = MesC, R’ = SiMea; X = S or Se
[Pt(C5H,)(PPhy),] + RHGC1 ——— [PtCT1(HgR)(PPhj3),] (17)
R = CgCls, 1,3,4,6-C1,CeH, 2,3,5,6~C1,CeH or 2,4,6-C14CeH,
[Pt(CoHe) (PPh3) 2] + (MesSiN) oS —--- c1s-[Pt(NSNSiMe;),(PPh;).] (18)

The FAB mass spectra of [Pt(C,H,)(PPhg),] and related metal cumulene
complexes have been reported. Loss of ethene is the principal fragmentation,
but a loss of 14 mass units suggests the formation of a platinum carbene
complex [720].

The reaction of [Pt(C,Hs)3] with molecular oxygen at -46 OC gave
[Pt(0;)(PPhy);], but the complex decomposes at -20 °C to give ethene and
oxygen. In the reaction with the complex in the solid state, some ethene oxide
was formed [721]. Reaction of the biphosphine, 359, with [Pt(C,Hs);] gave
[{Pt(C_HL}p) (n =1 or 2). The ethene could be displaced by other alkenes
(such as methyl propencate), alkynes, CO, or phosphines to give monomeric
species [722].
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The complex [Pt(C,H,){PPh(CHMe,),},] acted as a catalyst for the reaction
of [H,Re(PRy).] with ethene to give [Re(CoH4)oH3(PRg),] [723].

Single crystal polarised electronic absorption spectra of
K[Pt(C,H,)C13].H,0 have been recorded at 10 K. Ligand field and CT transitions
were assigned, vibronic structure assigned, and excited state absorptions
interpreted. Somewhat surprisingly, the ethene was shown to be an excellent
o-donor (better than ammonia) and a very weak m-acceptor. The relevance of the
excited state assignments to the photochemical reactivity of the salt were
discussed [724]. The neutron inelastic scattering spectrum of the salt was
also recorded in the range 300-1700 cm~!. The vibrational modes of the ethene
were assigned [725].

The structure of 360 has been established. The complex 1is not very
symmetric, in accord with H nmr spectroscopic studies which suggest that
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there is an equilibrium between 4- and 5-coordination in solution [726]. 1H
nmr, ir and electronic spectra have been reported for 16 complexes of the type
trans-[Pt(ArNH;)Br,(CzHs)]. The chemical shift of the sethene protons was not
affected by the electronic character of Ar, but both Vv(Pt-C,) and V(Pt-N)
increased with electron releasing aryl groups. The msn* transition was also
very sensitive to the electronic character of the aryl ring [727]. 'H and 13C
nmr spectroscopic data were reported for complexes trans-[Pt(amine)(C,H¢)C1.],
in which the amine was a pyrazine, phenazine, quinoxaline or phenazine
N-oxide. The orientation of the plane of the heterocyclic 1igand with respect
to the coordination plane was variable, and sensitive to steric effects [728].

360 Perspective view of the molecule down the <121> direction with
coordination distances (A). (Reproduced with permission from [726])

The barrier to alkene rotation in [Pt(C,H,)(n3-CH,CMeCH,)(PPhy)][PFg] was
shown to be very low in comparison with those in other platinum(II) ethene
complexes, presumably due to a lack of steric hindrance. However, the barrier
in [Pt(CaH4)(Cp){(PPhy)] 1s higher, although 1t would seem that the steric
constraints should he similar. Nmr spectroscopic data suggest that
{Pt(Cp)(PPh,)} 1s a better m-donor to the alkene than is the allyl containing
fragement [729].

Reaction of 361 with K[Pt(C,H,)Cl;] gave trans-[Pt(C;H,)C1>(imine)], 1in
which the imine acted as a unidentate AMcoordinated ligand. The imine complex
underwent ready amine/imine exchange [730]. The preparation of 362 has been
described [731). When sym,trans-[Pt;(CoH,)2C12(4-C1),) was treated with
[Pt Me, (1-SMe, )], sym, trans-[Pt,Cl,(u-Cl),Me,] was obtained. The ethene does
not rotate or dissociate readily on the nmr spectroscopic timescale. A wide
range of further reactions of the complex were discussed [732].
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Low temperature photolysis of [Pt(CzH )}C1;L] (L = substituted pyridine) in
a coordinating solvent, 5, gave [PtC1,L5], which was converted to a mixture of
cis- and trans-[PtCl,L,] at room temperature [733). Reaction of the complex
with [Ru(bipy)>(CN)>] gave [Ru(bipy),(t-CN){Pt{C_H,)C1,],]) [734].

In the complexes [Pt(CyH,)C1(diamine)]* the nature of the amine was shown
to be critical in the stabilisation of the complex. In general it was found
that &5-membered rings were more stabla than six-membered ones, and the
Thorpe-Ingold effect was also important [735], Reaction of c7s-[Pt(C,H,)C1,Y]
with an excess of amine gave cis-[Pt(CH.CH,am)Cl,¥) (Y = dmso or PPhj).
Further reactions replaced one of the chloroc ligands by an amine, and for
Y = PPh,, dmso or Me,NH, cyclic compounds were the eventual products [736].
The kinaetics of the reactions for trans-{Pt{amine)Cl,L] (L = C;H,, CO or PPhy)
with C1™ to give [PtC15L)~ have been studied. Only in the case of the ethens
complex was there a dependance on [C1™], and this was reduced when the amine
was bulky. The data could be partially explained in terms of the trans-effect
and the trans-influence, but steric effects in the transition state were also
very important {737].

Nicke!, fluorcethene and PF, vapours were cocondensed and reactsd at a
temperature between -90 ©C and -120 °C. The reacticn product, presumed to be
an alkene complex, was distilled off and condensed on a substrate where it
decomposed to a nickel coating, fluoroethene and [Ni(PF5),] [738].

Complexes of the type [Ni(alkene)L,] have been prepared from [Ni(cod).],
atkene and two molar equivalents of L. The relationship between V(C=C) and the
size and electronic character of L was investigated, and a number of reactions
of the complexes described [739]. A related reaction with methylene
cyclopropane has also been described [740]. [Ni(cod).] reacted with
trans-PhS0,CH=CHCOOMe (sma) to give [Ni(cod)(sma)l, the second cod ligand not
being replaced even 1n the presence of a large excess of sma. An X-ray
structure determination revealed that the the carbon-carbon double bond in sma
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prefers an 1in-plane conformation, as predicted by theory. Reaction of
[Ni(cdt)] with sma did give small amounts of ([Ni(sma)z]. Reactions of
[Ni(cod)(sma)] with phosphorus or nitrogen donor ligands resulted in the
replacement of cod, whilst maleic anhydride replaced sma [741].

The electrochemistry of the Ni(II) complex [N1(NCMe)gl2* has been
investigated. Ni(I) species were stabilised by the addition of alkenes bearing
electron withdrawing groups, including acrylonitrile, fumaronitrile, and
diethylmaleate [742]. The structure of [Ni(bipy){CH3CH,CH=C(CH3)CHO}].H,0,
363, was established in a diffraction study. As well as coordination of the
carbon-carbon double bond, there 1is a significant interaction with the
neighbouring carbonyl group, so that the structure is intermediate between an
alkene and an allyl complex [743].

363 Molecular structure of [Ni(bipy){CHaCH,CH=C(CH3)CHO}]. (Reproduced with
permission from [743])

The role of mono and diazadiene complexes in catalytic reactions has been
reviewed. In [Ni(PhCH=CH-CH=NPh)(PPhy),] a diffraction study shows that only
the carbon-carbon bond is metal coordinated, but in
[N1,(CH,=CH-CH=NMe) > (PPh3),], 364, the S-trans-ligand interacts at nitrogen
with another metal centre [744].

The preparations of the Tligands (CH=CHCH,CH») As(CHaCHoCHoASME2) 5.
(n =1, tasol, n = 2 dasdol) have been described. The reaction of tasol with
Ni(II) gave [Ni(tasol)X]* for X = ¢1 or Br, the complexes having trigonal
bipyramidal geometry with the halide axial, and the alkene coordinated in the
equatorial plane. However, [Ni(tasol)I,] adopted square pyramidal geometry,
with 1{odide at the apex and the alkene uncoordinated. Reaction of
[NiC1(taso1)][C10,] with water resulted in displacement of the alkene from the
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coordination sphere to give [N1C1(H,0)(taso1)][C10,] in which the cation had
a square pyramidal coordination sphere. No dasdol complexes with coordinated
alkene were prepared [745). Reaction of 2-ethenylphenyldiphenylphosphine (SP)
with [M(C,H,)(PPhy),] (M = Ni, Pd or Pt) gave [M(PPhy),(SP)]. The complexes
all disproportionated in solution. In the solid state the nickel and platinum
complexes adopted tetrahedral geometry with SP acting as a bidentate ligand,
but the alkenyl group was uncoordinated in the palladium complex. Exchange
reactions and dynamic behaviour in the complexes were investigated by nmr

2

PPhs

spectroscopy [746].

PhsP

2

/
/z\

/

364

Reaction of either [Ni(CaH4)(PPhg)2] or [Ni{(CH,),}(PPhj3),] with an
alkene, XCH=CH,, gave [Ni(CH,=CHX),(PPh3),] (X = CN or COOMe), which was in
equilibrium with 365. Reductive elimination gave the trans-substituted
cyclobutane [747].

(PhsP)2M_

(

X2
365

Photolysis of [M(C20,)L,] (M = Pd or Pt; L = RyP or Et,S) gave CO, and
{ML,}, the latter reacting readily with L’ to give [ML,L'], with L’ = alkene,
alkyne or RsP. Oxidative addition reactions of {NiL,} with alkyl, aryl and
allyl halides were also described [748]. Reaction of [Pd(n®-CyHg)(nS-MeCgH,)]
with PCy, gave the fulvene complex 366. The metal fulvene bond is strong, and
the ligand is not easily l1iberated [749}. When Pd(OCOMe), was treated with a
stoicheiometric amount of acrylonitrile the products were MeCO,CH=CHCN and
palladium metal, but with an excess of the alkene, a species of composition
{Pd(CH,=CHCN) (OCOMe),} was isolated and characterised. A diffraction study of
367 showed that the complex has a tetrameric structure, with a
cyanoethylethancate acting as a bridging ligand between two metals of
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different dimeric units. The palladium atoms of the dimers are joined by
double ethanoate bridges arranged around the crystallographic 4, axis [750].

(CysP)2Pd —|

366

387 A view of two dimeric units of “Pd(CH,=CHCN)(OCOMe)," along the
crystallographic 4, axis with the numbering scheme of the independent atoms
shown. Pd-Pd distance in A. (Reproduced with permission from [750])

When taso)l was reacted with [PdX,}2~ the species {Pd(tasol)X,} (X = C1, Br
or I) were produced. In solution these were four coordinate species of the
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type [Pd(tasol)X]X, and the alkene was not metal bound. Similar results were
noted for the platinum series. In the solid state both the palladium and the
platinum complexes were b5-coordinate, with the palladium series having an
{AssX,} coordination sphere, and the platinum having {Asj(alkene)X} ligation
[7511. In complexes of 368, such as [MLC1,], the ligand was bidentate with
phosphine and alkene both metal coordinated [752].

e

%

PPh2

368

some reactions of [{Pd(o-pinene)C1,},] have been reported [753].
Voltammetric studies of palladium and platinum complexes containing diimine
and alkene ligands indicated that the LUMO of the complexes was dominated by
the diimine m* orbital [754].

The reactions of palladium coordinated alkenes with amines continue to be
investigated. Conversion of 369 to the characterisable product 370 proves that
amine addition is stereospecifically trans [755]. Addition of diethylamine to
PhOCH,CH=CH, 1in the presence of palladium ethanoate, followed by oxidation,
gave only PhOCH,CH(OCOMe)CH,NEt,. However, when the attacking amine was
PhCH(Me)NMe, and the reaction time was short, both regioisomeric products were
produced. This suggests that the aminopalladation step is reversible, and that
the anti-Markownikoff product may be formed under conditions of kinetic
control, possibly for steric reasons [756].

H
Mez N H
o2 N} - § ip
/\ /. MezNH i H Mez NH —
Pd_ L l
H's/Pd( (-—ld—C’l
NHMe2
369 cl NHMe2
370

The structure of 371 was established in an X-ray diffraction study. The
complex was prepared from cis-[Pt(C,H,)C1,{S-PhCH(NH,)CH3}] and the racemic
alkene, followed by fractional crystallisation of the diastereoisomers.
Hydrogen bonding 1s 1important 1n determining the arrangement of the
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coordinated ligands [757].

371

The ir spectrum of K[Pt(CD,CD=CD,)C13] was recorded and assigned [758].
Alkene rotation in c7s-[PtC1,(4-MeCgHNH,)(RCH=CH,)] (R = H or OEt) was
studied by H nmr spectroscopy. In the ethene complex, both the amine and the
alkene rotate fairly freely at temperatures above -25 9C. Howver, in the
complex of ethyl vinyl ether, neither the amine nor the alkene rotate; a
strong hydrogen bond stabilises one rotamer [759]. XPES of seven
five-coordinate complexes of the type [Pt(alkene)C1,(NN)] (NN = diimine or
diamine chelating 1igand) reveal differences from the related four-coordinate
platinum(II) derivatives. The platinum 4f and nitrogen 1s signals gave
evidence for mn-back-donation from platinum both to the alkene and the
chelating nitrogen ligands. The m-back donation 1is more significant, and the
platinum atoms more positive, in the five- than 1in the four-coordinate
complexes. These results are in keeping with the decrease in reactivity with
nucleophiles for the alkenes in the five-coordinate complexes [760].

A general synthesis of platinum(II) alkene complexes has been reported
(reactions (20) and (21); yields were moderate to excellent. The thermal
reaction 1is thought to proceed via [PtClg])™, to give [RCH*-CHR'-PtCls~],
whereas 1in the photochemical process, electron transfer gives rise to
[RCH=CHR’]*- and [PL(III)Cig)2~ [761]. A range  of complexes
cis-[Pt(CH3CH=CH,)C1,(PRy)] was prepared by reaction of [Pt(n2-CyHg)C1(PRy)]
with HC1 [762].

A or hv py
[PtC14]1%2~ + RCH=CHR’ ——-—- = [{PtC1,(RCH=CHR’)},] — [PtC1,(py)}(RCH=CHR’)] (20)

Py

A
[PtC1g]2™ + RCH,CHR’OX -— [{PtC1,(RCH=CHR’)},] (21)

X = H or COMe



553

Reaction of K,[PtC1,] with morphine hydrochloride gave the
zwitterion  [Pt(morphinium)C13], 372, characterised in a diffraction
study. The {PtC13} unit is n-bonded to the C(7)-C(8) double bond [763]. When
373 was treated with K[Pt(C,H,)Cl3] the products were cyclopentene and
[{PtCI(u-C1)(cyclopentene)},]. Related reactions were also discussed [764].
When 374 was generated in the presence of [Pt(C,H,)Cl.(py)], the product was
the stable species 375. An anomalously large change in & on complexation for
Ci, as well as enhanced values of 1J(PtC) suggest that this complex has strong
metallocyclopropane character. The related reaction in the palladium series
was much more complex, resuylting 1in isomerisation of the anti-Bredt alkene
[765]. The initial reaction of 376 with platinum(II) gave an alkene m-complex.
When this was reacted with [{Pt(C,H )C1(#-C1)},], the product was the most
unusual platinum(IV) alkene complex, 377, characterised in a diffraction study
[766].

372 ORTEP drawing of the [(morphinium)PtCl,] zwitterion. The ellipsoids
correspond to 50 X probability. (Reproduced with permission from [763])

[D

373 374
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375 376

377 (Reproduced with permission from [766])

Complexes of {Pt(PPhy)>} with cycloalkynes have previously been prepared
by sodium amalgam reduction of 1,2-dibromocycloalkenes 1in the presence of
[Pt(PPh3)3]. However, 378 gave only the alkene complex, whether Na/Hg was
added or not. The groups X and Y must be electron withdrawing for the reaction
to be successful. Thermolysis of 379 resulted 1in 1insertion 1into the
carbon-bromine bond to give 380, characterised in a diffraction study [767].

X Br
Y .\B"
Pt(PPh3 )2

378 379
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380 (Reproduced with permission from [767])

Transition metals are known to yleld more stable complexes of 2Z- rather
than E-alkenes. A study of the complexes [Pt(n®-CH,CMeCH,)L(PPhy)][PFgl, 1in
which L may be a range of alkenes, provides the first contrary example.
Complexes of E-MeCH=CHMe, E-MeCH=CHEt or E-MeCH=CHPh were more stable than
those of their Z-isomers. Some 1insight into this was provided by structural
sudies on the complexes of Z- and E-MeCH=CHMe. For the complex of the Z-1isomer
the carbon-carbon bond lay 1in the coordination plane, whereas in the E-{isomer
it was at 67.1 © to the plane [768].

14 nmr spectroscopy of cis-[Pt(alkene)C1,(4-MeCgH,NH,) ]
(alkene = 1-butene, 4,4-dimethyl-1-pentene, Z~CH,CH=CHOEt, MeOCH,CH=CH, or
Me;COCH=CH,)  indicated that the coordination of the alkene was
stereoselective, with a single isomer in solution [769]. Alkene exchange
reactions of 381 have been studied. Exchange was hindered by substituents at
the 2- and 6-positions of the pyridine ring, but the -OH group provided an
intramolecular catalyst, via 382 [760].

The complex (+)-trans-[PtCl,(E-MeCH=CHMe){MeC(=NNMe,)C(=NNMe,)Me}] was
prepared from resolved trans-[PtC1,(E-MeCH=CHMe){S-PhCH(Me)NH,}], and the
bis(hydrazone). The structure of the product was established in a diffraction
study, and it was shown that the absolute configuration of the alkene was
unchanged [771]. The reaction of 383 with i-alkenes gave a mixture of
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diastereoisomers which could be separated on a preparative scale by liquid
chromatography. Addition of a chiral alkene gave four separable
diasterecisomers, and 384 was thus resolved [772].

Cl ) c1
)—P{ N7 N\
ol _ )—Pt N
(C
2 o \(c 2 )n
Ho” “R3
381 382

xﬁ“‘ C‘

ﬁ /

t. A\

A N
383 384

The reaction between 385 and PhCOCH,CH,NMe, to give 386, and the
subsequent cycloelimination to give 387 were followed by °SPt and 3P nmr
spectroscopy [773]. The partition of 388 between 389 and 390 was investigated.
Cyclic products were more likely when the amine is secondary and the alkene is
substituted. Complexes of the type 390 were isolated in a number of cases
[774].

Me

1 |
C‘ ?] [N - Me
-— + -
)" Pt cl PhCOCH2 CHzNCHz2 CHz — Pt — C1 t—cl
2

Me” 'Me ! |
Y Y

385 386 387

when SnC1, was reacted with [Pt(alkene)C1;]™ the initial product was
cis-[Pt(alkene)C1,(SnC13)]~. Further addition of SnCl, resulted in alkene loss
for the ethene complex, but when [PtCl(cod)] was treated with SnCl, and
[SnC13]", the five-coordinate complex, [Pt(cod)(SnCl3)3]~, was the final
product [775). Photolysis of hexane in the presence of [Pt{1g]<~ and pyridine
gave a low yield of [PtC1,(1-hexenc)(py)). An electron transfer mechanism was
proposed for the reaction [776]. Platinum alkene complexes were implicated in
the decomposition of 2,2,6,6,-tetramethylcyclohexane carboxylic acid on
platinum films [777]).
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The reactions between [Ni(PPhy)s] and allenes have been studied.
MeCH=C=CH,, MejCH=C=CH, or Me,C=C=CH, reacted reversibly to form mono and
bis(allene) complexes at teperatures below -70 ©C. In all cases m-complex
formation involved the less substituted double bond. PhCH=C=CH, and CH,=C=CHCN
reacted rapidly and irreversibly at this temperature. The stability of the
complexes formed was discussed in terms of both steric and electronic effects,
and carbonylation reactions were also described ([778). Oligomerisation of
1,1-dimethyl aliene in the presence of [Ni(PPhy),] gave 391 as the major
product, together with smaller amounts of other dimers and trimers. The
mechanism of the reaction was discussed in considerable detail [779].

Vi

7

391

The ethene 1igand in [Pt(C,H,)(DIOP)] was readily substituted by allene to
give an n2-complex, or by €O ([780]. Base catalysed elimination of HBr from
1-bromo-1,3,5-cycloheptatriene gave the cycloallene 392, which reacted with
[Pt(PPh3)3] to give successively [Pt(392)(PPhj),] and [Pt(392),(PPhy),]. The
Tatter underwent 1ligand dimerisation, 1in what appeared to be a radical
reaction, to yield 393, characterised in a diffraction study [781]. The
reaction of the benzannelated complex was similar [782]. Treatment of [PtL,]
with CHpBr,, CO and zinc metal gave [Pt(CH,=C=0)L,], the seme complex being
derived from the reaction of [PtL,] and ketene. Spectroscopic data for the
complex were consistent with n2-coordination of the carbon-carbon double bond.
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Deuterium 1labelling studies of the decomposition of the complex were
consistent with a mechanism invoving a carbene complex [783].

i PPha

Pt/

PPha

392 393

Reaction of [Ni1(CaH4) 3] with butadiene and bipy gave
[N1(bipy)(N2-CHg) (t-n*-C Hg)Ni(N2-C H¢) (bipy)], 394, characterised 1in a
diffraction study. The relevance of this structure to the catalytic
oligomerisation of butadiene has been discussed [784]. Low temperature
matrixes of butadiene containing nickel or platinum atoms were prepared by
codeposition at -190 OC. With nickel, the charge transfer complex {Ni(C He)}
was formed initially, giving yellow [Ni(C,Hg)>] on warming to -130 ©OC. At
higher temperatures the red polymer [{Ni(C4Hg)},] was formed, but decomposed
at temperatures above -80 OC [785].

various nickel cyclooctadiene complexes have been used as precursors for
organometallic or coordination complexes, since cod is relatively easily
displaced (reactions (22), n= 2 or 3; m= 1 or 2; L = PPhy, Cy,PH or CysP, or
L, = tmeda, bipy, phen or dppe) [786], (23) [787]) and (24) [788]. Oxidative
addition with replacement of cod has also been noted (reactions (25) (L = PEt,
or L, = bipy) [789], and (26) [790)).

[Ni(cod)o] + nb + mSO, —— [Ni(S0;)ptpl (22)
[Ni(cod),] + [Zr(CH,PMe,),(Cp),] ——— [{Cp>Zr(CH,PMe,),}N1] (23)
[Ni(cod),] + Me,Si-CeC~-SO,Ph ——— [Ni(cod)(Me,S1-CuC-S0,Ph)] (24)
[Ni(cod),] + ArSSAr + 2L ——— [N{1(SAr),L,] (25)

[Ni(cod),] + PPhy + I, —=— [Ni(cod)(PPhy)I] (26)
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394 (Reproduced with permission from [784])

The complex [Ni(cod),] proved to be the best doping agent for MgH; or
Mg/H, as a system for hydrogen storage [791]. Desulphurisation of 395 was
reported in the presence of [Ni(bipy)(cod)], but the reaction mechanism was
not discussed [792].

395

Reaction of [Ni(cdt)] with M[AIRzH] in Et,0 or thf at temperatures below
-50 oC gave [M(solvent),)*[R;A1-H...Ni(cdt)]™ (M = L1 or Na, R =Me, Et or
CH,CHMe,), 1n which there is a three-centre Al-H-Ni bond ([793]. Electron
transfer between [Ni(bipy)(cod)] and phthalimide gave a nickel radical cation,
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and a phthalimide radical anion as the initial products. Further reactions in
this system involved partial decarbonylation, and insertion of the metal into
the N-H bond [794].

The catalyst derived from [Ni(cod),] and bipy ruptures carbon-sulphur
bonds in ArSAr at temperatures below 100 °C and in the absence of molecular
hydrogen. The desulphurisation is enhanced by the presence of main group
hydrides such as Li[AlH,] [795]). Reaction of [Ni(cod),) with Cp*,Zn gave
[{Ni(Cp*)2}2(C1eH24)] via 396, 397 and 398, followed by radical dimerisation
[796]. In the reaction of benzoquinone with [Ni(C,Hs)(PCy;)>] electron
transfer gave initially 399, The reactions of naphthaquinones were also
discussed [797].

, cp*
— Ni(cod) |
Cp*Zn — Ni —

ZnCp*

396 397
HO

— PCya
[ Yo
7’ OH
CysP =
[N1(n2-cod) (Cp*)]*

of

398 399

Reaction of Naz[PdC1,] with 1-trimethylsilyl-2,4-pentadiene gave the
[PdC1,(diene)] complex. The preparations of clusters of unknown structure,
[Pds(CH,=CH-CH=CHCH,X)C1g(OMe)] (X = SPh, SePh or PPh,) were also described
[798]. The synthesis of [Pd(cod)L]®* (L = 400) was noted [799]. Two stages
were discerned in the reaction of [PdC14(0H,))~ with dienes. In the first
rapid step [PdClj(n2-diene)]” was formed, and this was more slowly converted
to [PdC1(n*-diene)]. As the water content of the reaction solvent was
increased, the formation of some colloidal palladium was noted, indicative of
hydroxypalladation of the diene. This seems to take place from the nZ- not the
n*-complex [800]. The synthesis of [PdC1.(3-methylcycloocta-1,4-diene)], 401,
was reported. The methyl group perturbs the conformational energies of the
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1,4-diene so that the only conformation observed in the complexed state is the
boat-chair. The rearrangement of this complex to [PdC1,(3-Me-1,5-cod)]
involved a o-allyl intermediate. Methoxypalladation of the complexes was
discussed [801].

NHPPh2

s,
”,
3

NHPPh2

400

401 Stereopair drawing of the molecular structure of
(PdC1,(3-Me~1,4-cycloooctadiene)]. (Reproduced with permission from [801])

Microcalorimetric measurements of enthalpies of thermal decomposition of
palladium and platinum complexes have been made. The species discussed
included [MC1,(cod)] [802].

Cyclooctadiene was displaced from [M(cod)Cl,] (M = Pd or Pt) by HacacP,
402, to give [MCl,(HacacP-P),] [803]. The homoleptic metal di® complexes
[M{M’(NR2)>}3] (M= Pd or Pt; M’ = Sn or Ge; R = SiMe,) were prepared from
[Pd(cod)C1,] and five molar equivalents of M’(NR,), or [Pt(cod),] and four
equivalents of M’(NR»), [804]. Reaction of [Pt(cod)I,] with [IrL(NO)(PPhy),]
(L = 403) gave [IrL(NO)(PPhyPtIy]* supposed to contain a bridging nitrosyl
group. However, with PtC1,(cod)], the product was [IrC1,L(PPh3),]* [805].
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The well known reaction of [Pd(cod)Ci,] with methoxide jon to give 404 has
been adapted for use as an undergraduate experiment [806]. The complex 404
reacted with thallium catechol salts to give species such as 405, for which
EPR spectroscopic data were reported [807]. Reaction of [PdCi,(nbd)]} with
methanol gave 406, and a number of further transformations of this complex
were discussed [808]. The mechanism of reaction (27) is not known, but may be
assumed to involve a palladium alkene complex [809].

OMe
OMe
’/,Cl\\\ J/ 0~
Pd\ Pd M/
- cn/ / N )
OMe

404 405

A low temperature X-ray study of [PtCl,(cod)] failed to confirm the
earlier reported room temperature study, which suggested non-symmetric metal
alkene bonding. This had been thought to be responsible for the activation of
the diene towards nucleophilic  attack [810]. The structure of
[Pt(acac)(cod)][BF,] has been published twice. The cod ligand adopts a tub
conformation [811,812].

Displacement of cod from [PtCl,(cod)] has been noted using dapm [813] or
crown ether analogues [814] as the incoming ligands. [Pt(cod),] was used as a
precursor for [PtL;] and/or [PtL,] (L = P(OBu);, AsBuz or SbBuy). In a
reaction in which there was insufficient of the added 1igand, complexes of the
solvent, toluene, were also formed [815]. Reaction of 407 with [PtC1,(cod)]
gave a polymeric yellow solid, which did not contain cod, but the material was
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too insoluble for the structure to be determined [816].

OMe
OMe
co [MeoH
\ “CooMe
PdCl), 1)iPr, NE
2)C0/MeOH
406 cof
OMe
iPr, NE
/\I( COOMe
I o
0
0
(Pd(PPhs )« 1 Oo (27)
cl

CCls

PPh

e,
Y

407
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When [Pt(cod)X,]} was reacted with 1-1ithio-1’2-dichloroferrocene, the
product was 408, characterised in a diffraction study. The ferrocenyl groups
adopt a Dp arrangment, with a single crystal consisting of molecules of only
one enantiomer [817].

408 A molecule of [Pt(cod){Fe(CgH4C1)(CgH3C1)},] showing the numbering scheme
used in the crystallographic results. (Reproduced with permission from [817])

Reaction of [PtCl,(cod)] with silver ethancate gave successively
[Pt2(CgH; 20COMe)C1,] and [Pt,(CgH,,0C0Me),(0COMe),]. The latter species could
also be conveniently prepared by treatment of [Pt,(CgH;,0Me),(OMe),)} with an
excess of ethanoic acid [818). Treatment of [PtCl(cod)] with M’(NR3)>
(M’ = Sn or Pb; R = SiMey) gave cis-[Pt(cod){M'C1(NR;),},], which decomposed
at temperatures above 0 OC [819].
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A number of papers have reported complexes of phosphaalkenes. Reaction of
[Ni(CO)4] with CIP=C(SiMey), gave [N1{n2-C1P=C(SiMe;),}>(C0)]. When the added
ligand was Ph,PP=C(SiMe3)R (R = SiMey or Ph), the initial product was an
nt-complex, coordinated to {N1(CO);} at the diphenyliphosphine group.
Thermolysis yielded 409 [820]. The reaction between [NiCl1,(PMe;).] and
[{(MeySi),CH}PINa  gave  [Ni{n2-(MeyS1).C=PCH(SiMey).}(PMey)o.1, 410. The
mechanism of the reaction was discussed [821].

410 ORTEP view of [Ni{(Me3Si),C=PC(H)(S1Me3)>}(PMe;3)»]. (Reproduced with
permission from [821])

The equilibration of n!- and n?-MesP=CPh, in complexation with {Pt(PPh3),}
has been studied. In the solid state, a diffraction study proved the presence
of an n!-complex, but the theoretically favoured n*-complex was observed 1in
solution [822]). Solid state 2!P nmr spectroscopic data indicate that the
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coordination is n! 1in the solid, but solution data were quite different,
suggesting a predominence of the n2-form [823].

When trans-[Ni(Ar){C(C1)=CC1,}(PMe5),] was thermolysed, the main product
was trans-[Ni{C(C1)=C(C1)Ar}C1(PMe;).], but the configuration of the double
bond was not determined. The stability and reactions of various aryl complexes
was discussed [824]. Treatment of [Ni(PPhy),] with RC1 (R = CCl1=CC1,, CH=CCl,,
C(C1)=CH, or CH=CHC1) gave trans-[NiC1(PPhy).(R)]. Further reactions of the
complexes were studied in detail [825]. The preparation of [NiL,RR’] for which
L = PMexPh, R = C5C15 and R’ = Ar was described for a wide range of complexes.
The structure of trans-[Pt{2,4,6-Me;CgHC(C1)=CC1,}(PMe,Ph),], 411, was
established in a diffraction study [826]. -

O
Cl(43)

411 (Reproduced with permisssion from [826])

Reaction of Me,yCC=CCMe, with [Ni(CO),] and HC1 gave a species of
stoicheiometry  [Ni,C1,(CO),{C(CMey)=CH(CMey)}]. IR, *H and 13C nmr
spectroscopy indicated that the halides were bridging, but an X-ray structure
determination revealed that the structure was actually 412. Further reactions
of the complex were discussed [827]. The treatment of [NiCp;] with ethenyl
1ithium gave 413, which was converted to 414. In the presence of ethene,
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[N1(CoH4)(CH=CH;)(Cp)] was formed, and underwent a variety of insertion
reactions [828].

412 (Reproduced with permission from [827])

= CpNi —
: ‘\ ry p \
CpNil_ “NicCp |
=/ CpNi —~7
413 414

9 METAL ALLYL AND RELATED COMPLEXES

Reviews have been published concerning the use of m-allyl nickel halides
as selective reagents in organic synthesis [829], and more specifically in
carbon—-carbon bond forming reactions [830]). A more general review of the
chemistry of such complexes has also appeared [831].

Ab Initio SCF calculations at the double §-level have shown that the tota)l
energy of bis(allyl) nickel 1s lowered by 187 kJ mo1~! when the hydrogen atoms
are allowed to move out of the plane. The most stable geometry involves the
syn- and meso-hydrogen atoms being bent by 6.7 © and 13.4 © respectively
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towards the metal, with the anti-hydrogen atoms being bent 31.4 © away. The
calculations were confirmed by a neutron diffraction study at 100 K, the
experimentally determined angles being 8.9 ©, 15.8 © and 29.4 © respectively.
The change in the total energy is derived from three effects, the reduction in
the repulsion between the nickel and the anti-hydrogens, destabilisation of
the allyl ligands, and enhancement of metal allyl bonding by rehybridisation
[832].

Correlation effects in the ground and ionic states of bis(aliyl) nickel
were investigated by the wuse of large-scale configuration 1interaction
calculations. In the 1A9 molecular ground state the dominant correlation
involves the b9 metal-ligand bonding electrons, and results in an increase in
the metal 3d electron density compared to that found at the RHF level of
approximation. Calculations on the ionic states reveal differential electron
correlation for the metal and ligand ionised states, which must be considered
for an interpretation of the PES of the molecule. Calculation of the
jonisation energies of the complex by the ab initio Green’s function method
leads to a satisafactory assignment of the PES, in contrast to the results of
SCF calculations [833,834].

Theoretical studies of transition metal m-allyl complexes have been
undertaken using a pseudopotential ab initic MO method, with particular
reference to intermediates in the oxidation of propene to propenal. In the
cases in which there is a large charge transfer from the allyl anion bonding
orbital to an s metal orbital and/or an important backbonding interaction, the
result is complete oxidation (Co(II), Fe{((II), Mn(II) or Cr(II)). In other
cases, including Ni(II), the reaction is more selective [835].

The EI mass spectra of [{Ni(n®-CgHg)X},1 (X = C1, Br or I) have been
recorded. The main fragmentation involves the loss of CyHgX, and the dimer was
cleaved only for X = I [836]. The spectra of nine complexes of the type
[N1Br(n®~C,Hg)L] were also recorded. The main process noted was the reversal
of the reaction by which the complexes were made, leading to L and
[{NiBr(n3-C4Hg)}2]. The relative strengths of the nickel-1igand bonds, derived
from the mass spectrometric data, were compared with their influence on the
selectivity of [N1(n®-CzHg)L,][PFg] as a catalyst for the 1,4-polymerisation
of butadiene [837].

In [Ni(n®-C4Hg)LX], where L 1s a chiral phosphine, there are chiral
centres at both phosphorus and carbon, as well as the possibility of several
accessible rotamers. The structure of [Ni(n®-CsHg)C1{PMe(CMe;)(menthyl)}],
415, was established in a diffraction study, and its relevance to the
enantioselective codimerisation of alkenes discussed [838].
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c17

415 The molecular structure of [Ni(n3-CyHg)C1{Pmenthy1(Me)CMes}] showing the
arbitrary numbering scheme. The meso-carbon of the n®-allyl group is
disordered at C21 and C22. (Reproduced with permission from [838])

The preparations and properties of a range of complexes
[N1(n®-CaHg)Lo1IPFg] (L = P(OR)3; R = Et, CHMe,, Ph, 2-MeCeH, or 2-PhCgH,)
have been described. The electronic and steric effects of the l1igands control
both activity and selectivity 1n butadiene polymerisation, although solvent
effects are also important [839]. The species [Ni(Cp)H] was generated by the
reaction of Me,CHMgC1 with [NiCp,], followed by 1loss of propene from
[N1(CHMe,)Cpl. It reacted with cyclic 1,3-dienes to give allyl complexes such
as 416 [840].
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NiCp

416

m-Ally]l nickel halide dimers supported on Al,0, and activated by Lewis
acids, preferably aluminium halides, are good catalysts for propene
dimerisation. Methylpentenes and hexene were obtained in a 3:1 ratio. The
supported system was both more active and more stable than the related
homogeneous catalyst [841]. Other 1-alkenes could also be dimerised [842].
Electrochemical reductive coupling of allyl derivatives 1in the presence of
[Ni1(PPh3),] gave 1,5-hexadiene. A study of the reaction has revealed that the
key intermediate 1is a bis(allyl) nickel1(I) complex, which 1is reduced
electrochemically [843].

The complexes [Ni1(n3-CaHg)Lo)IPFg] (L = PPh,, AsPh,, SbPhy, MeCN, Me,CNC
or cod) are catalysts for the stereoselective 1,4-polymerisation of butadiene.
As the strength of the metal 1igand bond was decreased, both activity and
cis-selectivity increased, due to a predominence of 417 over 418, the former
leading to c¢is- and the latter to trans-products [844]. The complex
[{N1(n2-C,Hg) (00CCF;)}.,] has also been used as a living coordination initiator
for the polymerisation. The stereoselection could be directed up to 99 X to
give either cis- or trans-product, by choice of additives and conditions
[845].

L
./
N <(}N1
N
<(—N1<;) %
)4
/
a7 418

Reaction of [N1(n®-CH.CMeCH,),] with HSiCl; in toluene gave 2 moles of
2-methylpropene and [N1(S1C1,),(n®-CgHgMe)], providing an alternative
synthesis to the metal atom reactions [846]. When [Ni(n®-C3Hg)(PRR’;)X] was
reacted with [Ni(cdt)] and PRR’,, the product was 419, This could also be
obtained, though in lower yield, from reaction with [Ni(cod)z] or from
[{N1(n3-CaHg)X}2] and [N1(CoH,)(PRR’,)5] [847].

The reaction of 420 with 1-alkenes resulted in the displacement of ethene
and the formation of the 1-alkene complex. The nmr spectra of the propene and
1-octene complexes were temperature dependent because of the valence
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isomerisation in the phosphorus 1igand, and alkene roation. Other 1ligands also
displaced ethene. Reaction with a diene, CH,=C(R)-CH=CH,, resulted in
insertion into the nickel allyl bond to give 421, characterised 1in a
diffraction study [848].

AN
R’zRP ~Ni—Ni — PRR"2
X

419

421 (Reproduced with permission from [848])

A number of stoicheiometric reacticns of nickel allyl complexes have been
used in organic syntheses. The coupling with an aryl iodide (reaction (28))
was used in the synthesis of the antheridium inducing factor of the fern
Anemia phyllitidis [849], whilst reaction (29) was used in a synthesis of
caryopterone [850]. The allyl bromide 422 was converted to 423 by either
[N1(c0),] or [Ni{cod),], and reacted with 3-bromomethylfuran to give a complex
mixture of homo and cross-coupled products used in pheromone synthesis [851].
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Nickel allyl compliexes are intermediates in a wide range of
oligomerisations, cooligomerisations and telomerisations, and some of the
chemistry associated with these reactions has again been investigated.
Reaction of [NiL,] with butadiene and CO, gave nickelacarboxylates, and the
influence of the 1igands on the regioselectivity was investigated [852].
Reaction of 424 with RyP resulted in the displacement of the tmeda 1ligand.
Addition of 1,4-diazadienes gave bis(diazadiene) nickel complexes [853].
Reaction of [Ni(bipy)(cod)] with CO, and PhN=CH-CH=CHPh gave an egquilibrium
mixture of 425 and 426 [854]. The complex 427 was prepared by oxidative
coupling of 2,3-dimethylbutadiene with CO, and {L Ni(0)}. The structure of 428
was established in a diffraction study [855].

Reaction of either [Ni(cdt)(PRy)] or [Ni(cod),]/PRy (R = Cy, CHMe, or
0CgH4-2-Ph)) with two molar equivalents of butadiene gave 429, but with
R = Ph, the main product was 430 at temperatures above -10 OC. Reaction of 429
(R = Cy) with CO or cod gave 4-ethenylcyclohexene, whereas addition of PPhy
caused decomposition to butadiene. Insertion reactions of alkynes were
discussed [856].



(tmeda)N/:&lo
\0

424

428 (Reproduced with permission from [855])
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The mechanism of the reaction between [{Ni1(n®-C;Hg)X},] and RX to give
RCH,CH=CH, and NiX, has been studied. The reaction appears to be very complex
with competing pathways, but the first step is clearly an electron transfer
reaction to give [RX]~- and [Ni(III)(n®-CyHg)X]*- [857). Reaction of 431 with
RyP and CO gave 432. If the added phosphine was chiral, then 432 was formed
with a fair optical yield. The extent and direction of the optical yield
depended on the concentration and nature of the chiral phosphine [858].

Me °
2
431 a2

A wide ranging review of palladium allyl complexes, with particular
relevance to their réle in catalytic reactions has been published [859]. The
reader 1s referred also to the section of this review which discusses the
substitution of allyl derivatives catalysed by palladium complexes.

The structure of the cluster complex [Pd,Rh,(N3-CgHg)2C1,(C0),(My-t2)],
433, (tz = 1,2,4-triazole), prepared from [Pd>(n®-CgHg),C1,}, Htz and
[Rh(acac)(€0),], was established in a diffraction study [860].

There has been a stereochemical study of the formation of palladium allyl
halide complexes from alkenes, using CHp=CH-CHDR. The ratio of deuterium to
protium loss was dictated by the kinetic isotope effect, the data being
consistent only with a stereospecific process. The hydrogen syn to the metal
is lost from the alkene, with rate controlling insertion of the palladium into
the C-H bond [861]. The effects of the steric bulk of the substituents on the
formation of allyl complexes from trisubstituted alkenes has also been
examined [862]. The preparation of 435 from 434 (X = I or Br) was accomplished
by treatment with palladium black under ultrasonic irradiation [863].
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433 (Reproduced with permission from [860])

R1
R2
R \/\/X R ‘%_ PdX)a
434 435

Reaction of 436 with Li_[PdC1,] gave 437, which could be reacted with
Na[CHXY] (X = Y = COOEt or COMe or X = COOEt, Y = COMe) to give 438 with good
regio and stereoselectivity [864]. The reaction of 439 with PdCl, gave 440
stereospecifically. Thermolysis of 440 gave 441, and mechanisms for the
reactions were proposed. Reactions with nucleophiles and phosphines were also
investigated (Scheme 15), and the structure of 442 defined in a diffraction
study [865].

PdC1)2 \ X
. I Mes 31/\/Y
Mes 31/\/\81'Mes Mes si/\u/

Y
436 437 438

The cyclohexenes 443 [866] and 444 [867] were converted to their palladium
allyl complexes, and reactions with nucleophiles studied.
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15 Mechanism of formation and reactions of some trimethylsilyl

substituted palladium ally]l complexes [868].

behaviour [868].

Reaction of 445 with either PdC1,/Na[0OCOMe], or better with Li[PdCl,],
gave the dimeric palladium phenalenyl complex.
monomer 446 using T1{acac). This a rare example of a palladium allyl complex
of a polycylic aromatic hydrocarbon, and there is no evidence for any dynamic

This was converted to the
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c{14)
O

442 Non-hydrogen atoms are represented by thermal ellipsoids at 30 %
probabi11ty, whereas temperature factors of hydrogen atoms are arbitrarily
reduced for clarity. (Reproduced with permission from [865])
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There have been a number of reports of the preparation of palladium ally]
complexes from dienes. For example, 1,4-disubstituted 1,3-cyclohexadienes such
as 447 gave a single 1isomer of the allyl complex on reaction with [PdC1,]2".
However, other substitution patterns gave mixtures of isomers [869).
1,2-Dimethy1-1,4-cyclohexadiene reacted with [Pd(MeCN),C1,]/MeOH/K[HCO,;] to
give 448. Under conditions of kinetic control, in the presence of base and at
low temperature, 1,4-dimethyl-1,4-cyclohexadiene gave 449 as the major
product, via 450. If the base is omitted, 460 undergoes acid catalysed
isomerisation to the less hindered 451, which gives the thermodynamic product
452, The authors concluded that the primary process was distal addition of
palladium and methanol, followed by palladium migration with retention of
stereochemistry [870].

— Me 4
H

PdC1)2

447

OMe
MeO, = PdC1)z Megpdm )2

PdCl)2

448 449 450

Geranyl chloride reacted with palladium(0) to give an equilibrium (1.1:1)
mixture of 453 and 454. When the mixture was treated with [Ag(MeCN),]* an
equilibrating mixture. of 455, 456 and 457 was obtained. Addition of 1igands
such as PPh,, bipy or tmeda allowed complexes of good isomeric purity to be
obtained, and the donor/acceptor properties of the 1ligands influenced the
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regiochemistry of a subsequent amination reaction [871].

OMe

\ MeQ
Pdcl), 7 ~PdCl),

451 452
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1 Pa o’ N
N N
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453 454
~
/fly\/\(
+pd N
MeCN/ _\( *Pd(MeCN )2 (MeCN)2 Pd*
455 456 457

Complexes such as 458 were prepared by heating substituted butadienes in
water with Li,[PdC1,] [872]. In the reaction of B-myrcene, 459, with [PdCl1,L,]
in the presence of an alcohol and other solvent, the chemical and
regiochemical outcome of the reaction was determined by the solvent mixture.
In HxO0/hmpa, 460 (R = H) was the major product, whilst 4681 was favoured by
H.O0/propanone. In pure methanol 462 was the main product. The reaction
mechanism was discussed in detail [873].

| \—Pdc1)z
OH 7
R
M A
] R’ | OR
PdC1): |
458 459 460
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PdC1)2 PdC1)2
C1 OMe
461 462
Reaction of 463 with [PdC1,]J2~ 1in methanol gave 464 (X = Cl)

stereospecifically. The related 464 (X = OCOMe) could be used as a catalyst
for the enantioselective cyclisation of 465 [874].

RaX),

J

463 464

Y
W 464 02 m+ m
Cu(OCOMe )2 */
O (o}

465

The reaction of RIHgGC1 with the 1,4~diene 468 1in the presence of
Li,[PdC1,] gave 467 by the mechanism of Scheme 16. A similar reaction was
noted for 1,5- and 1,6-dienes, but 1,7-octadiene gave a mixture [875].
1,2,6-Heptatriene reacted with [PdC1,(MeCN),] to give an inseparable mixture
of 468 and 469, the ratio between the complexes depending on the temparature
of the reaction. A mechanism for the reaction was proposed (Scheme 17).
1,2,8-Nonatriene gave no cyclised product, since it 1is unable to act as a
chelating 1igand [876].

The reaction of diketene with [PdCi,(PhCN),] was reported to yleld 470,
identified by ir and nmr spectrsocopy {[877). In the presence of water,
palladium (II) catalysed diketene hydrolysis, the effecive catalyst teing the
initially formed 471 [878].
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Scheme 16 Formation of palladium allyl complexes from 1,4-dienes [875].
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Scheme 17 Mechanism of reaction of palladium(II) with 1,2,6-heptatriene [862].
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The reaction of 472 with [PdCi L] in dichloromethane gave a mixture of
473 and 474, 474 being the thermodynamic product. The complex 474 does not
react with methanol, but if the ring opening is carried out in the presence of
methanol, 473, 474 and 475 are obtained. This suggests that the product of the
intital ring opening has carbocation character (perhaps 478), and may be
captured by solvent as well as halide [879]. The stereochemistry of the ring
opening of 477 to 478 was studied [880]. In non-nucleophilic solvents 479
reacted with [PdCi,(MeCN),] to give 480 and 481, the ratio between the
products depending on the solvent. In alcohols, the products were 480 and 482.
The stereochemistry of the reaction was studied in detail [881].
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Reaction of [PdC1,(R)12~, prepared in situ from RHgCl1 and [PdC1,1%~, with
ethenylcyclopropane resulted in initial addition across the double bond to
yield 483, Ring opening of the cyclopropane gave 484, which was isomerised in

several steps to 485. Ethenyl and methylene cyclobutanes underwent related
reactions [882].

PdC1a2- PdC1)2

R PdC132-
N4 VA4 R\/\\'//\
483 484 486

Ir spectroscopy and XPES were used to study palladium blacks prepared from
allyl palladium complexes, [Pd(n®-CzHg)L,]”7 (L = C1, Cp or PPhy). The
palladium oxidation state is close to zero, and the activity of the catalyst
for the 1liquid phase hydrogenation of ethyne depended on the nature of the
ligand in the starting complex [883]. The effect of the ligand on particle
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size was also investigated [884]. The reduction of [Pd(acac),] gave colloidal
palladium particles which could be wused as a catalyst for alkyne
hydrogenation. It was noted that in anhydrous {[Pd(acac),] there 1is an
interaction between the palladium and C(3) of an adjacent molecule [885]). A
phosphor bronze sheet was immersed in xylene containing
[{Pd(n®-CH,CMeCH,)C1},] at 120 OC to be coated with palladium [886].

The complex [{Pd(n3-CH,CMeCH,)C1},] was mixed with Udel P-1700 and
polysulphone polymer 5, and formed into a conducting film [887]. The complex
also acted as a phase transfer agent to solubilse KO, in the reaction which it
promotes between oximes RR2C=NOH and CH,C1, to give (R}*R2C=NQ),CH, [888].

The complex 486 was used as a paramagnetic shift reagent analogue of a
phosphine 1igand to elucidate the structure of palladium allyl complexes.
when the exchange reaction with the palladium allyl halide dimer is rapid
there are substantial shifts noted for both syn- and anti- protons [889]. The
shift reagent data predicted that the terminal protons in 487 would be twisted
out of the allyl plane, a fact later confirmed by an X-ray diffraction study
[890].

ol=0—<B-F c1 PPhs

486 487

The reaction of [{Pd(n®-CgHg)C1},] with a base, L, (L = inosine,
adenosine, guanosine or cytosine) gave complexes of stoicheiometry
[PA(n®-C4Hg)CIL]. With adensoine, and an appropriate reaction stoicheiometry,
the bridged species 488 could also be obtained [891]. When [Ni,(PNNP),]2%
(PNNPH = 489) was reacted with [{Pd(n®-C,Hg)C1},], 490 was obtined in a metal
transfer synthesis [892]. When the potentially N,P-bidentate 1igand, 491, was
added to [{Pd(n®-CH,CMeCH;)C1},] the first product was the P-l1igated species
492, characterised in a diffraction study, The cationic P,AN-chelate complex
was also prepared, and used as a catalyst for the oligomerisation of butadiene
[893].

The chloro bridges in a range of palladium allyl chloride dimers were
replaced by [0.]2~ in reactions with KO, [894]. Reaction of [{Pd(n3-C,Hg)C1}.]
with less than one molar equivalent of SnCl, was reported to yield
3-chloro-1-propene and a {Pd;Sn} cluster. With an excess of SnCl, and [Me,N]C1
the product was reported to be [Me,N][Pd(n3-C,Hg)(SNC1,)(SnC1,)] (sic) [895].
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Restricted rotation and isomerisation in 493 have been studied by H nmr
spectroscopy [896]. The rotation of the R group in 494 was shown not to be
free, for the side chains -CH,Cl, -CH,0H, —cHzone or —CH,CH3, but this was not
thoughf. to be connected to any direct interaction between the metal and the
side chain [897]. *H nmr spectroscopic and PES data were reported for 495
[898]. The preparation of 496 has been described, and spectroscopic data were

reported [899].
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'H nmr spectroscopy at high pressure was used to study the reversible
reaction between [ {Pd(n3-CH,CMeCH,)C1} ] and PPh, to give
[Pd(n-CH,CMeCH,)C1(PPhy)]. It was found that av¥ at room temperature was
close to zero, due to the cancelling of opposite volume contributions from
partial bond cleavage 1in the dimer, and association with the monomer. At
higher temperatures the activation volume becomes significantly positive and
bridge cleavage is thought to be the dominant process under these conditions
[900]. The exchange between the diastereoisomers 491 and 492, where PR, is a
bulky phosphine, has been studied by 2D nmr spectroscopy. Two processes are
occuring. The n® = nl-conversion may take place with only ¢-C bond rotation,
or with both C-C and C-Pd rotation, both processes being slowed by the
presence of a bulky phosphine [901].

/:\ Pl el
Pd’PRs \-j/ ) Pd’

PR3
497 498

Very detailed nmr spectroscopic studies have been undertaken on the
reaction of 499, prepared from norcamphene, and PPhy. With 0.5 molar
equivalents of PPhy, some starting material remained, and 500 and 501 were
formed in the ratio 1.3:1. With PPhz:Pd = 1, 500 and 501 were the exclusive
products again in the ratio 1.3:1. When between t and 2 moles of PPh, were
added, fluxional nmr spectra were obtained at room temperature. Cooling showed
the presence of some 502, which was the exclusive product with a large excess
of PPh,. However, there was also evidence for an equilibrium between 502 and
503, which was strongly temperature dependent. The structure of the [PFgl™
salt, 604, was established in a diffraction study. The reaction of
propanediocateanion proceeded with the same regiochemistry for all the
complexes, with attack at the less hindered exocyclic position, but attack of
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the harder nucleophile, PhLi, proceeded via the metal to give both possible
regioisomers, in amounts which depended on the exact nature of the complex
[902]. '

5 PPhs 1
dc1) pd’ A
2 d Pd,
c1 PPhs
499 500 501
PPhs cl PPh3
+ -
Pdy \Pd<
PPha PPha
c1-
502 503

o Cn
X
504 (Reproduced with permission from [902])

Treatment of 505 with Ag{BF,] 1in MeCN gave 506, characterised in a
diffraction study. This revealed a remarkable coordination of the alkene,
which forms an angle of 26 © to the coordination plane, and 1s thus much
closer to the "in plane” geometry than the “upright” geometry. The allyl group
is tilted, both effects being due to the steric and geometric constraints of
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chelation. Addition of strongly coordinating ligands displaces the alkene, and
the system was considered as a model for butadiene oligomerisation [903].

Reaction of [{Pd(n®-C3Hg)C1},] with RgMH (R = C1 or Me; M = Si, Ge or Sn)
resulted in initial oxidative addition to give 507. Hydrogen transfer yielded
508, which decomposed by a radical pathway [904],

e |
n MeCN — P{:l
C1pd
2 ( \

H
(=D -
TN > _/

MR3 z

507 508

Reductive elimination from [Pd(Ar)(n®~CH,CRCH,)L] 1in the presence of an
excess of L, gave CH=C(R)CH,Ar. A kinetic study showed that the rate of the
reaction was independent of [L] up to a concentration of 0.26 M, suggesting
that the rate controlling step is not dissociation of L. The electron donor
ability of L 1s important, but 1insufficient, to explain the kinetic data
[905]. The reaction of EX with [(dppe)Pd(ni-CH,CH=CHR)Ar] gave CH,=CH(E)R and
[Pd(Ar)(dppe)X], whereas the reaction with the n®-complex,
[Pd(Ar) (n3-CH,CHCHR) (PPh3) ] yielded ArE and [Pd(n®~CH,CHCHR) (PPhy)X]
(EX = Br,, NBS, CgFgBr, or allyl halides). The mechanisms of these processes
were not well understood [906). Addition of PPhy to [Pd(n®-CH>CRCH,)(PPh3)R’]
(R=H or Me, R’ = Ph, R=H or Me, R’ = CgHaC1,-2,5) did not result in the
formation of a new species, but the syn and anti-protons exchanged rapidly on
the nmr spectroscopic timescale. This suggests that some
cis~[Pd{n-CH,C(R)=CH,}(PPh3),(R’)] may be formed, but it is probably not
involved in catalysis involying these complexes. However, when CHp=C(R")CHpX
is added, CH>=C(R)CH,R’ is rapidly formed, together with
[Pd(n3-CH,CR"CH,) (PPh3)X]. The data presented were deemed to be consistent
with the 1nvolvement of palladium(IV) intermediates in palladium catalysed
allylation reactions [907].

Reaction of 509 with maleic anhydride 1in the presence of butadiene gave
4-ethenyl cyclohexene and 1,3,6,11-dodecatriene. Reductive elimination from a
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bis(allyl) palladium complex was thought to provide the "naked" palladium
species needed for butadiene oligomerisation [908). When [{Pd(n3-C4Hg)C1}.]
was reacted with R3SnCH;CH=CH,, the product was a bis(allyl) palladium
complex. Reductive elimination to yield 1,5-dienes was achieved only in the
presence of maleic anhydride. The reaction could also be accomplished
catalytically, but most yields were modest [909]. When Grignard reagents were
substitututed for allyltin derivatives, yields were much improved, with
head-to~head dimers predominating in most reactions of substituted allyls
(reaction (30)) [910,911]. A study of the reductive elimination reactions of
[Pd(Ar)(AsPh;) (n®-C4Hg)] in the presence of alkenes, showed that the
intermediate in the reaction was [Pd(alkene)(Ar)(n®~CsHg)] resulting from
AsPhy displacement. The best rates were obtained with alkenes bearing electron

withdrawing groups [912].
<— Pd —%

509

Me Me Me

" Bmg/\% AA

4 2) maleic anhydr'idé
“PdC1)2

The factors affecting the regiochemistry of the attack of nucleophiles on
palladium allyl complexes have been investigated. The 3-methyl butenyl complex
reacts predominently with the anion of dimethyl propanedicate at the more
substituted site, but with the anion of diethyl propanedicate at the less
substituted position. The distribution of products 1n the stoicheiometric
reaction is similar to that in the related catalytic process. Both neutral and
cationic species were considered to be 1important, but n'-complexes were not
significant [913]. Reaction of 510 with 511 gave 512, as a mixture of
stereoisomers [914].

Thermolysis of [Pd(n®-CaHg)(PPhy),1* gave [Pd(Ph}(PPhy)(PPh,CaHg)]* via a
carbon-phosphorus bond cleavage process [915].
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The general characteristics of asymmetric allylation using palladium ally!
complexes have been investigated. antiDisposed substituents on the
inetermediate 7-allyl complex were the major source of the discrimination in
the reaction [916). The reactions of chiral complexes were studied in detail.
Provided that the complexes 513 and 514 (PP = CHIRAPHOS) were 1in rapid
equilibrium, successful asymmetric allylation could be achieved [903]).
Reaction of 515 with Na[CH(COOMe),] gave 516 with inversion of
stereochemistry, and good chirality transfer. The reaction of dimethylamine
was similar, but with PhMgBr the reaction proceeded with lower specificity,
but mainly retention of the configuration of the allyl complex, this reaction
proceeding via initial attack of the nucleophile at palladium [918].
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Reaction of [Pd(dba),] or [Pd(bipy)(dba)] with butadiene gave 517, which
was unstable at temperatures above -20 °C 1in the absence of butadiens.
Addition of dppe gave 518, the largest metallocycle thus far reported.
Addition of DCl1 to 518 gave 519, in contrast to the related nickel complexes,
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which cyclise readily [919]. The complex [Pd(n®-CH,CMeCH,),] reacted with
butadiene in the presence of PRy to give 520. The reactions of this complex,
and their relationship to palladium catalysed oligomerisation reactions of
dienes were noted [920]). The 1insertion reactions of 620 with alkynes were
studied [921].

/
(dppe )Pd )
\
517 518
WW\ '
Pd
D D Re P’ 4
519 520

Reaction of the bis(allyl) complex, 521, with (Me,CH),P gave 522. The
latter reacted with €O, by insertion, and addition of HC1 gave 523 [922].
Under pressure, 524 reacted with 2-methylpropene to give a mixture of 525 and
526. Other insertion reactions were also discussed [923].

Pd(hfacac) (Me2CH)3 P
4a%v/~\v/\\L Pd(hfacac-0,0)
' N AN
Pd(hfacac) |
Pd(hfacac)
521 522
cl
Ph
ph <- PdC1)2
COOH H
/A\//\v/%\/)
523 524

Complexes such as 527 could be opened to give palladium allyl complexes,
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at rates which depended on the nature of the substituents on the azirine ring
[924].
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There has been continuing work on the reactions of palladium trimethylene
methane with alkenes bearing electron withdrawing groups. Direct attack at the
allyl complex occurred, in a distal manner [925]. The palladium complexes of
trimethylene methane have been compared with those of other metals [926].

Reports on platinum allyl complexes have, as always, been sparse. The H
nmr spectrum of [Ptp(acac),(n!,n2-CyHg),] was consistent with the structure
established for the complex in the solid state. Data from a magnetisation
tragsfer experiment were consistent with pairwise exchange of allyls
(AG = 66.1 KJ mo1™1), consistent with the platinum atoms reversing their
bonding to each allyl group [927]. The complex E-[Pt(butenyl)(DIOP)]* has been
prepared from either [Pt(n®-CH,CHCHMe)(PPhy)>]* or from [Pt(cod).]. The
complex exists as an equilibrating mixture of diastereoisomers, the equilibria
being followed by 3P nmr spectroscopy. Diastereoisomer exchange and E < Z
isomerisation occurred via o-allyl complexes, and both processes were
catalysed by PPhy. Diastereoisomer interconversion was faster than
isomerisation. The complex catalysed the reaction of E-CH3;CH=CHCH,OCOMe with
Na[CH(COOMe),] to give a mixture of 528 (ee = 11 %) and 529 in the ratio 4:1.
Labelling experiments indicated that the allyl was a true intermediate in the
reaction [928].

Reaction of tcne with [Pt(n®-CgHg).] gave [Pt(C,Hg)2(tcne)], characterised
by nmr spectroscopy at 1low temperature. Reactions of the complexes were
studied and are shown in Scheme 18 [929]..
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Scheme 19 Reaction of bis allyl platinum with tcne [929]

10 METAL ALKYNE AND ALKYNYL COMPLEXES

The reactions of alkynes with metal atoms including Ni, Pd and Pt, have
been reviewed [930]. Catalytic and stoicheiometric reactions of alkynes with
nickel(II) or palladium(II) have been described [931].

The reaction of [N1(C>H,)(PPhy)] with ethyne at temperatures between
-78 OC and -60 OC gave [(C,H,)(PhaPINi(i-C,oH,INT(CaH4)(PPhy)l. At temperatures
above -30 ©C this decomposed to give [Ni(C,H,)(PPhy);], 523, stable in the
solid state [932].
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530 (Reproduced with permission from [932])

Displacement of ethene by alkynes from [Ni(C,H,)L,) was readily
accomplished with a wide range of alkynes bearing CH,NR, substituents [933].
Reactions of alkynes with [Ni(CoH,)(PMe;),] or [Ni(CH,)(dmpe)] were also
studied, and [Ni(CpPh,)(dmpe)] was characterised in a diffraction study [934].
The cyclooctadiene 1igand in [Ni(cod)(dad)] (dad = diazadiene) could be
substituted by alkynes, and 531 was characterised in a diffraction study
[935]. With appropriate alkynes diazadienes could be displaced from
bis(diazadiene) complexes [936]).

The complex K,[Ni(CN),] is extremely insoluble in solvents with which it
does not react, but in the presence of PhCaCPh and 18-crown-6 the species
[K(18C6)]1,IN1(CN),(PhCuCPh)] was formed, the first organometallic derivative
from [N1(CN),]*" to be isolated. 3-Hexyne gave a similar derivative, but in
this case the product was unstable [937].

The dehydroannulene complex, 532, (prepared from ([Ni(cod),] and the
dehydroannulene ligand) was shown in a diffraction study to stack in a manner
reminiscent of TTF/TCNQ or undoped nickel phthalocyanine. It was noted that
there was a very low distortion from linearity in the alkyne, possibly imposed
by the rigid structure [938]. Reaction of 533 with sodium amalgam gave
[Ni(benzyne)(dcpe)], 534, characterised in a diffraction study. The "alkyne"
carbon-carbon bond is somewhat 1longer than in alkyne nickel(0) complexes.
Reactions of the complex with a range of nucleophiles were discussed [939].
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Reaction of [NiBr(Cp)(PPh,)]} with RCaCR’ (R = Ph, R’ = H or Ph) gave a species
of stoicheiometry {(NiCp)-(RCaCR’)}. The structure of the product was not
definitievely established, but it seems likely that the alkyne is bridging the
two nickel centres [940].

531 SCHAKAL plot of the molecular structure of [(Ni(dad)(HOCH,C=CCH,OH)].
(Reproduced with permission from [935])

532 533

There have been several reports of nickel alkyne cluster complexes. When
[Ni0s,/C0)g(CP)(1+-H)3) reacted with Ph,P-CwC-CHMe, the product was
[N10s45(C0) g (Cp) (1+-H) 3(Ph,P-CuC-CHMe,)], 535, which reacted with [Co,(CO)g] to
give 536 [941].

The complex [Ni2Cpp(CoPh,)] reacted with [Rus(CO)y,] under a hydrogen
atmosphere to give [Ni,Ruy(C0)e(4-C0)2(CP)a(H,,N2-C2Phy)], 537, as well as
other products. An X-ray diffraction study showed the complex to have a square
pyramidal arrangement of the metal atoms, with Ph-CsC-Ph coordinated in a
o-manner to a basal plane nickel, and m-bonded to ruthenium [942). The
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reaction of [N{iRus(H,,N2-C=CNCMe4)(CO)o(Cp)(1-H)] with alkynes gave complex
mixtures of organic products, including oligomers, products of carbon-carbon
cleavage and hydrogenolysis, and metathesis products [943].

534 Molecular structure of [Ni(n2-CgH,)(Cy,PCH,CH.PCy,)]. Thermal el11psoids
depict 30 % probability surfaces. Methylene and methine hydrogen atoms of the
phosphine ligand have been omitted for clarity. (Reproduced with permission
from [939])

The structure of [Fe,Ni,(C0)g(Cp)s(He-N2-C,Ph;)] has been established in a
diffraction study. The two 1iron and two nickel atoms adopt a slightly
distorted square planar arrangement with the alkyne interacting with all four
metals. Reactivity was discussed; Lewis acidity was associated with the
unsaturated nature of the cluster, and cluster expansion was also investigated
involving reactions which generated pentametallic complexes via completion of
the pentagonal bipyramid [944].

Reaction of Li,[W(CO) 4(PPhs)>] with [M(PPh3)2X2] gave
[(CO) W(1-PPh,),M(PPhy)] (M = Ni, Pd or Pt). The platinum and palladium
complexes (R=H or COOMe) reacted with RCmCCOOMe to give
[ (OC) (W(1-PPh) ;) M(RCeCCOOMe)], with 538 characterised in an X-ray diffraction
study [945].
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535 (Reproduced with permission from [941])

Reaction of [Pt(cyclohexyne)L,] with chelating biphosphines (dppe, dppp or
dppb) resulted in the displacement of L. When treated with HY, 539 was formed
[946). In the polymer [{PtLX;},] (L = 540) L was said to be coordinated to
platinum at both the alkyne and alkene, but the evidence was weak [947].

The structures of [PtL,(RCsCR)}, [Pt,L,(u-RCmCR)] and related higher
oligomers were investigated theoretically [948].

New routes have been developed for the preparation of c-alkynyl complexes
of nickel. Reaction of [N1C1(Cp)(PPhy)] with PhCmCH in the presence of Cul and
EtyN gave [Ni(C=CPh)(Cp)(PPhs)] 1in good yield, the procedure being more
convenient that that previously reported using a Grignard reagent [949].

The reaction of [PdC1,(dppe)] with Me,Sn(CeCR), gave [PdC1(dppe)(SnMe,C1)]
and RC=C-C=CR. The palladium species could be converted to
[Pd(CsCR) (dppe) (SnMe,C1)] by a further molar equivalent of the tin reagent.
The 1initial reaction 1{s supposed to proceed via oxidative addition of a
tin-carbon bond to palladium to give 541, which rearranged to 542, followed by
reductive elimination [950].
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536 (Reproduced with parmission from [941])

UVPES data have been presented for trans-[M(PEty),X;] (M = Pd or Pt;

= CmCH or CmCMe), and compared with Hartree-Fock-Slater MO calculations. The

upper valence bands were assigned in good agreement with the calculations.

There was a strong mn-interaction between the metal and the filled alkynyl

orbitals both in and out of the plane, but no significant metal to 1igand back
bonding [951].

Reaction between [M(CmCH),(PR3),] and [MC1,(PR3)>] in the presence of CuC!
and EtoNH gave [M(C=CH)C1(PBuj),] for R = Bu, but with R = Me the dimer, 543
was formed, and further reactions invesigated [952]. A new series of liquid
crystalline materials containing metal atoms, such as 544 and 545 have been
prepared. These form 1iguid crystals in concentrated trichlorcethene
solutions, and 3P nmr spectrsocopic data suggested that the polymer molecules
respond to the magnetic field, and align perpendicular to the applied field
[953]. Optical transitions under high pressure were recorded for 546 (M = Pd
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or Pt) at room temperature and 77 K. There were three emission bands the
highest energy one being due to the excitation of the MLCT in the UV region of
the spectrum. This excitation energy could be transferred to the anthracene
moiety, which then gave rise to the other two bands [954].

537 Molecular structure of the complex [Ni,Rus(CO)g(i-C0)2(Cp),(Me-—NZ-C2Phs)]
showing approximately ¢, symmetry. (Reproduced with permission from [942])

A range of reactions have been used to prepare [Pt(CsCR),L,] from the
alkynes. In general these have involved displacement of a halide or other
anions by the acetylide anion. Conditions were found in which halides could be
displaced by acetylenic alcohols, without dehydration. The structure of 547
was established [955). The oxalate anion could also be displaced from
[Pt(C,0,)(dppe)] by the anfon of PhCsCH. In oxalic acid, [Pt(C=CPh).(dppm)]
was rearranged to give cis,cis-[Pt,(CeCPh),(1~dppm),] [956].

The complex cis-[Pt(CsCPh),(PMePh,),] could be prepared either from
cis-[PtC1,(PMePh;),>], and phenylethyne in the presence of NaOEt, or by
reaction of c¢7s-[PtC1,(CO)L] with (PhCsC),Hg to give cis-[Pt(CuCPh),(CO)L],
followed by displacement of CO with L. [Au(C=CPh)(PPh,)] was also used as a
transfer agent for phenylethyne [957]. It was established that
Au(I) > Hg(II) > Pt(I1) in transferring alkynyl groups. The stereochemistry of
several reactions of this type was studied in detail [958]. A single isomer of
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the mixed complex [Pt(CmCR)(C=CR’)(CO)L] could be prepared by reaction of 548
with Hg(CaCR’), [959].

538 An ORTEP drawing of [(CO) W(x~PPh,),Pt(Me0,CCuCCO,Me)]. For clarity only
the phenyl carbon atoms attached to phosphorus are shown. (Reproduced with
permission from [945])
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547 (Reproduced with permission from [955])
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The rearrangement of [Pt(C=CR),(dppm)], (R = H, Me, Ph or CMey) prepared
from the chloride and Me,Sn(CmCR),, to give trans, trans-[Pt,(CuCR), (4-dppm),]
was catalysed by phosphines [960]. In a more extensive study, Puddephatt
showed that the outcome of such reactions was crucially dependent on the

References p. 767



602

substituents on the bridging phosphine. When the alkyne was propyne, the dppm
derivative gave only the trans,trans-complex, but the dmpm complex gave only
the cis,cis-isomer. The depm derivative gave a mixture of all the possible
isomers [961].

The reaction of trans-[Pt(CsCR),(dppm-P),] with trans-[PtC1(H)(PPh3),]
gave [Pt,(CmCR),(u~dppm),(~H)ICl1 1in good yield. This could be deprotonated
with an alkoxide base to give [Pt,(CsCR),(i~dppm),], and further reactions of
this species with CS,, SO, or Me0,CCsCCO,Me to give A-frame complexes were
studied [962]. When [Pt (udppm),Me,}[BF,]}, was reacted with propyne in
propanone, the product was 549, a rare example of a complex in which the
alkyne is symmetrically bonded in a u,nl-manner. Reaction of
[Pt(dppm-P,P’)5]1C1, with propyne and silver ethanoate gave
[{Pt(CmCMe)C1} (u-dppm),AgCl], which reacted with [Rh,C1,(C0),] to give
[{Pt(C=CMe)C1} (1-dppm)Rh(CO)]*, the structure of the [PFg]l salt, 550, being
established in a diffraction study. In this case the alkyne is bonded in a
o-fashion to ptatinum, and m-bonded to rhodium. The reason for the difference
from 549 1s thought to be electronic in origin, and the high trans-influence
of the methy) groups weakens the o,m-bonding mode of the alkyne [963].
Fluxional behaviour of this and related rhodium carbonyl complexes was
investigated. Reaction of {[Pt(CaCR),(dppm-P),] with [Rh,Cl,(coe),] gave a
complex formulated as [(RC=C)Pt(u-dppm),(c,n2-CaCR)RhC1], but the complex
could not be successfully purified. Rhodium also readily replaced silver or
mercury from species such as [ (RC=C) ,Pt (-dppm) ;HGC1,] or
[C1(RC=C)Pt (1—~dppm),AgC1] [964].

Reaction of the complex trans-[Pt(CsCR),(dppm-P),] with AgX gave
[ (RCmC) Pt (t-dppm),Agl{X] for X = [NO3] or [PFgl, and [{(PhyP)AgX},] could be
used in the same way for X = C1 or I. Related reactions of copper and gold
complexes were aslo studied [965]. Reaction with [W(CO)3(NCMe),] gave
[ (RCaC)Pt (L—CmCR) (-dppm),W(CO)5], 551, and [Pt,(CsCR),(u-dppm),]. The related
mo1ybdenum complex could be obtained from [Mo(C0) 4 (cod)] or
[Mo(CO)4(cycloheptatriene)], but yields were low. Better yields were obtained
by a metal exchange reaction with [(RC=C).Pt(u-dppm),AgX], and by this route
the chromium complex was also succesfully prepared. Protonation with CF;COOH
was reversible, giving [(RCmC)Pt(u~-C=CHR)(-dppm),W(CO)5l*. The structure of
551 was established in a diffraction study. The triple bond was shown to be
perpendicular to the {PtP,Ww} plane, with a short Pt-C distance and a longer
W-C interaction [966].
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549 Molecular structure of the [Pta(u-nt-CmCMe)(u-dppm).Me,1* cation in
{Pt,(u~n1-CuCMe) (1-dppm) Me, 1 [BF,]. (Reproduced with permission from [963])

550 Molecular structure of a [CIPt(u—o-m-CuCMe)(i-dppm),Rh(CO)1* cation in

[C1Pt (1+-o-n—-CuCMe) (+-dppm) .Rh(CO)1[PFg). The asymmetric unit in the crystal

structure comprises two vitually identical cations and two [PFg]™ anions.
(Reproduced with permission from [963])
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551 (Reproduced with permission from [966])

When trans-[Pt(CuCH),(PMe,Ph),] was treated with [W>(0CMe3)gl,
2-methy1-2-propanol and trans-[Pt(CmCH){C,W,(OCMes)s}(PMe,Ph),] were obtained.
Further addition of [W,(OCMej)g] gave trans-[Pt{C,W,(OCMej)s},(PMe.Ph).], 552,
characterised in a diffraction study. The CyW, unit is planar and roughly
perpendicular to the PtP,C, plane. The Pt-C distances are consistent with
single and the C-C and W-W distances with double bonds [967].

The reaction of trans-[Pt(CsCR)>(PEty),] with R’L1 (R = Me, Bu or Ph;
R’ = Bu, Ph or CMey) in hydrocarbon solvents, gave
[Pt.(CuCR) ,(PEt3)-(R*)o(1-L1),], 553. In the presence of better donors such as
Et,0 or thf the product was trans-[Pt(CmCR).(PEt;)R’]™ [968].

Platinum complexes of phosphaalkynes have been reviewed [969]. RCsP may
act as a 2,4 or 6-electron donor in its complexes with transition metals. The
complex [Pt(dppe)(Me;CC=P)], in which the phosphalkyne 1s n?-bonded, reacted
with [Fe>(CO)g] or [Fea(C0);,] to give [PtFe,(dppe)(C0)g(Me,CCmP)], 554. In
this structure the phosphorus atom of the phosphalkyne is coordinated to all
three metals, and the phosphorus—carbon bond length 1s typical of a doubly
bonded species [970]. When [Pt(PPhy),(MesCCmP)] was reacted with [Pd(PPhy),]
the product was [Pd;Pty(PPhs)s(Me;CCuP);], 556. The metals are arranged in a



605
trigonal bipyramid with palladium axial and platinum equatorial, each metatl

bearing one PPh, ligand. The phosphaalkynes are bridging, so that the

structure has overall C; symmetry, in accord with predictions made on the

basis of the cluster condensation generalisation [971].

5§52 A ball and stick view of the central trans-{PtP,(C,W,05)>} moiety of the
centrosymmetric trans-[Pt{C,W,(0CMe;)s}.(PMe,Ph),] molecule locking nearly
down the P-Pt-P axis showing the planar PtC,W, unit. (Reproduced with
permission from [953])

R R
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Ib\\\\Li’///+
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553
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554 Molecular structure of [Fe,Pt(CO)g(dppe)(MesCCuP)]. (Reproduced with
permission from [970])

555 (Reproduced with permission from [971])



11 COMPLEXES OF DELOCALISED CARBOCYCLIC SYSTEMS

The complex of stoicheiometry {Ni(CsPh3)(CO)Br} was originally formulated
as a dimer, and later as a monomer. An X-ray diffraction study has now
established its dimeric structure, 556 [972].

556 Perspective view of [{NiBr(CO)(C4Ph3)}>]; ORTEP drawing with 30 %
probability el1ipsoids. (Reproduced with permission from [972])

There has been a theoretical study of the stereochemistry and reaction
path for ring whizzing in cyclic di® {ML,(polyene)} complexes. Extended Huckel
calculations were performed for [Pt(CyHa)(PHy)2]%, [N1(C4H4)(PH3)2], and
[N1(CeHg) (€O)>] [973]. The cation 557 (R = H) was readily 1lithiated using
BuLi, and then reacted with trans-[PtC1,(PBujs),] to give 558 [974].

C1
R I
BusP - Pt —PBus
(Me2CH)2N N{CHMez2 )2
(Me2CH)2N N{CHMe2z )2
557 558

There has been a theoretical study of the rearrangenemt of {ML,} groups
from one coordination site to another in {ML,(polyene)} complexes. Among the
species considered were [Ni(C H,)(PH3)2], [Ni(CgHg)(CO),] and [Pt(CO)2(Cp)]™
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[975]. The electrochemical reduction of [Ni(n*-C,R,)(NS-CgR’g)]T (R = Me or
Ph; R’ = H or Me) was studied by Cv, chronopotent fometry  and
chronoamperometry. A reversible 1-electron reduction to give a 19-electron
species was noted when R = Ph, R’ = H or Me, but this was irreversible for
R = Me [976].

Reaction of the complex [NiBra(C,Ph,)] with successively Me,CLi
and EtsP gave [N1(C4Ph,)(PEty),], 659. Carbonylation of 5§59 gave
octaphenylcyclooctatetraene, and reaction with alkynes gave arenes. The
relationship of these processes to the Reppe reaction was discussed [977). The
complex 560 was isolable in significant amounts from the cyclotrimerisation of
3-hexyne in the presence of NiX,/Mg/thf [978].

cie*

cie*

559 (Reproduced with permission from [977])

i
NiXz

560

Reaction of cis-[PtC1,(CO),] with PhC=CMe gave
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[Pt,(4-C1)4(C MePh,) 1[PLCT4(CO) ], characterised spectroscopically. When
treated with [Et,NJC1 1in MeCN, [Pt Cl1,(C Me,Ph;),] was formed. Monomeric
species [PtC1,(C4PhoMes)L] could be obtained on addition of a suitable 1igand,
and 561 was characterised in a diffraction study. The geometry at platinum was
distorted tetrahedral, and the four membered ring was not symmetrically
coordinated in the solid state, though the solution structure seems to be more
symmetric [979].

561 View of the coordination around the platinum atom projected along a
normal to the cb plane. The phenyl rings of the phosphine are omitted for
clarity. (Reproduced with permission from [979]).

The photochemistry of metallocenes, including [NiCp;], has been reviewed
[980]. Hartree Fock calculations have been undertaken on selected sandwich and
half sandwich compounds, 1including [NiCp,] and [N1(Cp)(NO)]. The errors in
computed metal-1igand distances were compared to determine the type of
correlation effects which are important in a discussion of bonding. It was
concluded that charge transfer effects were much more important than ring-ring
dispersion forces [981]. The far UV spectra of the metallocenes [MCp,]
(M = Ni, Fe or Co) were recorded in the vapour phase. It was suggested that
the Rydberg bands originating with the metal 3d and 1igand m-orbitals made
significant contributions to the spectra [982]. Orbital reorganisation
energies in the PE spectra of 15 transition metal complexes, 1including
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[N1(Cp)(NO)], were determined by means of the Green’s function formalism. The
results were compared with experimental data [983]. The band structures of 11
one dimensional poly-decker sandwich compounds, including nickel complexes of
Cp and/or nS-BgHs were studied using the semiempirical crystal orbital
procedure based on the INDO approach [984].

Films of nickel suitable for soldering and <2-3 u thick were deposited by
thermal dissociation of [NiCp,] in a hydrogen containing atmosphere [985].
Joining of homogeneous porous ceramics was accomplished by metalising the
surfaces to be joined by pyrolysis of [Ni(arene),] followed by welding in
vacuum [986]. In a thermodynamic study of the thermal decomposition and
hydrogenation of metallocenes, nickelocene was shown to be the least resistant
to decomposition of the series [987)]. There has been a gas chromatographic
study of the products of hydrogenation of [NiCp,] during nickel coating of
quartz units {[988]. Tetrakis(allyl) molybdenum in pentane was abosrbed onto
alumina, the pentane removed and the material treated with hdrogen at 600 OC
for 16 h. Further treatment with [NiCp,] led to the preparation of a mixed
metal catalyst for hydrogenation [989].

The complexes [NiCp,] and [FeCp,] have pseudoisomorphous structures at
room temperature, but only ferrocene undergoes a second order phase
tranformation on cooling [990]. The structure of [NiCp(dppp)].IB;.Hi2] has
been established; the six-membered ring adopts a boat conformation [991].
Reaction of [NiC1(Cp)(PPhy)] with Cs[GeCls] gave [Ni(Cp)(GeClz)(PPhy)], S562.
There was shown to be some indication of localised bonding in the Cp ligand,
which deviates from planarity [992].

The standard heat of sublimation of ([NiCp,] was established as
70.2 kJ mol1~Y, and the entropy of sublimation as 144.4 J mol~! [993].
198}g nmr spectroscopic parameters were established for
[Hg{(n5-Cp) (GePhy)NiHgGePhs) 2] [994]. Spectroscopic properties of
[N1(nS-RCgHs)2] (R = H, Me, Et, Bu or PhCHp) have been reported [995]. Two
photon ionisation of saturated vapours of organic compounds including [NiCp,]
has been investigated. This technique allows one greatly to decrease the
radiation exposure and to obtain laser tracks with practically any
distribution of energies [996].

The species [MgCp,] was prepared electrochemically 1in various aprotic
solvents, and used 1in preparations of [NiCp,] and [NiCp(NO)1 [997].
Electrolysis of a cyclopentadiene solution at a nickel anode, followed by
treatment with NO gave [Ni(Cp)(NO)] in Tow yield [998]. Reaction of [M(acac).]
(M = Fe, Co or Ni) with Cp*Li gave [M(acac)Cp*] [999]. In the nickel series, a
further reaction with CpNa gave [NiCpCp*1, whilst treatment with MeMgI under
an atmosphere of CO ylelded [N1(CO)(Cp*)(Me)] as an unstable violet 1iquid
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[1000]. The complex [Ni(nS-CgH,C1),] was prepared from [NiBr,(dme)] and the
thallium chlorocyclopentadienide [1001]. With Cp*Li, at -10 ©C, [Ni(dme)X,]
gave [{N'ICp*x)z] which could be further reacted with a range of donor 1ligands
to give species such as [Ni(Cp*)(PPhg)X] or [Ni(cod)(Cp*)}* [1002]. Treatment
of [Ni(cod),] with Cp22n in the presence of PPhy gave
[(CpZn) s (u-Cp) {1-N1(Cp) (PPh3)}], 563, in which two {CpZn} units are bridged by
the nickel of {Ni(Cp)(PPhy)} and a Cp. The mechanism for the reaction was
discussed [1003].

5§62 Structure of [N1(Cp)(GeCl3)(PPhs)]; hydrogen atoms and benzene of
crystallisation have been omitted for clarity. (Reproduced with permission
from [977])

A series of salts [Ni1Cp(PPhy),].[BXp]l (X = H or C1) were prepared by
reaction of [NiC1(Cp)(PPh3)] with [Et,N]JX in the presence of PPh, at room
temperature [1004]}. Related dppe derivatives were also prepared [1005].

Reaction of [NiCp(SMe,)>}[BF,] with R,NCH,CH,NR, gave the stable species
[CpN1(R,NCH.CH,NR,) 1 [BF,], the chemical and spectroscopic properties of which
were discussed [1006]. The complex [NiCp(n*-cyclopentadiene)][BF,] reacted
with AsMe; with the displacement of the diene to give [Ni(AsMey).(Cp)][BF,],
which on treatment with halide, X~, vyielded the neutral species
[N1(AsMe;)(Cp)X] [1007]. Reaction of [NiBr(Cp)(PPhy)] with TI1[BF,] 1in the
presence of PCy, yielded [Ni(Cp)(PCy,)(PPh,)][BF,]. Sodium amalgam reduction
of such complexes gave the unstable [NiI(Cp)L,], whilst carbonylation yielded
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[{Ni(CO)(Cp)},] [1008]. Reaction of [{CPN1(CO)},] with [Cp,FeX] in the
presence of a ligand, L, gave [CpNiL,]X [1009].

Ci54) C(73) c(76)
C(53)

C(63) C(51) C(52)

563 PLUTO drawing of [CpaZn,Ni(Cp)(PPhy)]. (Reproduced with permission from
{987])

Halide was displaced from [NiCI1(Cp)(PPhy)] by PhSCH,Li to give
[N1(n!-CH2SPh) (Cp)(PPhg)] as green crystals, Protonation yielded PhSMe. With
[NiCp.] and PhSCH L1 in the presence of PPh,, the same complex was obtained,
together with small amounts of [NiCp(PPh;)(SPh)] and [{NiCp(SPh)}.], this
latter being the major product in the absence of PPhy [1010]. The synthesis of
[NiCp{Me,P(5)P(S)Me;}] and the related anion have been described. Reaction
with [N1,Cps] gave a weakly paramegnetic species, 564. A temperature dependent
singlet-triplet spin equilibrium was observed, essentially localised on the
{NiCpS;} unit [1011].
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The 17-electron vanadium(0) complex, [V(CO)g]. was oxidised to the
18-electron vanadium(I) species, [V(CO),(Cp)], by [NiCp,l, the other product
being [Ni(CO),] [1012]. The reduction of [NiCp,] has been studied by CV. One
1-electron irreversible reduction, and one reversible 1-electron oxidation
were noted at room temperature. A further 1-electron oxidation was
irreversible at room temperature, but reversible at low temperature. In the
reduction process the initial product is [NiCp,]~, which decomposes to give
Cp~ and {NiCp}, the latter being stabilised by thf coordination, or further
reduced and trapped by CO to give [N1(CO)(Cp)]~. High pressure of CO resulted
in the formation of (N1(CO),] [1013]. A specles derived from {NiCp,] and
Li[ATH,] was used to cleave carbon-sulphur bonds in thiols, sulphides and
thioacetals, but the active species was not fully characterised [1014],

The reactions of organometallics with XeF, in the presence and the absence
of air has been studied. Among the complexes ijnvestigated were
[N1(nS-CgH,SiMes)>] and [Ni(CH,=CHSiMe;)(PPh3),], both of which gave rise to
low intensity chemiluminescence [1015].

The complexes [Ni(Cp)(L)(PR3)]1[BF,] (L = SMe, or MezP=S) were stabilised
when the phosphine was bulky. A range of substitution reactions was discussed
[1016]. There had been previously demonstrated a reversible reaction between
[NiCp»] and an appropriate 1ligand, L, 1in the presence of Lil to give
[Ni(n*-Cp)(Cp)L], and a number of such species were characterised. Now
reactions giving rise directly to [NiCpI(L)] (L = PRy, AsRy or SbMey), or
[Ni(Cp)(LL)]I using a chelating ligand, LL, (LL = R,PCH»CH,PR,) are reported
[1017].

Reaction of [NiCp,] with tetracyclone at 170 9C 1in the melt gave
bis(tetracyclone)nickel together with small amounts of 565 and 566. It is
likely that 565 is an intermediate in the reduction of tetracyclone to 566,
since either its reaction with [NiCp,] or thermolysis gave mainly 566 {i018].
When  [NiCp(nbd)][BF,] was treated with MesP, the product was
[N1(C,HgPMe;) (CP)}[BF4], 567. This disproportionated quite readily to give the
starting material and [Ni(Cp)(PMey),]1[BF,] [1019].
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There have been many reports of the involvement of {NiCp} units in cluster
complexes. The complex [{N1(Cp)(PH;)}3] crystallised in the rhomohedral space
group R3. the six-membered {NisP,;} ring adopted a chair conformation and the
cyclopentadienyl 1ligands were disordered [1020]. Reaction of [NiCp,] with
either [ReC1(C0)g] or [Mo(CO)3(MeCN)3] resulted 1in the formation of
[Nig(C0)>(Cp)3], characterised in a diffraction study. The nickel atoms form
an equilateral triangle with Cy, symmetry. The intermediate proposed in the
rhenium series was [Ni(Cp)(n!-Cp)(#-C1)Re(CO)g] [1021]. When [NiCp,] was
treated with [RNO,H][BF,] in the presence of acid, the product was the
triple-deacker sandwich, [N1,Cps][BF,]. A mechanism was proposed for the
reaction [1022].

A range of reactions between [MCp,] and M’L have been studied in the gas
phase. With nickelocene the main processes were ligand displacement and metal
switching. This allowed the determination of 1limits for the values of
ionisation potentials, AH(formation) of complexes, and some bond energies.
Secondary reactions were also discussed, including those of {CoNiCp,} and
{FeNiCp,} [1023].

The reaction of [Co3(CO)gCR] with [NiCp,] gave [NiCo,(CO)g(Cp)(u3-CR)],
which reacted further with [Fe,(CO)gq] to give [Co,FeNi(Cp)(CO)gCR].
Replacement of both cobalt atoms by nickel was achieved in
[CoaMo(C0)o(Cp)(13-CR)] using [NiCpo], but with [{N1(CO)(Cp)}.] only a single
replacement was accomplished [1024]. A metal exchange reaction was also
reported for one of the cobalt atoms 1in [Co,(CO);,(GeR),], to give 568
characterised in a diffraction study [1025]. Reaction of
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[Co,Mo(C0)g(Cp) (Ls-GeR)] with [{Ni(CO)(Cp)}.] resulted in the replacement of
one of the cobalt atoms of the cluster [1028]. When the phospaalkyne Me;CCmP
was reacted with [{N1(C0)(Cp)},] the product was the tetrahedral cluster 569.
with [Co.(CO)g(MesCCuP)] the product was the heteronuclear tetrahedral species
570, which could also be obtained by reaction of [Co,(CO)g]l with
[{N1(CO)(Cp)}.] followed by treatment with the phosphaalkyne. The phospaalkyne
could not, however, didplace an alkyne from the related alkyne derivative
[1027].

568 (Reproduced with permission from [1025])

+ +

c
CpN'i—/—\>P (0C)s CO<-\>/P
\N v Ni
Cp Cp
569 570

Some similar reactions of [NiCpp] with iron clusters have also been noted.
Reaction with 571 gave 572 and 573. The bridging hydride in 572 could be
readily replaced by {Au(PPhy)} by reaction with KH followed by [Au(R,;P)X]
[1028]). The reaction of [N1,Cp,{H2CC(=CHz)CHa}] with [M3(C0)y,] (M = Fe or Ru)
under a hydrogen atmosphere gave [FepNi,{CoHC(=CH;)CH3(CO)e¢(Cp),], 574,
characterised in a diffraction study. In this complex, the alkyne interacts
with all the metal centres through either o- or m-bonds [1029].
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N /N i
(0C)sFe—/—Fe(CO)s (OC):F,e;{-/-—NiCp : (oc)aFe—/——NiCD
H—Fe< ¥ H—Fe”~ N7
{CO)s (CO)s cp
5T1 572 573
H(112) .

§74 view of the molecular structure of [Fe,Ni,{Cs(H)C(=CH,)CH,}(C0)e(CP)>]
showing the atomic numbering scheme. (Reproduced with permission from [1013])

when [Fe;(CO)g] was allowed to react with [MM’(PhC=COOCHMe,)] the square
pyramidal chiral cluster [FeMM’(CO),(PhCeCCOOCHMe,)] was formed (M = {NiCp},
M’ = {Mo(CO)5(Cp)}, {Co(CO)3} or {NiCp}). The derivative for which M’ = {NiCp}
racemises on the nmr spectroscopic timescale, whilst in the other cases the
diastersoisomers interconvert. The mechanisms of the rearrangement reactions
were discussed 1n detail, and all the structures were established 1in
diffraction studies [1030]. The bridged alkyne complex
[Fe,(u,-N2-CmCPh) (CO) g (#~PPh,)]  reacted with  [{Ni(CO)(Cp)}.] to give
[Fe,N1,(M~n2-CuCPh) (CO)g(CP)>]1, 575, in good yield. The wu,-alkyne is bonded
to a spiked triangular metal skeleton with o-bonds to Fe(1) and Ni(1) in a
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three centre interaction, and is n2-bonded to Fe(2) and Ni(2), overall acting
as a five electron donor [1031]. The alkyne derivative
[Fe,(C0) (4-C0) {1~o;n3~C0O) (CP)(RCuCR’)]1 reacted with nickelocene to give the
novel metallocycle analogue of ferrocene, [CpFe{wo:n*(CpNiC,R-R’,)}], 5T6.
The dron atom 1is sandwiched between approximately parallel n®-Cp and
o:n*-N1C,Ph, 1igands, and 1s displaced somewhat towards the nickel [1032].

575 (Reproduced with permission from [1031])

Reaction of [Ni(cod),] with [Cp,Zn] gave the very stable cluster
[NisZn,Cpgl. The metal atoms adopt an octahedral arrangement with the nickel
atoms apical, and the zincs equatorial, and some compression along the Ni-Ni
axis. The bonding 1in the cluster, and the mechanism of its formation were
discussed [1033]. The triple~decker species [Ni,Cp3]{BF,] reacted with
[TiCp(SR)>] or [MoCp(SR)»] to give [CpoM(u-SR),NiCplIBF,]. The temperature
dependence of the !H nmr spectrum was explained by inversion of the bridging
sulphur atoms. However, 'H and !3C nmr parameters for the Cp ring coordinated
to nickel 1{n [Cp,Mo(u-SCMe3) N1(CsH4R)I* were explained in terms of a
temperature dependent equilibrium between diamagnetic Jlow spin, and
paramagnetic high sp1ﬁ isomers. MO calculations suggested that the spin
crossover was a consequence of the flattening at the sulphur atoms caused by
the bulky CMe; substituents. The structure of the complex for which R = H was
established in a diffraction study, and the sulphur atoms are indeed less
pyramidal than in related structures [1034].
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cus)y

578 a Perspective drawing of [CpFe{u—o-n*-(CpNiC,Ph,)}] showing the atom
numbering scheme. b Drawing of [CpFe{u~o-n*-(CpNiC.Ph,)}] showing the
sandwich structure. Atoms of the nickel bound cyclopentadienyl ring are
omitted for clarity. (Reproduced with permission from [1016])

Boron containing analogues of the cyclopentadienyl 1igand have been
studied. For example, Li,[C4H.B-N(CHMep),] reacted with NiCl, to give the
metallocene analogue, and with [Ni(cod)(Cp)][BF,] to give 577, though in low
yield [1035]. A paramagnetic mixed metallocene, [N1(Cp)(578)] was prepared
from [{N1(CO)(Cp)},] and 578. This disproportionated quite readily, and could
not be stacked to give triple decker complexes [1036]. With 579 and
IN1(n®-C4Hg )21, the mixed species, [N1(n®-C,Hg)(579)] was thought to be the
initial product, but 580 and some higher oligomers were isolated [1037]. This
could be stacked with further units by reaction with [Co(Cp)(679)], to give
the first hexadecker complex isolated [1038].
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Examples of palladium or platinum metallocenes have, as always, been
scattered. A method for estimating the contributions of different factors to
13¢ nmr chemical shifts of a 1igand has been proposed, based on elimination of
the charge effect, and a determination of the combined effect of the remaining
factors. A relationship was established between 13C nmr spectroscopic data,
and chemical properties of a range of cyclopentadienyl metal complexes,
including [Pd(n3-C4Hg) (Cp) ] [1039]. Reaction of cpT1 with
[Pd2(arylazooximate),Cl,] gave the monomer 581. The starting material could be
regenerated with HC1, and the redox properties of the complex were jnvestgated
by Cv [1040). The preparation of 582 from [{PdC1,(PREt,)},] and the thallium
salt of the ligand has been reported [1041].

Some reactions of 583 have been described; 584 was characterised in a
diffraction study [1042].
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584 Reproduced with permission from [1042])

Reaction of 8685 (HL) with MX; (M = Pd or Pt) and NaCp gave the mixed
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metallocene analogue 586. Low yields of [PtiL,] were also obtained, and this
reacted with potassium metal to give mono and dianions [1043]. From this 3-

and 4-decker complexes such as 587 could be obtained by reaction with CpML,
[1044].

. X

/) MCp

585 586

587 (Reproduced with permission from [1044])

The codeposition of atomic nickel with benzene or toluene at -196 ©C has
been studied. IR spectroscopic data indicated that unstable bis(m-arene)
nickel complexes were formed, from a precursor with 1:1 stoicheiometry [1045].
The reaction of nickel atoms with toluene was also studied by another group,
and at -196 OC was thought to lead to the formation of a labile species,
{Ni(toluene)}. This reacted readily with bipy to give [Ni(bipy),] [1046].

Reaction of  [Ni(n®-CH,CMeCH,).,] with R3S1H and toluene gave
[N1(toluene)SiR,] and 2-methylpropene. Toluene also reacted with [NiBr(CgFg)]
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to give [Ni(CgFg)o(toluene)], which was also obtained from [Ni(CgFg)a(OEt,)]
and toluene in the presence of BFy [1047].

The preparation and characterisation of [Ni(CgHgBMe)(1=C0)},], a nickel
complex of a borabenzene, has been reported [1048].

Proton resonance linewidths and proton spin lattice relaxation parameters
have been measured as a function of temperature for crystalline
[(A1C13) (4-C1)Pd(1-CgHe) ,PA(L-C1) (ATCT5)]. The benzene 1ligand performs a
reorientational motion around a 6-fold symmetry axis both at room temperature
and at -196 9C, with Eg = 5.9 kJ mo1™! [1049]. CNDO calculations have been
performed on the electronic structure of models for [Pd,(PPhy),], for the
purpose of studying the role of intramolecular Pd-arene coordination 1in
stabilisation of the complex. It was concluded that the complex was stabilised
by a donor-acceptor interaction of the weakly populated 5s and 5p atomic
orbitals of the palladium with the filled orbitals of the aryl rings,
suggesting a structure such as 588 [1050].

d— Pd
| H

P
<O,

There has been a study of the interaction of 54 aromatic and quinonoid
compounds with platinum thin layer electrodes, to establish the surface
coordination chemistry of polycrystaiiine platinum with these compounds in
aqueous solution. Both 7 (for quinones) and o-modes (for thiophenols, and
heterocyclic amines) of coordination were noted [1051].

12 METAL CARBORANE AND RELATED COMPLEXES

Metallocarboranes, 1including nickel and platinum complexes, have been
reviewed [1052].

The reaction of nidoNa[Et.C,B,Hg]l with [NiBra(PPh3),] 1n thf at room
temperature gave [1-Br-1,5-(PPhg),~1,2,3-N1Et.CoB4H3], 589, characterised in a
diffraction study, and by mass spectrometry and high field nmr spectroscopy.
The {NiC,B,} unit has regular closo-geometry, as expected for a 7-vertex
16-skeletal electron structure [1053].
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589 Stereoview of the molecular structure of
[1,2,3-(PhyP) (BriN1(Et,C,B4H3-5-PPh3)]. (Reproduced with permission from
[1083])

The structure of closo-[6,7-(nS~Cp),-6,7,1-N1,CB,oHg] has been established
in a diffraction study. The structure involves a distorted bicapped square
antiprism, the vertices of which are occupied by 2 nickel, 1 carbon and 7
boron atoms. The nickel atoms are bonded, and are located in a square face of
the antiprism, with a boron over the centre. The carbon atom is located over
the centre of the opposite face. The core of the complex contains one unpaired
electron localised in one of the Ni-Ni antibonding orbitals [1054]. The
structure of [Ni(8-MeO-C,BgH,q)>] was established in a diffraction study; the
two dicarbollide 1ligands were coordinated by their m-pentagonal faces to
nickel, to form a new staggered conformation, with the cages distorted at
112 © to each other [1055].

Electrolysis of K[C,BgHy-) at a nickel anode in dmso gave [N1(C;BgH;;)2)"
and [N1(C5BgHy4)21 [1056]. Complexes of the stoicheiometry
{COoN1(III)}{N1(II)L,} (Cb = m-(3)-1,2-C,BgH.4; L, = bipy or L = py) have
been studied. Thermolysis of the complex with bipy as the 1ligand gave
3-bipy-3,1,2-nickeladicarbadodecaborane [1057}.

Reaction of [NiCp,] with [Bu N],[BgHg]l gave the stable, isolable species
[BusN][CpNiBgHg], formed in a new example of polyhedron expansion. The product
adopts closo-geometry in a pentagonal bipyramid with the nickel atoms in the
equatorial position [1058]. With Na[4-CBgH ;] and [NiCp,] at 130-140 OC the
initial product was the unstable [6-(nS-Cp)Ni(n5-1-CBgHg)], which was
converted on standing to [10-n®-(Cp)Ni-n*-1-CBgHgl, which adopts a
closo-geometry [1059].
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Thermolysis of [(S-HCB,oH,oCC00),Ni(bipy)] gave [(o-HCB,oH,oC) Ni(bipy)],
which had previously been prepared. Further thermolysis gave 590 [1060].

NS @)‘

AV

eNi, ¢«CH, o Bl

590 (Reproduced with permission from [1060].

Reaction of [PdC1,(tmeda)] with T1[3,1,2-T1C5BgH;41] gave
{3-tmeda-3,1,2-PdC,BgH;,], 591, shown in a diffraction study to have a slipped
structure. The tmeda could be displaced by PMe; to give 592, which was shown
both in a diffraction study and by 1B nmr spectroscopy, to have a more
symmetric structure. The distortions were thought to be caused by electronic
effects [1061].

The anion [6,9-C,BgH;]2~ was allowed to react with each of [PtCl,L,] and
[NiC1,(dach)] to give nido-[u-6,9-ML,-6,9-C.BgH10], in which the metal bridges
the carbon atoms. The data provided on the products were limited [1062]. The
structures of  [9-(PhyP),Pt-6-CBgH;,] and  [9-(PPhy),Pt-6-SBgH;>] were
elucidated [1063]. Thermolysis of [9-(PhyP),Pt-6-CBgH;,] was also studied, and
the products characterised [1064]. The complex [3,3’-Pt(1,2-C;BgH;4)2], was
characterised in an X-ray diffraction study, and has been used as a catalyst
for alkene hydrosilylation [1065].

13 CATALYSIS BY METAL COMPLEXES

There have been a number of reviews dealing with the uses of complexes of
metals of the nickel triad in organic synthesis. These have 1ncluded an
account of carbon-carbon bond forming reactions and functional group
preparations [1066), hydroformylation, hydrogenation and oxidation [1067), and
applications 1{in the chemical dindustry [1068]. Catalysis by complexes
containing a palladium—palladium bond has been discussed [1069], as have some
uses of palladium and platinum complexes of pyridine monocarboxylic acids
{1070]. A review of reactions of epoxides has included a discussion of the
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various ring opening reactions catalysed by palladium complexes [1071], and
the preparation of oxygen and nitrogen containing heterocycles via palladium
catalysed reactions of organomercury compounds has been discussed [1072]. The
HSAB theory has been applied to homogeneous catalysis involving nickel,
palladium and platinum complexes [1073].

5§91 Molecular structure of [3-tmeda-3,1,2-PdC,BgH;s], hydrogen atoms being
omitted. (Reproduced with permission from [1061])

13.1 Hydrogenation and Hydrogenolysis

Criteria have been developed for distinguishing homogeneous and
heterogeneous catalysis based on the observation that whilst monomers are
generally reduced by either, polymers are reduced only by homogeneous
catalysts. It was established that the catalyst produced from
Ni(2-ethylhexanoate), and Na[BH,] definitely contains dispersed metal, and is
comparable with supported metal catalysts [1074]. In the catalyst derived from
nickel napththenate and Et;Al1 the effect of dilution was to increase the rate,
probably due to the deaggregation of less active polynuclear complexes [1075].
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592 Molecular structure of [3-(PMej),-3,1-2-PdC.BgH;41, hydrogen atoms being
omitted. (Reproddced with permission from [1061})

The hydrogenation of dicycliopentadiene has been reported in the presence
of a catalyst derived from NiC), and Na[BH,] [107T6]. NiCl, was chemically
bonded to silica and then converted to NiH, to give a stable and finely
divided catalyst. The catalytic activity for the reduction of linear and
cyclic dienes was a maximum when the bound NiCl, was reduced with two molar
equivalents of Li[AlH,] [1077]. The hydraogenation reactions of phenylethene,
2-phenylpropene and 2-pentene were investigated 1in the presence of
[MeC{Co(CO)5}(NiCp){MoCP(CQ),}], but activity was Tow [1078].

The enantioselective hydrogenation of E-ethyl 2-methyl-2-butenoate was
achieved using the catalyst system [Ni(DIOP)C1,]/2EtyN, but optical ylelds
were low [1079]. A copolymer containing 593 was treated with NiCl, and used in
the asymmetric hydrogenation of acetamidocinnamic acid [1080].

Changes 1n catalysts derived from nickel stearate during the hydrogenation
of vegetable oil have been investigated [1081). Hydrogenation of a mixture of
Z,E,E- and E,E,E-cdt over [N1iI,(PPh;),] was more than 95 % selective for the
monoene [1082]. Hydrogenation of a block butadiene/styrene rubber was
accomplished using [Ni(acac),] as the catalyst [1083].
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Cyclopentadiene was selectively reduced to cyclopentene in the presence of
[Ni(acac),]1/Et3Al/py [1084]. Disproportionation of 1,3-cyclohexadiene in the
presence of [Ni(acac),}/dibald at 20 OC gave a mixture of cyclohexene and
benzene, but at 80 OC gave benzene and cyclohexane [1085].

A supported catalyst derived from NiBr, on polyethyne was used for the
hydrogenation of phenylethyne to phenylethene and ethylbenzene. At low
loading, selectivity for phenylethene was reasonable [1086]. The use of a
range of nickel complexes as catalysts for the reduction of arenes and
heteroarenes has been reviewed [1087].

The use of palladium clusters in the catalysis of hydrogen transfer
reactions has been reviewed [1088]. Catalysts for the reduction of 1-hexene,
phenylethyne or 1,3-pentadiene included [{(PhP) Pdg},]}. The effect of sulphur
compounds on the reaction rate was studied [1089]. Reduction of the conjugated
double bond tn 594 was accomplished using BusSnH/CF3S05;SnBus/[PdC1,(PPhy).]. A
radical mechanism was proposed [1090].

N
594

A number of polymer supported palladium complexes have been used as
catalysts for alkene reduction. Catalysts were prepared from reaction of PdCl,
with polyvinylpyrrolidone and EtsN [1091] and PdC1, with 595 [1092], but
details of the reactions actually catalysed were limited. Selective alkene
hydrogenation was reported with palladium complexes of polymeric bipyridines
[1093], and Pd(OCOMe),, anchored to polystyryl bipyridine, catalysed atkene
reduction under 1 atm of hydrogen, with little isomerisation. Treatment with
Li[ATH,] gave a catalyst which caused extensive alkene 1somerisation [1094].
The grafting of PdCl, with a tertiary amine onto microporous zeolites,
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macroporous zeolites and macroporous adsorbants has been studied.
Preactivation of the grafted catalysts enhanced the rate of hydrocarbon

reduction [1095].
A,
}AN/ 0

595

b,

Reaction of [Pd(PPhy),] with chloromethylated crosslinked polystyrene gave
a supported palladium(II) complex, which proved to be an active catalyst for
hydrogenation of alkenes and alkynes [1096]. Catalysts of reduced and
unreduced palladium chloride with hydrazine hydrate deposited on
polyaminochloroquinones or polyaminochlorohydroquinones were prepared and used
for reduction of phenylethene to ethyl benzene. IR spectroscopy of the
catalyst indicated the presence of Pd-N and Pd-Cl bonds [1097]. The polymer
596 was prepared and reacted with Pd(OCOMe), to give a catalyst which was
useful for the reduction of alkenes and alkynes. With i-octene as the
substrate there was also some competing alkene isomerisation. The obsarvation
that there was an 1induction period suggested that the palladium(II)
underwent reduction to palladium(0) prior to catalysis [1098]. Catalysts
prepared from reaction of palladium(II) with poly-4-ethenylpyridine or
poly-2-ethenylpyridine could be used in the presence or absence of Na[BH,] for
the reduction of 2-propenyl-1-ol [1099,1100].

7 N\
&L,
N
7 N

596

A catalyst system was prepared by impregnating 6§97 with Nap[PdCl,], and
reducing the product, to obtain a material containing palladium clusters about
36510 A across. This was useful for reduction and isomerisation of alkenes
[1101]). The hydrogenation and isomerisation of 3-phenyl-i-propene was
investigated in the presence of a range of palladium complexes of amine
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modified silicas [1102].

O0—)n

597

The catalyst system PdC1,/RNH,/i-Bu,AlH on a mineral support proved to be
useful for the selective reduction of dienes or alkynes to alkenes [1103]. A
related homogeneous system was also 1investigated [1104]. Crosslinked
polystyrene functionalised with [Pd(bipy)Cl,] was used as a catalyst for the
selective reduction of 1,5-cyclooctadiene [1105].

The hydrogenation of soybean' oil 1in the presence of [Pd(acac),] at
60-170 OC, and 150 psi of H,, with 1-60 ppm palladium has been studied. The
best selectivity for 1linolenate was obtained in the temperature range
80-120 OC. Addition of EtsAl allowed an 1increase of the rate at low
temperature [1106]. In situ modification of lipids in a chloroplast membrane
was accomplished using a homogeneous water soluble catalyst, [Pd(QS).], in
which QS 1is a sulphonated alizarine 1incorporated into the thykaloids of
isolated chloroplasts. Polyunsaturated acids were reduced more rapidly than
the monounsaturated compounds [1107). Homogeneous and heterogeneous palladium
catalysts for the reduction of methyl 2,4-pentadiencate have been compared.
[Pd(acac),] is a better catalyst than Pd/C, and gives mainly methyl
2-pentenoate [1108].

Reduction of 1,4-cyclohexadiene in the presence of polyethyleneimine/PdC1,
gave mainly cyclohexane together with some benzene [1109]. However,
1,3-cyclohexadiene was a better substrate with this system [1110].

Palladium complexes of primary amines were active catalysts for reduction
of ethyne to ethene with 98-99 % selectivity. 1-Alkenes were isomerised to
internal alkenes, which are not reduced. The nature of the starting palladium
salt was not critical, and activity was largely governed by the reducing agent
[1111]. Selective reduction of alkynes to cis-alkenes was accomplished in the
presence of PdC1,/Na[BH,]/polyethylene glycol/CH,C1, [1112].

Reaction of [Pd(dba),] with phenylethyne gave a complex [Pd,(PhCsCH), ,]
(n =4 or 5), which catalysed the reduction of phenylethyne to phenylethene.
Kinetic studies showed that the rate controlling step was the interaction of
molecular hydrogen with the coordinated alkyne [1113]. There has been a
kinetic study on the reduction of phenylethyne 1in the presence of
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[Pd(acac),]/PPhy, and a reaction mechanism was proposed [1114].

Catalysts prepared by supporting PdC1,/RyN on an inorganic oxide have been
used as catalysts for the selective reduction of alkynes to cis-alkenes
[11158]. Substrates discussed in detail have included diaryl alkynes
[1116,1117], dialkyl alkynes [1118] and 598 [1118]. Layered zirconium
phosphates were derivatised with allyl anthranilic acid and pyridine, and then
treated with K,[PdCl,] or [PdC1,(PhCN),] to give a catalyst which could be
used for the selective reduction of alkynes to c7s-alkenes, but also for
reduction of arenes, alkenes, aryl nitro compounds and aryl nitriles. There is
probably some reduction to metallic palladium with this system [1120]. The
phosphinated polysaccharide 599 was reacted with PdCl, to give a catalyst with
high activity for reduction of conjugated alkenes and allyl compounds.
Phenylethyne was reduced to phenylethene with 95 X selectivity. The catalyst
could be recycled twice with only 15 % loss of activity, and was also useful
in promoting arene alkene coupling and butadiene telomerisation [1121].

OCPhs
R
Y O0—)n
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OH Phz PO OPPh:
598 599

There has been an XPES study of the platinum complex of silica supported
poly(y-diphenylphosphinopropylsiloxane), which 1is a hydrogenation catalyst.
The catalytic properties with repect to arene hydrogenation were affected by
the P:Pt ratio and the amount of HC1 present [1122]. This complex also
catalysed the slow hydrogenolytic ring opening of the product cyclohexanes in
some cases {1123]). The phosphinated polystyrene complex 600 was shown to
catalyse the hydrogenation of benzene or toluene at 45 OC and 2 atm H,. With
D, the reaction was totally stereospecific, and 1t was shown that the metal
was in the +2 oxidation state both before and after the reduction [1124].
Hydrogenation of linear diene dimers such as 601 and 602 in the presence of
H,[PtC1gl/SnC1, gave up to 75 X 4-methylnonadienes [1125]. Several mixed metal
complexes containing platinum, such as [Co,Pt(CO);(dppm)] could be used for
hydrogenation of dienes and alkynes. They were also reactive in
oligomerisation, hydroformylation and isomerisation [1126].
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The other main class of compound reduced in the presence of palladium and
platinum compixes has been nitroarenes. Complete reduction results in the
formation of aniline derivatives, but in some cases the intermediates in the
reaction may be readily isolated. Amongst the catalyst systems which are
useful for the reduction of nitrobenzene to aniline were
polybenzimidazole/Pd(0) (25 ©c, 3 atm) [1127,1128], trans-[PdC1,L,]
(L = quinoline or isoquinoline [1129]), or 3-aminocoumarin [1130]) or S$i10,
supported polyvinylpyrrolidone palladium complexes [1131]). Palladium(II) on a
polyethylene imine composite was also useful 1n this context, methanoic acid
being used as the hydrogen source [1132]. Reduction of 4-chloronitrobenzene
proceeded without hydrogenolysis 1in the presence of a catalyst derived from
the Na[BH,] reduction of palladium complexes of polymers such as
polyvinylimidazole, polyvinylamine or polyacrylonitrile. Rates and yields were
very much improved by the addition of a mole of anthroquinone per mole of
palladium [1133]. The complex [PdC1,(PhCN),] and a supension of polyethylene
were grafted onto polyvinylcarbazole, and the product was used as a catalyst
for the reduction of 4~chloronitrobenzene [1134]. The complexes
trans-[Pd(py).X;] (X = C1, Br or 1) have been used for the reduction of
nitroarenes to anilines, An intermediate of stoicheiometry
[Pd>C1,(EtOH) > (PhNOH) > (pY)4] was characterised, and the structure 603
proposed [1135]. Silica supported methacrylic acid palladium and platinum
complexes were used for reduction of nitroarenes, alkenes, aldehydes and
ketones [1136]. The supported complex 604 proved to be a very active catalyst
with excellent lifetime and stability [1137]. Reaction of RCHO with PhNO, in
the presence of molecular hydrogen and palladium(II) supported on an anion
exchange resin gave PhNHCH,R, vi/a reductive amination of the aldehyde by the
initially formed aniline [1138].
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Reduction of the nitro group of 605 to the corresponding amine was
accomplished with a reported 11 %X enantiomer excess in the presence of a
palladium complex of S-1-phenylethylamine. Presumably, the proton which is «
both to the carbonyl and the nitro group is sufficiently labile that some
kinetic resolution occurs [1137]. Hydrogenation of 608 in the presence of
PdC1,/RaN has been studied [1140].

COz N—-O'

NH N

OzN o)
605 606

Reactions which may formally be classed as hydrogenolyses have been very
diverse in their nature and mechanistic type. The cleavage of the C-Br bond in
607 was accomplished using sodium hydride, with N1(OCOMe), as the catalyst
[1141].

Me Me
1
N N
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Hydrogenolyses of aryl halides in the presence of palladium complexes have
also been reported. In the reaction of 608 the source of hydrogen is the
hydride 1ion, and the product was used in a helicene synthesis [1142].
Hydrogenolysis of 2-halopyridines was accomplished in the presence of PdCl,
immobilised on silica modified by y-aminopropyl groups. The reactions of the
halopyridines were faster than those of related furan and thiophene
derivatives [1143]. Formally speaking, hydride 1s the source of hydrogen in
the hydrogenolysis of aryl halides by 609 in the presence of palladium
ethanoate; carbonyl, nitro and alkene groups were unaffected [1144]. Transfer
hydrogenolysis of aryl halides was accomplished using benzyl alcohol as the
hydride source in the presence of [PdC1,(PPh;),]/phase transfer catalyst. The
reaction mechansim was discussed in detail [1145]. Hydrogenolysis of

PhCO,CHPh by Et;SiH 1in the presence of PdC1,/Ets;N gave PhCO,H [11461].

Na[BH« ] /PdC12 ‘
608
CONH2
o

N

Br

Ph

609

Hydrogenolyses of allyl derivatives in the presence of palladium complexes
have also been widely reported. An electrolytic reaction involved the initial
formation of a cationic allyl complex such as 610, which was reduced to 611,
and reacted with electrophiles to give RCH=CHCH,E (E = H* or Me,S1C1) [1147].
The effect of the leaving group in the allylic position in the reaction with
Pd(0)/Na[BH,] has been discussed; the ethanoate group has many advantages
[1148]. Na[BH,CN] was used as the source of hydride ion in the reaction of 612
[1149].
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Hydrogenolysis of 613 was accomplished in the presence of [PdC1,(dppp)]
and L1[HBEt;]; the ratio of the products was determined by the substituents in
the starting material [1150). Li[HBEt;] was also used as the hydride source in
the reaction of 614; stereoselection was good for the mesylate, but poor for

the phosphate [1151].

; 1
Rl Ts Li[BHEts ], thf . A major
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614

Tributyltin hydride acted as the hydride source in the palladium catalysed
reaction of 615. Thermolysis of the product was discussed [1152]. Methanoate
anion was used as the source of hydrogen in other hydrogenolyses of allyl
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derivatives, yields being excellent when [Pd(PBuy),] was used as the catalyst
[1153].

(o] (o] (o] (o]
' N\ BusSPH ___ . p1cne 0SnBus
R' CH2 0 1
R? 2 [PdC12 (PPhs )2 R3 2
615

Hydrogenolysis of the enol triflate, 616, was accomplished using
HCOOH/BugN 1in the presence of [Pd(OCOMe)»(PPhy).]. The enol triflate was
prepared from the ketone, and it was noted that ethanoate esters, ketones and
tertiary alcohols survived the procedure [1154]. Hydrogenolysis of 617
involved molecular hydrogen 1in the presence of [PdC1,(PPh3),]/EtaN; a
mechanism for the reaction involving oxidative addition of the carbon-chlorine
bond to palladium(0) was proposed [1155]. Reaction of Me,NCHO with HSiR,L1;_,
(R=Me or Et; n=1 or 3) in the presence of [NO],{PtClg] gave Me,N and
Cls- R S10S1RC15-, [1156].

OTf
HCOOH/Bus N
[PA(0OCOMe )2 (PPha )2]
MeCOO MeCOO
616
R1 c1 R?
:ﬁ/ + He [PAC12 (PPhs )z2]
R2 Et3aN Rz""
817

The complex [Pd(PR3),] (m = 3 or 4) has been shown to catalyse the H/D
exchange between D,0 and organic molecules, at rates which are related, but
not simply, to their pKa values. A mechanism was proposed for the reaction
[1157].

There has been a kinetic study of H/D exchange and oxidation of alkenes in
the presence of platinum complexes [1168]. The effect of halide ion
concentration has been studied [1159]. Isotope exchange in ArCH,CH(NH,)COOH in
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the presence of K,[PtC1,]1/D,0 has been studied, with the main exchange
occurring in the aryl ring [1160]. Deuteration of the aryl ring was also noted
for PhCH(NH,)COOH [1161].

13.2 Oxidation

There have been reviews of palladium catalysed oxidation of alkenes to
ketones [1162], and of the uses of supported platinum complexes for the
dehydrogenation of higher alkanes [1163]. Palladium catalysed reactions were
included in a general review of epoxidation methods [1164].

Oxidation of ethene to ethanal has been accomplished using
PdC1,/CuC1/MeCN/hmpt/0, [1165), and to a mixture of ethane 1,2-diol mono and
diethanoates using PdC1,/CuCl,/Cu(OCOMe),.MeCOOH/L1C1/0, [1166,1167]. The
composition of the copper complexes involved 1in the catalytic cycle has been
studied [1168].

The oxidation of 1-alkenes to methylketones, wunder a range of
conditions, has again found wide use in synthesis. The patent literature
has reported oxidation of 1-decene using 0,/PdC1,/CuCl,/H;0/sulpholane
[1169], or  0,/PdC1,/CuCl,/IRNMe;1C1/H,0/CeHg  [1170),  1-butene  with
0,/PdC1,/H[PMOgVg040]/[RNMe31Br/H,0/decane [1171] or with added
perfluorodecalin [1172]. A mixture of 1- and 2-butene was oxidised to give
2-butanone as the major product [1173]. Pure E-2-butene yielded 2-butanone in
Jow conversion, but with excellent selectivity 1in the presence of
0,/PdC1,/CuCl,/H,0/N-methylpyrrolidone [1174]. Propene or 1-hexene were
oxidised using 0,/PdC1,/CuC1,/CuC1/MeCOOH/Zn(0COMe),/H,0 [1175]. In one case
nitro compounds were used as the oxidant [1176]. A Wacker type catalyst
containing paliadium, a heteropolyacid and surfactant was recycled by removing
the organic phase, and removing water from the aqueous phase until a solid was
obtained. Water was added to the solid, and the catalyst solution could then
be reused [1177].

A reliable procedure has been described for the oxidation of 1-decene to
2-decanone 1in the presence of PdC1,/CuCl [1178]. The presence of an ester
group in  CH»=CH(CH,)gCOOCMe; was tolerated in its oxidation to
CHaCO(CH,)gCOOCMe, [1179). The use of PEG-400 as a phase transfer catalyst 1in
these reactions has been reported; the products were mostly 2-alkanones, but
some others resulted from isomerisation of the starting material foliowed by
oxidation [1180]. An electrochemical reaction was reported in the presence of
[PdC1,]2~; the reoxidation of the palladium is accomplished electrochemically
using the Fe(III)/Fe(II) couple as a transfer agent [1181]. The use of HPA’s
as oxidants 1in the Wacker system has been discussed. The system
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Pd[S0,]1/H;PMOgWgO, was found to be the most useful for the oxidation of
cycloalkenes, with the yield increasing with the size of the ring [1182]. A1l
the HPA's were effective for the palladium reoxidation, but varied in their
ability to be reoxidised by molecular oxygen [1183]. Oxidation of 1-butene to
2-butanone, butane-2,3-dione and ethanal was achieved 1in the presence of
PdS0,/V0S0,/H,0/C [1184]. When PhOCH,CH=CH, was reacted with MeOH/PdC1,/MeONO,
the product was the acetal PhOCH,C(OMe),CH; [1185].

Three patents have reported the oxidation of cyclopentene to
cyclopentanone, the systems used being 0,/PdC1,/Me;COH [1186],
02/[PdC1,(MeCONR,) ;1/ROH/26 OC [1187] and 0,/PdC1,/CuCl, [1188]. Oxidation of
1-undecene-5-one under the usual Wacker conditions gave 2,5-undecanedione,
used in a jasmone synthesis [1189]. The regiochemistry of the reaction with
internal alkenes has been studied with a wide range of substrates [1190].

Further applications of this reaction in steroid synthesis have been
described [1191), including reaction (31) [1192). Synthetic approaches using
this route have been described for 4-oxopentanals and 5-oxohexanals [1193].
Oxidation of 618 was the last step in a synthesis of brevicomin [1194]. The
oxidation of 619 was a key step in a recent synthesis of vetispirene [1195].
In the oxidation of 620 (R = SiMe,CMey), the oxidant, unusually, was an alkyl
hydroperoxide [1196].

(31)
dmf/H20

A
H
/A\V/A\V/i\V/A\ CucClz2 /PdC12
4 Y Oz /dme

OH 0 v““\
618

Three papers have discussed in detail the palladium catalysed oxidation of
2-propene-1-ol. A kinetic study in the presence of PdC1, and Cu(OCOMe), showed
a reaction first order in the alcohol, zero order in copper, and of order -1
in [C17] [1197]. In a study of the reaction of the 2,2-dideutero substituted
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compound, a new and unexpected mode of hydroxypalladation was reported in
solution. The two processes have different rate expressions, and in the new
pathway external water attacks the coordinated alkene. The evidence is that
this hydroxypalladation, and not the normal reaction, is the one leading to
2~-chloroethanol in the oxidation of ethene in the presence of CuCl, and a high
chloride 1ion concentration [1198). Detailed product studies were also
undertaken, and routes for the formation of all the minor products proposed
[1198].

PdCl12 /CuCl12/02

dmf ' /

mf/H20 oHC?P ™,
619 0

7 “cooMe
Mes COOH/Naz [PdC14 ]
N MesCOH, 55 °C, 3 h
0 R

620

There have been a number of studies of oxidations in the presence of
palladium nitro complexes. In the presence of [PdC1(MeCN),(NO»)}, norbornene
was oxidised by molecular oxygen to give the epoxide [1200]}. When terminal
alkenes were reacted with [Pd(MeCN),(NO,),] the major products were
2-nitroalkenes. The reaction is 1limited to terminal alkenes, with internal
alkenes giving ketonic products. Reactions with cyclic and strained alkenes
were also studied [1201]. The reaction of ethene with cis-[PdC1(MeCN),(NO,)]
gave 621 as the initial product. More slowly this was transformed to 622,
which decomposed to give oxidised products and {(Pd(NO)C1),}. The paliadium
complex is able to oxidise alkenes both stoicheiometrically and catalytically
to give mixtures of ketones, epoxides and allylic alcohols. 2°0-labelleing
studies showed that the oxygen derived from the NO, group, and not from added
oxygen by Wacker chemistry. The most 1likely route was considered to be
intramolecular attack of the nitro group on the coordinated alkene [1202]. The
related complex [{PdC1(cyclooctene)(NO.)}.] was characterised, and the
structure of 623 established in a diffraction study [1203]. The mechanism of
oxygen transfer from the nitro group was compared in reactions using palladium
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complexes alone, and those with a bimetallic cobalt/palladium catalyst system
[1204].

1
[y N
/O W U\Jz

o=

»
N
-
»
N
~N

623 (Reproduced with permission from [1203])

It has been shown that strained alkenes are selectively epoxidised by O,
in the presence of [PdC1(RCN),(NO,)]. A mechanism was proposed for the
reaction, and side products were accounted far [12056]. The reaction of
norbornene was studied in detail. At low norbornene concentration the epoxide
was formed with very high selectivity, but at higher substrate concentration
the main product was 624. It was concluded that there were two competing
catalytic cycles which had the common intermediate 625 [1206]). There has been
a study of the oxidation of 1-alkenes to 1,2-diol monoethanoates using
0,/[PdC1(MeCN),(NO;)]/MeCOOH. An 1©0 1labelling study showed that there was
transfer of oxygen from the NO, only into the ethanoate. Mechanisms were
proposed for the formation of all the products, and the catalytic system was
compared with the bimetallic Pd/Co system [1207].

Epoxidation of alkenes was catalysed by 626 using dilute H,0, as the
oxidant. Selectivity was excellent [1208,1209].
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Oxidation of cyclohexene in the allylic position, giving 627, was
accomplished 1in the presence of Pd(0COMe),/Mn0,/CH,C00H/benzoquinone in
excellent selectivity. Other cycloalkenes proved to be less useful substrates,
and the reaction mechanism was not definitively established [1210]. Allyic
oxidation of geranyl ethanoate, 628, in the presence of
Pd(OCOCF 5) ,/CH;CO0H/MeOCgH,—-2-COMe/benzoquinone gave 629 which was used in
syntheses of helminthogemacrene and B-elemene [1211}. Allylic oxidation of
cycloalkenes to cycloalkenols occurred in air 1in the presence of
cis-[PdC1(MeCN),(NO),]. Other alkenes gave epoxides, ketones or enones, and
the selectivity could be rationalised in terms of the ease of B-hydride
elimination from the intermediates of type 622 [1212]. Allylic oxidation of
a—pinene to give verbenone as the major product, together with some verbenol,
was catalysed by PdC1,/CuCl,/LiC1/HY [1213].

OCOMe o
o
AANAAA A A
N A OH
627 628 629

A number of other oxidations of alkenes have been reported. Oxidation of
decene in the presence of {Pd(PPhy),} (sic), Pd(OCOMe), or [Pd(CNS),(PPhy),]
was reported to yield 1-decene-2-one as the major product, via a decene
palladium complex [1214]. Treatment of 630 with 0,/Pd(OCOCF,),/Me,CO/hv gave
631 which was also obtained by palladium catalysed isomerisation of the
Z-isomer. Reaction of 630 with PdC1,/CuCl,/NaCl/Na[OCOMe] gave 632. A
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mechanism involving a hydroperoxide intermediate was proposed [1215].

H S0z tol S0z tol
/\/SOz tol Y\/ : /\/

(o) OCOMe
630 631 632

Reaction of 633 with oxygen 1in the presence of palladium(II) under
photolytic conditions gave 634. Yields were low when R1-R* = H, but much
better when R* = OTs [1216]. Reaction of 635 with [Pd(PPhy),]1/636 gave 637,
generally with good regio and stereoselectivity [1217). Arylalkenes could be
oxidised to methyl ketones by 638 in the presence of palladium ethanoate. A
hydroperoxide palladium alkene complex was invoked as an jntermediate [1218].

R? R3
. 1 R4
R WR R \A/
R2 SiMes o]
833 634
o~ R
A/R D= N
A No- ¢l
635 636 637
R ’
R
638
In the presence of palladium ethanoate supported on

oligo-4-phenyleneterphthalamide, Z-alkenes were converted to alkynes with
excellent selectivity, when the reaction solvent was EtOH/H,0/H{C10,], but in
dioxan the main products were ketones [1219]. Reaction of 1-alkenes, RCH=CH,,
with C0/0,/HOCHCH,O0H 1in the presence of PdCL,/CuC1,/HC1/25 ©C/1 atm gave
RCH(Me)CO,(CH,) ,0H as the major product, as well as some isomers [1220]. When
1-hexene was treated with the species prepared from Pd(OCOMe), and Me4COOH,
the main products were 2-hexanone and 2-ethanoato-1-hexene. The reaction
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mechanism was assumed to involve insertion of an alkene into {PdOOR} or
{PdocOMe} followed by a B-hydride shift, or B-hydride elimination [1221].

There have been a number of studies of the oxidation of alkylarenes. Using
molecular oxygen as the oxidant and K,[Pd(0COMe),] as the catalyst, toluene
was oxidised in RCOOH to PhCH,OCOR [1222]. The same type of reaction occurred
using Pd(OCOMe),/Na[OCOMe]/Cu(OCOMae),/active carbon [1223]. A kinetic study of
the reaction in the presence of Pd(0COMe),/Sn(0COMe),/K{OCOMe] showed that
there were three distinct kinetic regions, with the deposition of palladium
metal at the end of the second phase, with the metal also acting as a catalyst
[1224].

The oxidation of toluene to biaryls and diarylmethanes, wusing
palladium(II) in CFRCOOH, has been reinvestigated. There is evidence that the
reaction proceeds via an SET pathway, rather than the traditionally invoked
two-electron route. Radical intermediates were detected by EPR spectroscopy
[1225]). In a study of the related reactions of xylenes, it was suggested that
whilst the reaction of the 1,2-isomer was essentially an electrophilic
substitution, SET and radical intermediates were important for the reactions
of 1,4-dimethylbenzene [1226]. Oxidative coupling of PhR (R = H, Me, Et, C1 or
OMe) was accomplished using stoicheiometric T1(OCOCFy)5, and Pd(OCOMe), as the
catalyst [1227]. A low yield of 639 was obtained from oxidative coupling of
dimethyl benzene 1,2-dicarboxylate using [Pd(NQ,),(phen)]/Cu(OCOMe)./H,0/air
[1228].

COOMe

o
(Ko

COOMe

639

2-Methylnaphthalene was oxidised to 640 by hydrogen peroxide in the
presence of palladium(II) supported on a polystyrene sulphonic acid resin. The
catalyst could be recovered and reused [1229]. Diphenyl ether was converted to
dibenzofuran by molecular oxygen in the presence of Pd(OCOMe)./RCOOH [1230].

Catalytic oxidation of methane by molecular oxygen 1in solutions of
platinum salts and heteropolyacids has been reported, but details were lacking
[1231]. Nickel(II) was bound to Amberlite 15 by ion exchange, and was used to
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catalyse oxidation of 1-methylethyl benzene by molecular oxygen, initially to
2-phenyl1-2-propanol, which was further converted to phenol and propanone
[1232]. Chloroethane was oxidised by molecular oxygen in the presence of
PdC1,/510, to give ethanoic acid, with excellent conversion [1233].

0

99

0
640

Oxidation of primary and secondary alcohols has been reported using
PdC1,/CC1,/K,[CO,]; the tetrachloromethane acts as the oxidant. Both aldehydes
and esters were obtained from primary alcohols. Reactions of allylic alcohols
resulted both in oxidation of the alcohol and addition to the double bond. The
reaction mechanism was discussed in detail [1234]. Oxidation of secondary
alcohols to ketones by molecular oxygen has been reported in the presence of
Pd(OCOMe) ,/Na[HCO4]/[BuNIC1/PhI/dmf [1235].

The dehydrogenation of methanol to CO and H, has been reported to occur in
the presence of H,[PtClg]/Ce0,/A1,03/[NH,]12[8,05] [12368]. In the presence of
[Pd.C1,(dppm),] a photochemical reaction gave more mixed products, including
CHz0, CHp(OMe),, HOCH,CH,O0H, Me,CHOH, Me,C(OH)CH,OH and CH3CH(OH)CH(OH)CH,
[1237].

Paltadium induced dehydrogenations of cyclopentanones have been used in
syntheses of coriolin [1238), hirsutic acid C [1239] and related compounds
[1240].

There have been a number of reports of palladium catalysed oxidations of
carbon monoxide. In the presence of aquo complexes of palladium(II) and
vanadium(Vv) or 1ron(III), and heteropolyacids, CO, was formed. The reaction
kinetics were investigated, and a mechanism proposed [1241-1243). Supported
palladium complexes have also been used as catalysts [1244]. Cerium(IV) and
chromium(VI) have also been used as oxidants [1245], as have benzoquinone
[1246], and [S;0¢]2~ [1247]. In the reaction 1{in the presence of
Pd(I1)/Fe(III)/Na[NO,] together with chloride or bromide, the rate 1s better
with bromide salts [1248].

The oxidation of CO by O, over [NiPc] has been studied. A dual site
mechanism with a bridging {C0;}"(sic) as the intermediate has been proposed
[1249]. A catalytic cycle has been proposed for the reaction in the presence
of [NiL,X,] [1250]. When PdC1,/LiC1/benzoquinone/ROH was used as the catalyst,
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the product was that of oxidative coupling, ROOCCOOR. The reaction mechanism
was discussed, and an alternative pathway discerned 1in the presence of
palladium(I) [1251].

13.3 Reactions of Carbon Monoxide and Carbon Dioxide

The use of transition metal complexes to catalyse hydrogenation of CO or
€O, to hydrocarbons has been reviewed [1252].

Several patents have reported catalysts for the hydrogenation of CO with
molecular hydrogen to give alcohols. In the presence of
[Ru;(CO)451/Ko[PtC1,]/SNC1,/[CoH  sPPh31Br the main product was ethanol, with
traces of methanol, propanol, ethanoic acid and ethanaote esters [1253],
whilst with a polyethenylpyrrolidone platinum complex together with [Fe(TPP)]
and 1,2-dimethylimidazole the main product was methanol, although conversion
was Jow [1254). Methanol and ethanol were obtained in comparable guantities in
the presence of nickel complexes such as NiCl,, [NiCp] or [Ni(acac),] [1255],
but with the system RhC13/NiC1,/T1C1,, ethanol was the main product, with fair
selectivity [1256]. Preparation of higher alcohols from CO/H, in the presence
of silica supported palladium or nickel catalysts has been reviewed [1257].

The uses of the water gas shift reaction in tandem with platinum catalysed
hydroformylation reactions have been reviewed [1258). The complexes [NiCl,L,]
were shown to catalyse the WGSR at temperatures above 90 ©C [1259]. The
catalysis of the WGSR by [Pd,Cl,(«-dmpm),] has been studied. The active
species 1is the neutral dihydroxy species [Pd,(u-dmpm),(OH),]; this s
carbonylated to a u-CO derivative, and then CO is inserted into the metal
oxygen bonds. Some IR spectrsocopic data for the intermediates were presented
[1260].

Reports of hydroformylation catalysts continue to be published. From the
patent literature systems reported to be useful for the reaction of propene
include [Pt(PPhs),1/SnC1,./1,4-Me,CgH, [1261] and [Pt(acac),]/dppf/SnCl,
[1262]). Palladium exchanged silica catalysts showed excellent activity for the
conversion of ethene to ethanal, at 1 atm pressure and room temperature
[1263].

A number of patents have also reported enantioselective hydroformylations
in the presence of chiral phosphines. For example, in the presence of
[Pt(641)C1,] propene was converted predominently to the Tlinear product
[1264,1265]. C,~Aldehydes were also obtained using [Pt(DIOP),]/PhSnCl,, again
with good selectivity for linear products [1266]. The hydroformylation of a
range of alkenes using [PtC1(DIOP)(SnCl13)) has been reinvestigated. Both
isomerisation and hydrogenation were shown to be competing reactions, and
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optical yield and regioselectivity were a function of conversion. The degree
of asymmetric induction was shown to be determined before or during the
formation of the metal alkyl intermediates [1267]. Hydroformylation of styrene
using [PtC1,(DBPDIOP)] gave a product with 78 X ee, considerably better than
with DIOP [1268]. Polymer supported versions of DIOP [1269] or BPPM [1270]
were used with results similar to their homogeneous analogues. With
[Pt (CHIRAPHOS)C1(SnC1,)] as catalyst, and 1-butene as substrate, the best
optical yield obtained was 40 %S, and most of the product was linear [1271].

E(\Pth
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Hydrocarboxylations of alkenes have been widely reported. Reaction
of ethene with H,/CO/H,0 in the presence of Nil,/[Mo(CO)g)/LiI/EtI
gave propanoic acid in good yield [1272]. Production of octanoic acid
with 85 X selectivity from 1-heptene was accomplished in the presence of
[PdC1,(PPhy),>1/8nC1,/dioxan/H,0/H,/CO0 [1273); the influence of solvent and
added atkene has been investigated [1274). High selectivity for the linear
product was observed using a similar system and 1-nonene, especially in the
presence of a small excess of PPhy [1275,1276]. Reaction of 642 in the
presence of [PdC1,(PPh;),]/3-C1CgH,CO5;H/CO/H,/HCT gave 643 in enhanced yield
and selectivity, relative to the reaction in the absence of the peracid
[1277]. Palladium salts supported on anion exchange resins have been used as
catalysts for conversion of 1-hexene to carboxylic acids [1278].

7 COOH

642 643

Reaction of ethene with €O and 1-butanol in the presence of
{PdC1>(PPh;),]1/HSNC1; gave butyl propancate. A reaction mechanism and kinetic
scheme were proposed {1279]. The rates of palladium catalysed
carboxymethylation of ethene and higher alkenes increased when homogeneous or
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heterogeneous perfluoroalkene sulphonic acids were used as cocatalysts [1280].
various patents have reported hydrocarboxylation reactions of i-alkenes, with
catalyst systems dincluding PdC1,/CuCl,/HC1 [1281], [Pd(PPh3),]1/PPhy/CF;S04H
[1282] or [PdC1,(PPhy)2]/HCY [1283]. The reaction of 1-nonene in the presence
of ([PdC1,(PPhy)>]1/ROH gave a mixture of 1linear and branched esters; the
reaction yield increased with the size of R, but selectivities were unchanged.
Some increase 1n selectivity could be obtained by the addition of propanone
[1284]. selectivity could also be increased by the addition of PPh, [1285].
when the added alcohol was a diol, HO(CH;),0H, selective monoesterification
and carbonylation of RCH=CH, gave RCH(Me)(CH,) 0H as the predominent
regioisomer [1286].

The reaction  mechanism was probed by the preparation of
trans-[PtC1(COCgH; 3)(PPh3),], characterised 1in a diffraction study. The
palladium—chlorine bond is long, due to the trans-effect of the acyl 1igand
[1287].

The hydrocarboxylation of an E/Z mixture of MeSCH,CH=CHOCOMe in the
presence of [PdC1,(PPhy),] gave a mixture of MeSCH,CH,CH(OCOMe)COOMe (29 %)
and MeSCH,CH,CH(OCOMe ) C(=S)0Me [1288]. The hydrocarboxylation of
CH,=CHCH,COOEt using CO/EtOH in the presence of [PdC1,(PPhs),]/PPhy involves
the ethanol acting as a hydrogen donor. More of the linear product was
obtained in polar solvents or with extra PPhy. The effects of conditions and
additives on yield and selectivity was thoroughly investigated [1289].

The enantioselective hydrocarboxylation of ethenylbenzene and
2-phenylpropene has been studied in the presence of [PdC1,(PhCN),] and an
added chiral ligand; dibenzophosphole derivatives generally gave the best
enantiomer excesses, and addition of LiCl1 dramatically increased conversion
without loss of enantioselectivity [1290]. Hydrocarboxylation reactions of 644
were also  studied. Whilst regioselectivity was generally fair,
enantioselectivities in the presence of DIOP and related chiral phosphines
were low [1291].

VN
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Related intramolecular hydrocarboxylation reactions have also been noted.
The formation of six-membered rings was favoured over that of seven-membered
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ones, and the accessibility of five-membered rings was shown to depend on
alkene geometry [1292]. Lactones were formed in reactions (32) and (33) under

very mild conditions [1293,1294].
/ PdC12 /CuCl2 ;[:T:T’ o
_—_
/A\T/A\OH + co i + ;I:":] (32)
Ve VAN . PdC12/CuC12
+ —_—
OH + CO 770, 1 ] (33)

Reaction of 645 resulted in a double cyclisation to give 646 and 647 via
an allyl palladium complex intermediate [1295]. With 648 (X = H) a double
cyclisation gave 650 v7a 649 in the presence of PdC1,/CH,COOH/NalOCOCH,], but
for X = 0COMe, using [Pd(PPh;),]/Et,N/thf, palladium allyl chemistry
dominated, resulting in elimination to 652 via 651 [1296].

HO
N PdC12/CuClz
NHCOOMe CO/MeOH

COOMe COOMe
645 646 647
OH
4 HO 0

R oX R \ R 74
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648 649

R

//P\ACOOH /\/\R

PdLn
651 652

Hydrocarboxylation of phenyl ethyne in the presence of PdCl,/thiourea gave
a mixture of mono and dicarboxylated products, with Z-PhC(COOMe)=CHCOOMe as
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the major one. The best selectivity was accomplished using PdCl,/4tu/12dba
[1297]. Ethyne was converted to E-BuOOCCH=CHCOOBu 1in the presence of
PdC1./FeC15/H,80,/BuOH; the reaction was though to 1involve an unstable
palladium cluster [1298]. Reactions of 1-alkynes gave mixtures of E- and
Z-RC(COOR’)=CHCOOR', with the Z-isomer as the major product. Yields were
generally good [1299].

Reaction of allene with CO/MeOH in the presence of PdC1,/CuCl1,/HC1/0, gave
MeOCH,C(=CH,)COOMe. Reactions of 1,1-disubstituted allenes, R,C=C=CH, gave
R.C(OMe)C(=CH,)COOMe, with good regioselection, but in poor yield [1300].
Butadiene, reacted with CO/H,0 in the presence of PdC1,/[BuyNJC1/HCI, ogave
mainly E-CH3CH=CHCH,COOH, together with small amounts of other addition
products [1301].

A number of patents, mostly from Nissan Chemical industries, report the
double alkoxycarbonylation of dicyclopentadiene to give 653 in the presence of
PdC1,/CuC1,/MeOH [1302-1306].

MeOOC
MeOOC
653

A hydrocarboxylation reaction was . combined with an intramolecular
nucleophilic attack in the conversion of 664 to 655 using CO/MeOH in the
presence of CuCl,/[PdC1,(MeCN),]. The product was used in an approach to
naphthaquinone antibiotics [1307]. A mixture of diastereoisomers was obtained
on cyclisation of 656, but in both this and related cases one was generally
strongly favoured [1308]. In the reaction of 657 the hydrocarboxylation 1is
also an intramolcular reaction [1309].

OMe O Pr OMe O Pr

OH CO/MeOH/CuClz 0
[PdC12 (MeCN)z ]
N (o] COOMe
654 655

Alkoxycarbonylation of bicyclo-[2.2.1]-heptadiene under oxidative
conditions (CO/MeOH/Na[OCOMe]/Pd(OCOMe)./CuCl,) has been studied, and shown to
be a complex reaction. Mixtures of 868, 6569, 660 and 661 were obtained, their
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proportions depending on the exact reaction conditions. The major product was
generally 658, but 659 was obtained in the absence of Na[OCOMe] [1310].

/I:A\l\ PdC12 /CuCl2 /I:fjl\\ . /£:A:1\\
“co/ron A A |
Ao A o’
COOR COOR

656
o 0
Ph + co PdClz/CuCla Vs
N Na[OCOMe] K
H OH h™ o
657
OCOMe OMe
COOMe COOMe
858 659
0COMe
COOMe
COOMe
COOMe
660 661

A radical reaction pathway was proposed for the reaction of 1-alkenes,
RCH=CH,, with €O and C€Cl, in the presence of Pd(OCOMe),/PPh;, to give a
mixture of RCH(COOR)CH,CCl; and RCHCICH,CCly. The proportion of the
carboxylated product increased with the pressure of €O [1311].

The reaction of 2-butyne with CO/Et,NH in the presence of [NiBra(Et,NH),]
at 70 °C and 15 atm CO gave CH5C(CONEt,)=C(CONEt,)CHy, but at higher
temperature and lower €O pressure the main product was 662 [1312]. When
1-alkynes were used as the substrates the products included RC=CCONEt,,
RC(CONEt,)=CHCONEt, and Et_.NCOCONEt,, with the product selectivity being a
function of temperature and the halide ion in the nickel catalyst. A mechanism

was proposed for the reactions [1313].

References p. 767



650

O 0 NEt2z

662

when 1,1jd1methy1allene was reacted with CO/Et,NH 1in the presence of
[Ni(Et,NH),I,] the main products were 663 and 664; the mechanism proposed was
complex [1314].

0 o]

Etz2N Etz EtzN CONEt2

663 664

There have been numerous reports of the carbonylation of aryl halides in
the presence of a range of additives. In the presence of a hydrogen donor, Arx
may be carbonylated to ArCHO using [Pd(PPhy)},]/(PhCH,)},N, with the reactivity
in the order X = I > Br > €1 [1315). Poly(methylhydrosiloxane) has been used
as the hydrogen donor [1316]. Using molecular hydrogen as the hydrogen source
required the use of [PdC1,(PPh;),]1/RaN as the catalyst system [1317,1318].

Carbonylation in the presence of alcohols generally leads to the formation
of carboxylate esters. The reaction has been reported for bromobenzene and
phenol 1n the presence of [PdBr,(PPh3),]1/PPhy/BusN [1319], and various
heterocyclic halides in the presence of [PdC1,(PPhj),]1/RsN [1320-1322], In a
two-phase system, bromobenzene was converted to [PhCOOINa with excellent
selectivity [1323]., Reaction of 1{odobenzene with CH,CH,CH(CH3)CH,OH 1in the
presence of [PdC1,(PPh3);]/Et,N/CO  gave CHaCH,CH(CH3)CH,OCOPh with 77 %
selectivity [1324). However, in some cases the outcome of the reaction has
been shown to be strongly solvent dependent, giving rise to both mono and
doubly carbonylated products, ArCOOR and ArCOCOOR [1325). Using [PdC1,(PCyz),]
as the catalyst system, and iodobenzene as the substrate, monocarbonylation
was favoured in CH,C1,/DBU, and dicarbonylation in CgHg/EtaN [1326]. Careful
mechanistic studies suggest that the intermediates involved are [M(CO)(COR)L,]
and [M(CONu)(COR)L,), rather than [M(COCOR)L,], since this latter
spontaneously loses carbon monoxide at room temperature [1327-1329]. B(OR’),
was used as an alkoxy group source in alkoxycarbonylation of both activated
and unactivated halides in the presence of [Pd(PPhy),]/[{RhC1(nbd)},] [1330].
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In the presence of amines, carbonylation of halides leads to the synthesis
of amides. In this area also studies of double carbonylation reactions have
been widely reported [1331,1332]. In the patent literature it has been noted
that iodobenzene reacts with CO/Et,NH in the presence of PdC1, to give mainly
PhCOCONEt,; using [PdI(Ph)(PPhg),] as the catalyst gave both mono and
dicarbonylated products [1333]. Good selectivities towards dicarbonylated
products were also reported for reactions involving Me;CNH,/PdC1,/C0 [1334)
and Et,NH/PdC1,/CO/Cy,P(CH,)PCy, [1335]. Aryl and alkenyl bromides and
iodides have been reported to react similarly [1336]. Using PhI/CyNH,/CO 1in
the presence of PdCl,, the main product was PhC(=NCy)CONHCy, a condensation
product of the initially formed dicarbonyl derivative [1337].

There have been a number of mechanistic studies of the reaction. As with
the related ester formation, the exact nature of the catalyst and solvent are
crucially important to selectivity. The catalytic cycles for mono and
dicarbonylation are quite distinct, and the key intermediate s
[Pd(COAr) (CONR’;)L,] rather than [Pd(COCOAr)L,] [1338-1340].

A number of other amidation reactions have been used in total syntheses.
In reaction (34) an «~halo aniline is carbonylated to give a mixture of 7- and
5-membered ring products, in an approach to benzodiazepine syntheses [1341]). A
related process (reaction (35)) gave an intermediate for synthesis of
quinazoline derivatives [1342]. Carbonylation of 665 in the presence of 666
and [PdC1,(PPh;),] gave the related amide [1343). In some 1instances the
nucleophile may be 1introduced by reaction with a tin derivative, R,SnNu

(Nu = OMe or NEt,) [1344].
H
) 0
N
Pd(OCOMe )2 /CO (34)
+ MeNHCH2 COOMe Kz [COs 1/xylene

! “Me

NH2

33 %
NH2 \
Pd(OCOMe )z /PPha _
* l )\ CO/Kz [COs ] N (35)
1 o W “coome
[ O COOMe
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A few other nucleophiles have proved useful. Reaction of Arl with
PhCmCH/CO in the presence of [PdC1,(PPh;)21/Zn/Cu/[Cp,TiC1,] gave ArCOCH=CHPh
as the major product in most cases. Traces of alkynyl ketones were formed
[1345]). Using (Me,CHCH,)3A1 as the nucleophile in the presence of
[PdC1,(PPh3),]1/PPhs/dme yielded ArCH(OH)CH.CHMe., in some cases 1n excellent
yields. Aryl bromides were not good substrates [1346]. Ketones, ArCOR, were
also the major products from ArX/RX/CO/(1 atm)/[Pd(PPhj3),]/Zn/Cu/thf [1347].
Reaction of [ArpI]X (X = Cl, Br, I or [BF4]) with CO in the presence of
palladium(II) gave Ar,CO and ArCOCOAr. An increased CO pressure resulted in
higher proportions of ArCOCOAr [1348].

There have also been many reports of the carbonylation of vinyl halides
and related compounds. Carboxylic acids were producea by carbonylation of
CHx=C(CF3)X (X = CI or Br) using CO/H,0 in  the presence of
[PAC1,(PPh3)1/Ki/EtaN {1349,1350]. E-PhCH=CHBr was converted to
E-PhCH=CHCOOBu 1in the presence of CO/[Ti(0Bu),]1/[Pd(PPhy)s] [1351], and
(Me0),C0 was used as the source of alkoxide in a reaction of 2-bromopropene in
the presence of [PdC1,(PPhy),], to give methyl 2-methylpropenoate [1352].
[A1(OR)5] has also been used as an alkoxide source [1353}. The treatment of
667 with €O in the presence of [PdC1,(PPh3)5]1/K>[C05] resulted in an
intramolecular reaction to give the lactone 668 [1354]). The reaction of
Z-PhCH=CHTePh with CO/PdC1,/LiC1 was studied in detail. At high pressures of
€0, the Z-product was the major one, but E-PhCH=CHCOOMe was formed exclusively
in reactions from which the LiCl1 was omitted [1355]. Reaction of steroidal
enol triflates with CO/MeOH in the presence of Pd(0COMe),/PPhs/Et;N gave the
corresponding unsaturated esters [1356].

/I
CsFr CH=C\ C3s F7 CH

CH2CH2 OH o

667 668



B-Lactams have been formed 1n

alkeny! halides such as reaction (36) (R =

Pd(OCOMe)z
4¢k\J/N CO/PPhs

intramolecular
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amidocarbonylations of
COOMe, Me or OMe) [1357-1360].

= -

Tin nucleophiles have also been used 1in conjunction with alkenyl halide

carbonylation, to give dienones

(reactions

(37) and (38)) [1361,1362]).

Ureidocarbonylation of CH,=C(CF3)Br by RINHCONHRZ gave 669 in the presence of

[PdC1,(PPh3),] [1363].

When there is an appropriately positioned double bond,

as in 670, carbonylation may be followed by insertion, giving, ultimately, a

y-ketoester (reaction (39)) [1364].

" 0 RS
RS R4 3
— + //—<< co 5 7 R4 (37)
R? I RsSn s [PACT2(PPhs)z] |
R'” R2
o)
OTf
/\ CO/LiC1/55 oC
+ MesSn
: [Pd(PPhs )« 1/tht I (38)

Me3 C Mes C

o]
CF3
R!
i
Rz
669
0
1
| Pd(0)/CO/MeOH CooMe
— (39)
R N R
670

A few carbonylations of other types of halides have been reported. Ally!
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halides have been converted to the corresponding acids in the presence of
CO/[N1(C0) 41/NaOH/H.0/CeHg/[R(NIX [1365], and allyl phosphonates such as
CH3CH,CH,CH=CHCH,0P(=0) (OEt), reacted with CO/Et,NH/[PA(PPhy),]1/[BuNIC1 to
give a mixture of CH3CH,CH,CH=CHCH,CONEt, and CH3CH,CH,CH=CHCH,NEt, [1366].
Benzylic halides reacted using [M(LL)X,] (M = Ni or Pd, LL = RyP(CH,),PR,,
Xx £ 3) as the catalyst [1367). Reactions of allyl halides with organotin
compounds 1n the presence of CO and a palladium complex gave mixtures of
products derived from simple coupling, and coupling with carbonyl insertion
[1368,1369]. Carbonylation was also combined with coupling in reaction (40)

[1370].
R

Vi
% + N Ngr 4 co [P(PPhs 4] (40)

The patent Titerature again affords many examples of catalytic
systems for methanol carbonylation. Methyl ethancate was the product
in the presence of PtC1,/Co(OCOMe),/LiI [1371], whilst a mixture of
methy1 ethanoate and ethanoic acid was obtained using
[Ni(CO),(PPhy);1/[MO(CO) 4 (PPhg),] [1372]. Catalyst systems yielding
ethanoic acid as the main product included NiI,/[M{CO)g]l/MeI/LiI (M = Cr,
Mo or W) [1373] and Pd(OCOMe),/NiC1,/Mel/LiI/N-methylpyrrolidone [1374].
Ethanol was obtained using N1C1,/[Co,(CO)g]/BusP with [1375) or without PhyN
[1376), or PdC1,/[Co,(CO)gl/BusP [1377). There has been a thorough
investigation of the reaction in the presence of c¢1s-[Pt(C0),(PEtg),], which
gives methyl! methanoate and dimethyl oxalate [1378]. Under oxidative
conditions methanol d1s carbonylated to give mixtures of dimethyl carbonate
and dimethyl oxalate; catalysts have 1included PdI,/Cu(OCOMe), [1379],
[{PdC1(CO)},1/LiC1/benzoquinone [1380) or PdX,/CuCl,/NagH,MogV.04o [1381].
Oxalate syntheses in the presence of palladium(0) complexes have been reviewed
[1382].

An interesting carbonylation of ROH (R = alkyl, cycloalkyl or arylalkyl)
to give ROCOOR has been reported to occur 1in the presence of
K2[PdC1,]/CuBr/K[OCOMe] {1383]. Dibutyl carbonate was obtained with excellent
selectivity from BuONO and BuOH when treated with CO/0, in the presence of
PdC1, [1384]. Reaction of 671 with CO, HC1 and 2-propanol in the presence of
[PdC1,(PPh3),] gave 672 [1385]. Reaction of allylic carbonates with CO in the
presence of Pd(OCOMe),/PPh; gave B,»-unsaturated esters, in an effective
carbonylation of allylic alcohols. The reaction mechanism involves a palladium
allyl complex, and allylic transposition was important in many cases
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{1386,1387].

% %

OH COOCHMe:z
671 672

The patent 1iterature also funishes a number of examples of the catalysed
carbonylation of methyl ethanoate. Ethanal was the product of the reaction
with CO/H, 1in the presence of PdCl,/RhC14/K[OCOMe]/Mel/active C [1388]), and a
mixture of ethanal and ethanoic acid when the active carbon was omitted
[1389]. The commonest product was ethanoic anhydride, formed in the presence
of [N1i(acac),]/butyrolactone/N-methylimidazolium iodide {13901,
{N1(acac),]/Mel/butyrolactone/PhoPNEt, [1391], Ni1C1,/MeI/PhyP0/[Bu,N]I [1392],
N{1I,/[M(CO)gl/L1I/MeI/CH5COOH (M= Cr, W or Mo) [1393,1394],
[Ni(acac),1/[VO(OCHMe,)53]1/MeI/[BugMeP]I  [1395] or PdC1, [1396]. Either
methyl ethanoate or dimethyl ether were converted to ethanoic
anhydride 1n the presence of [Ni(acac),]/Mel/PPhy/¥-valerolactone [1397],
[N1(€0),]1/MeI/CH,CO0H/butyrolactone [1398), [Ni1(€0),1/(T1(0Bu,)]/[BusMeP]I/Mel
[1399] or [Ni(acac),]/Mel/butyrolactone/[RyN]X [1400]. Using
[Ni(acac),]/Mel/EtaN/butyrolatone as the catalyst system, one patent reports
that both ethanoic anhydride and ethanoic acid were obtained [1401], and with
PdC1,/VC13/Mel/[BusMeP]C1, traces of CH3CH(OCOMe), were also formed [1402].
The acetal type product could be made the major one in the presence of
Pd(0COMe),/RhC15/BusP/Mel [1403]. A rather curious patent reports the
conversion of MesCOOCMe; to  Me,;COOCCOOCMe; in  the  presence  of
[Pd(acac),1/CuCl/py/Me,CO [1404].

Carbonylation of ArNH, under oxidative conditions and in the presence of
an alcohol, ROH, gave ArNHCOOR when PdC1,/CuCl, was used as catalyst. The
reaction could be carried out under unusually mild conditions, at room
temperature and atmospheric pressure [1405]. Palladium black could also be
used as a catalyst for this reaction, with {RNHCOPd} invoked as a surface
bound intermediate [1406].

Carbonylation of aromatic nitro compounds to ylield {isocyanates has again
been widely reported. Catalyst systems have included [BuyN1{PdC1;(CO)}/VC1,
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[1407] and [BuyN],[Pd,C1,(C0),]1/v0C1, {1408], with the reaction rate
increasing for nitroarenes bearing electron donating groups in the 4-position
[1409]. Other catalysts giving mainly isocyanates were PdC1,/Fe(III)/py
[1410], [BuyN]>[Pd;Clg] [1411], [PdC1,(py),] [1412] and {PdC1,(isoquinotine),]
[1413]1. Using [Pt,5(C0)30]2~ as the catalyst gave a mixture of ArNCO, ArNH,
and (ArNH),CO [1414], whereas mainly amines were obtained in the presence of
{PtC1,L,] (L = PhCN or PPhy) [1415). Urethanes were the main product using
PdC1,/py/V,05/ELtOH [1416] or Pd/C, and in the latter case both selectivity and
conversion were greatly improved by addition of 2,4,6-trimethyl benzoic acid
[1417]. Reaction of 2,4-dinitrotoluene with CO/EtOH in the presence of
[PtC1,(PPhy),]1/FeCl,/Et ;N  gave the  bis(NHCOOEt)  derivative  [1418].
Carbonylation of PhNO, in the presence of [PtC1,(PPh,),]1/SnC1,/R'COOH gave
mainly PhNHCOR’. Possible mechanisms were proposed which involved either the
arylamine or any aryl isocyanate reaction with the carboxylic acid [1419].

The reaction of nitroarenes and anilines with CO in the presence of
[PtC1,(PPh3)1/SnCT/Et,N yielded ArNHCONHAr, but attempts to make mixed urea
derivatives by this method were not very successful, leading to a complex
mixture of products [1420]). Carbonylation of ArNO, in the presence of
PdC1,/NaX/FeX,/MeOH gave ArNHCOOMe as the final product. The intermediacy of
ArN(0)=NAr and ArN=NAr was said to be established on the basis ‘that the same
final product was obtained from azobenzene and azoxybenzene [1421]. However,
other workers considered that azobenzene is not an intermediate, preferring a
mechanism {involving metal nitrene complexes [1422]. Azo- and azoxy benzene
were among the products formed from carbonylation of PhNO [1423]. Some
evidence for palladium(I) intermediates in the reaction was obtained from PES
measurements [1424].

There have been a few reports of the carbonylation of organomercury
compounds. Reaction of RHgX with CO and R’OH gave RCOOR’ in the
presence of [PdCl,l,] (R = Ar, R’OH = H0) or [PdL,] (R, R’ = alkyl)
[1425]. Similarly, 673 was converted to 674 using CO/MeOH in the presence of
Lio[PdC1,] [1426]. Under oxidative conditions, 1in the presence of a
Pd(0COMe) ,/Hg(0OCOMe ) ,/Na[OCOMe], PhHgOCOMe was converted to a mixture of
PhCOOCOPh and PhCOOR. Yields were excellent and conditions mild [1427]. An
attempt was made to achieve a cross-coupling of PhpHg and Arl in the presence
of [PdI(Ph)(PPh,),]/I~, but the main product was Ph,CO. Substantial amounts of
PhAr and PhPh were also obtained, and the yield of PhCOAr was low [1428].

vVarious other carbonylation reactions have been noted. Reaction of
methanal with co and CH3(CH,) ,ONO in the presence of
[PABr,(PPh3),1/SnC1,/[BuyNICT  gave mainly CH,{COO(CH,),}> [1429]. When
4-hydroxybenzaldehyde was treated with CO/HC1/EtOH 1in the presence of
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[PdC1,(PPhy).] the main product was reported to be ethyl 4-hydroxybenzoate,
but there was no indication of the course of the reaction [1430]. Patents
reported the reaction of diketene with CO and MeONO in the presence of
PdC1,/CuCl, to give Me0,CCH,COCH,COOMa [1431,1432].

OSiRs OSiRs
HgCl COOMe

MeCO2 MeCO2
673 674

The substituted alkyne R!R2C(OH)CmCH reacted with CO/MeOH/PdC1,/CuCl, to
give RR2C(OH)CeCCOOMe [1433). Reaction of 1-alkynes with CO (20 atm), and
organic halides, RX, in the presence of [PdC1,(PP)] (PP = phosphine 1igand(s))
gave ketones RCOCeCR’. Yields varied widely with the nature of PP, and were
best using the dppf complex [1434]. The «,w-diyne, 675 (X = NH, R = Me, or
X = CH,, R = H) reacted with CO in the presence of palladium(0) to give the
dienone, 678, which was not isolated, but could be characterised as its Diels
Alder dimerisation product [14356]. In the presence of [NiBro(Et,NH),]
butadiene reacted with CO/Et,NH to give CH,=CH-CH=CH-CONEt.in modest yields. A
mechanism involving a m-allyl nickel complex was proposed [1436]. Reductive
carbonylation of [ArN,][BF,] with CO/Et,SiH in the presence of Pd(OCOMe). gave
ArCHO together with a small amount of ArH. The reaction mechanism proposed is
related to that for the carbonylation of aryl halides to aldehydes, but the
reaction conditions needed are much milder {1437].

5 S
>R_;>=

R R R

675 676

Copolymerisation of ethenes and CO was accomplished in the presence of
Pd(0COMe},/dppp/TsOH/MeOH [1438]. Dialkyl ketones have been prepared from
1-alkenes, CO and H,, with excellent selectivity under mild conditions, using
[PdL X,]/CF5CO0H as the catalyst., A detailed reaction mechanism was proposed
[1439]. Cleavage of a phosphorus-carbon bond in PPh, to give PhCOOH occurred
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using CO/NO in the presence of PdCl,. Some PhCOPh and anthrogquinone were also
obtained [1440). Reaction of 667 with €O, H, and [Co,(C0)g)/[PdC1,(PPhy),]
gave 878 (R, Rl = Me, R?, R3 = H) with good yield [1441].

RZ RZ  NHCOR
R1 /V\OH R MCOOH
R3 R
677 678

The catalytic fixation of CO, by metal complexes has been reviewed [1442].
In the presence of Pd(0COMe),, ArH was carboxylated to ArCOOH in low yield,
and with modest regioselectivity. Addition of MesCOOH increased the yield, and
substituent effects indicated that the reaction had the character of an
electrophilic substitution ([1443). The reaction has also been reported to
occur in the presence of Pd(NO3)./CCl, [1444], and the yield may be increased
by the addition of Fe(NOy), [1445].

Carboxylation of aryl halides, bearing either electron acceptors or
moderate electron donors, has been accomplished in an electrochemical reaction
in the presence of [NiBr,L,], but conversions were low [1446]. Reaction of
2-bromopropene with C0,/MeOH 1n the presence of [PdC1,(PPh3),]1/BusN yielded
methyl 2-methylpropenoate [1447],

Carboxylation of butadiene in the presence of [Pd(acac);)/P(CHMe;), gave
mainly 679, which was isomerised thermally in the presence of the palladium
catalyst to 680 [1448]. Reactions of other dienes were also investigated
[1449). Using [Ni(bipy)(cod)] as the catalyst, and oxidative conditions, 681
was converted to 682 [1450].

o 0
A
679 680
R2
R1 R! R3
7
RCH:C/
C=CHR?
R2 R 0

681 682
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The reactions of CO, with alkynes in the presence of nickel! catalysts have
been reviewed (1451). The apparent insertion of CO, into the epoxide 683 to
give 684, catalysed by [Pd(PPhy),)/PPh;, involved the intermediacy of the
allyl derivatives 685 and 686 [1452]. Methylenecyclopropane was carboxylated
to 687 in the presence of [Pd{n3-C3Hg){(Cp)1/PPh, [1453].

Y

683 684
4?\/\0
' —
AVAN L2 Pd*
] o AN
+pdLz o Yo 0" "o
685 688 687

13.4 Hydrosilylation and Related Reactions

Organochlorosilane chemistry, including hydrosilylation, has been reviewed
[1454). Heterogenised platinum catalysts for hydrosilylation have been
discussed [1455), as has the use of other platinum or rhodium complexes as
catalysts [1456). A report refers to hydrosilylation with homogeneous and
heterogeneous silicon ion (sic) complexes of platinum [1457].

There have been a number of reports of the hydrosilylation of 1-alkenes in
the presence of H,[PtClg] [1458-1460], including a kinetic study [1461]. There
have been several reports of such hydrosilylations of »-alkenyl amines and
amides leading to the preparation of chiral stationary phases for hplc
[1462-1465]. Monomers to be used in the preparations of polysiloxanes have
also been synthesised [1466). There have been two reports of the
hydrosilylation of the strained double bond of a bicycloheptene derivative,
using Hy[PtClg) as catalyst [1467,1468].

A mechanism has been proposed for the hydrosilylation of 1-octene by
MeS1HC1, in the presence of [NiC1,(PBuy),] [1469]. A kinetic study of the
reaction revealed that the reaction rate depended on both the steric and the
electronic character of the phosphine 1igand [1470]. N1C1, on silica supported
y-methyldiethyoxysilyl propyl dibutylphosphine oxide has been used as a
hydrosiliylation catalyst [1471].

There has been a range of reports of catalysts for the hydrosilylation of
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phenylethene and its derivatives, including platinum salts on silica [1472) or
an anion exchange resin [1473,1474) for reaction with MeSiHCl,. In a patent
abstract it was stated that reaction of 4-Me;CgqH,CH=CH, with Me,SiCl, in the
presence of [PtC1,(PhCN),] gave 4-Me;CCgH,CH,CH,S1CIMe,, but 1t seems 1likely
that the reagent was HSIMe,Cl1 [1475]. Dihydrofuranyl substituted silanes
reacted with phenylethene in the presence of H,[PtClg] [1476].

The hydrosilylation of alkenyl silanes with HSiR; in the presence of
H,[PtClg] has been studied; variation of either the catalyst or the solvent
may alter the «/B ratio. An alkenyl silane platinum compiex was propsed as an
intermediate [1477). With R3;S1CH=CH, and R’;SiH there was also some exchange
between the R and R’ groups [1478]. Reactions in the presence of a range of
palladium(II) or palladium(0) complexes gave mainly R53SiCH,CH,SiR’'3, except
when both R and R’ = C1 [1479].

Reaction of CF,CH=CH, with MeSiHC1, in the presence of [PdC1;(PhCN);31/PPhy
gave CF3CH(CH3)SiMeCl, as the sole product, this being a potent new monomer
for production of fluorosilicones. Reaction under photolytic conditions or in
the presnce of H,[PtFg] gave exclusively the BA-product. Treatment with
trichlorosilane gave the B-product under all condittions  [1480].
Hydrosilylation of 688 with HSiCl, in the presence of Hy[PtClg] gave only 689
[1481].

1384
ClasSi o
o 08iCls
COCF3 ‘f
CF3
688 689

Hydrosilylation of 3-amino-1-propene by (Et0)3SiH in the presence of
Ho[PtC1g] gave (Et0),S1(CHz)aNH, [1482]. With RR'NCH,CH=CH, and HSiXoY,
however, regiochemistry was strongly dependent on the nature of the
substituents [1483]. A 1linear product was formed from MeaSiNHCH,CH=CH, and
HMeS1i(0SiMes), [1484]. Hydrosilylation of the allyl ether, PhOCH,CH=CH,, with
HSiCly 1in the presence of H,[PtClg]l gave exclusively PhO(CH,),SiC15 [1485).
Linear products were also obtained from MezS10CH,CH=CH, and HSiMe,Ph using
H,[PtC1g] on idon exchange resin [1486], and CH,=CHCH,O0COC(CHz)=CH, and
HSiMe,C1 in the presence of [PtCl1,(EtpS),] [1487].

The reaction of 3-chloro-1-propene with 2-dichlorohydrosilyithiophene in
the presence of H,[PtClg] gave propene and 2-trichlorosilylthiophene as well



661

as the normal hydrosilylation products [1488]. Reaction of 3-chloro-1-propene
with trichlorosilane in the presence of a polysiloxane supported platinum
catalyst gave C1(CH,)43SiCly with 77 % selectivity [1489].

There have been further studies of the regiochemistry of 1-alkyne
hydrosilylation in the presence of platinum or palladium complexes [1490].
Using H,[PtClg]l as the catalyst, 1-octyne reacted with R;SiH to give
E-R3SiCH=CHCgHy5 as the major product, together with a small amount of the
Z-isomer, and o-addition product [1491]. Using H,{PtClg]l/I, as the catalyst
system, however, the major product was RCsCSiR’;, with 1ittle competing
hydrosilylation [1492]. Mixtures of substitution and addition products were
obtained with H.[PtClgl/LiI [1493]. Addition of either Et,SiH or EtSiCl,H to
1-alkynes, RCaCH, in the presence of platinum(II) salts gave E-addition
products stereospecifically, with the regiochemistry of the reaction dependent
on R [1494]. Additions to AdCsCH (Ad = adamantyl), using H,[PtClg] as
catalyst, gave only E-B-products [1495].

Hydrosilylation of phenylethyne may give mixtures of both possible
regioisomeric products. It was shown that [PtC1,(1,2,4-triazole),]} had very
high catalytic activity for the reaction, but the the regiochemistry of the
reaction was dependent primarily on the nature of the added silane [1496]. The
regiochemistries of the reactions of a wide range of 1-alkyne substrates were
tested [1497].

Hydrosilylation of HC=CCMe,OH with PhMeSiH, in the presence of H.[PtClg]

gave a mixture of PhMeHS i0CMe ,C=CH, PhMeSi (CH=CHCMe,0H) » and
PhMeHSiCH=CHCMe,OH, the last product predominating [1498,1499}. With
HCaCCMe (Bu)OH and PhMeS1iH,, the major product was similarly

PhMeHSiCH=CHCMe(Bu)OH. In neither case was the product stereochemistry
specified, but it may be assumed that E-products predominate [1500].

Hydrosilylation of Me,0CCH,CH,OCH,C=CH occurred with RR’SiH, in the
presence of H,[PtClgl, giving (Me0,CCH,CH.OCH,CH=CH),S1iRR’ [1501,1502]. Both
double and single hydrosilylation were reported for the related reaction of
HC=CCH,0COMe [1503]. The products of both «- and B-addition were observed for
the reaction of HCeCCH,C1 with R3SiH [1504].

Reaction of Me,SiCaC-C=CSiMes with R3SiH in the presence of a platinum
complex gave a mixture of 690 and 691, with 690 being slowly converted to 691
under the reaction conditions. Using [Pt(PPh;),] or H,[PtClg] as the catalyst,
the main product was 690, but the outcome of the reaction was also dependant
on the nature of the phosphine [1505]. The enyne, 692 (R = COOMe), reacted
with BuMeSiH, in the presence of H,[PtClg] to give mainly 693, though no
stereochemistry was specified [1506,1507].
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There has been a kinetic study of the platinum catalysed hydrosilylation
of PhC=CCRR’OH with Pr;SiH [1508). Addition of hydrosilanes or hydrogermanes
to Me;S10CH,CaCCH,0S1Me; was also noted [1509). Reaction of CICH,CsCCH.,C1 with
HSiCl; in the presence of H,[PtClg] gave 694 in near quantitative yield
[1510]. Reaction of Et,SiH with Me,Si1CaCCOR gave a 5:1 mixture of 695 and 696
[1511].

SiCls
Ak Mes 31\_<COR Mes 51>_/con
SiEts EtsSi
c1
694 695 696

Enantioselective hydrosilylation of ArCH=CH-CH=CH, with HSiCl; in the
presence of [PdC1.{(R)-(S)-PPFA)] gave, after work-up and reaction with MelLi,
a mixture of 1,4~ and 1,2-addition products, 697 and 698 with respectively
29 % and 55 % enantiomer excess. A mechanism invoving a m-allyl intermediate
was proposed [1512].

. H Ar
SiMes MeaS1\(\/

697 698

N
I £5°9
3

There have been many reports of the use of hydrosilylation and related
reactions in polymer preparation and curing. Polysiloxane graft copolymers
have been prepared by reaction of polysiloxanes with allyl derivatives in the
presence of H,[PtClg] [1513-15156}. Reactions between vinyl terminated
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siloxanes and Si-H terminated siloxanes have been noted [1516-1519], and the
kinetics of the hydrosilylation of oligomeric butadiene rubber have been
investigated [1520]. Vvarjous other processes have been more or less clearly
reported in the patent literature [1521-1530].

Enantioselective hydrosilylation of ketones has been studied in the
presence of K[Pt(C;H,)C1;] with an added ligand such as 699; most of the
reported enantiomer excesses were modest [1531]. Hydrosilylation of the oxime,
700, gave a mixture of 701, 702 and 703, with 703 as the major product, though
cverall yields were low [1532]. Hydrosilylation of enones by Ph,SiH, in the
presence of [Pd(PPhy),] required the addition of ZnC1, for success, giving the
saturated carbonyl compound in good yield. With Ph,SiD, deuterium labelling
was exclusively B to the carbonyl, whilst the use of D,0 1in the work-up
resulted in a-labelling [1633].

ol N
Me® A\Ph OH

699 700

=
o

NH2 NH2
701 702 ‘ 703

Addition of Rj;GeH to t1-alkynes has been accomplished in the presence of
Ha[PtClgl, the major product being E-RCH=CHGeR;, but the outcome being
somewhat dependent on the nature of R. When [PtC1,(PPhy),] was used as the
catalyst considerable, and unexplained, isomerisation to the Z-addition
product was noted [1534). Hydrogermylation of isoprene with HGeEt,Br has been
studied in the presence of [Ni(acac),])/PPh,. 1,4-Addition gave 704 as the main
product [1535]. With butadiene and Et,GeH, the main products were
Z-CH53CH=CHCH,GeHEt, and 705, from 1,4-cis-addition [1536]. Hydrogermylation of
methyl propencate by AdGeMe,H in the presence of H,[PtClg] gave exclusively
AdGeMe,CH,CH,COOMe [1537].
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Silylcyanation of ArC=CH with MesSiCN in the presence of PdC1./py gave 706
with high regio and stereoselectivity. The reaction was compatible with
acetals, ethers, chlorides and fluorides, but aryl bromides were substituted
by cyanide under the reaction conditions [1538). Reaction of MeySiCN with 707
in the presence of Pd(0COMe), gave a mixture of 708 and 709, the ratio
depending on the nature of Ry and R [1539].

Re R
Ar Y\/
NG SiMes
Me/
706 707
Re
Re CN R - R
\V\/ MeNH
NHMe CN
708 709

Reaction of the disilane, 710, with RCaCH in the presence of
[PdC1,(PPhg);] gave 711. With butadiene the products were
disilacyclooligomers, and with propadiene, 712 was formed [1540]. The
palladium catalysed reaction of disilanes Mes. X SiSiX;Mes-, with dienes
CH,=CH-C(R)=CH; (R = H or Me) has been studied, and shown to give 713 as the
main product. The product for which n = 0 and R = H was converted to muscone
in a short synthesis [1541].

\si}/R
“S?“l"" AN
710 711
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Reaction of an allyl ethanocate, 714, with Me;SiSiMe; in the presence of a
palladium(0) complex gave a mixture of 715 and 716, the product ratios
depending on the exact nature of the catalyst and the substituents [1542].
Substitution of 717 to give an acyl silane was accomplished using Me,;SiSiMe,y
in the presence of [{Pd(n®-C4Hg)C1,]/P(OEt),. By products included R,CO and
RCOCOR [1543].

R2 R2
R1 \A/OCOW R1 \A/SiMes
714 715

R2 7
R'WSiMea %" “cocl
718 7

Silylstannation of RCeCH with Me;SiSnMe; was stereospecific and generally
regiospecific in the presence of [Pd(PPhy),], giving 718. However, for the
substrate with R = COOMe, egual amounts of the regioisomers 718 and 719 were
obtained. Reaction with 3-methyl-1,2-butadiene gave a 1:1 mixture of 720 and
721 [1544). The reaction of Me,;SnSiMe,CMe; with RCmCH in the presence of
[Pd(PPhy),] gave only T22 [1545]. The distannation of 1-alkynes has been known
for some time to give 2-1,2-d{stannaalkenes. However, when propyne reacted
with MegSn,, the major product was 723, thought to be formed via an allene.
The reactions of allenes were studied 1in some detail; both kinetic and
thermodynamic products could be obtained under appropriate conditions, and the
intermediacy of a palladium allyl complex was proposed [1546]. Reaction of
MegSn, with ArcoCl1 resulted mainly in the formation of Ar,CO, when the
catalyst was [PdI(Ph)(PPhy),], but gave more of ArCOCOAr with
[PAI(Ph){P(OEt)3}.]. A mechanism was proposed for the reaction [1547]
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Reaction of RCmCH with PhMe,S1ZnR’,Li in the presence of [Pd(PPhj),] gave
a mixture of E~RCH=CHSiMe,Ph and RC(SiMe,Ph)=CH,. The regioselectivity was
inferior to that in the reaction catalysed by CuCN [1548]. Reaction of RC=CH
with (BuzSn),Zn gave a mixture of E-RCH=CHSnBu, and RC(SnBuz)=CH,. For R = Ph,
and using [PdC1,(PPh3),) as catalyst, E-RCH=CHSnBu, was the main product, but
for R = CyjoH»y using [Pd(PPh3),], RC(SnBuz)=CH, was formed with »>95 %
selectivity [1549,1550]. Cyclonona-1,2-diene reacted with (PhMe,Si),M (M = Zn
or AlEt,) in the presence of [PdC1,(PR3)>] (R = Bu or 2-MeCgH,) to give a
mixture of 724 and 725, the ratio between the products depending on R and M
[1551].

SiMez Ph SiMezPh

724 725

Trichlorosilane reacted with R,SiR’, in the presence of H,[PtClgl to give
RS1HC1, and RR’,S{C1. Methyl groups migrated most easily, and selectivity was
generally good [1552]. Reaction of RSiH; with cis-cyclohexane-1,3,56-triol in
the presence of either [PtC1,(PPhy),] or H,[PtClg] gave 726. However,
[RAC1(PPhy),] was a more useful catalyst [1553]. When Et,SiH was reacted with
H.NC(=S)NHR 1in the presence of H,[PtClg], the product was Et;SINHC(=S)NHR,
which decomposed to give Et,SINCS and RNH, [1554]. The allylic Grignard
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reagent, 727, reacted with R,SiH using [NiC1,(dppf)] as the catalyst to give
728 as the main product. Minor products were the Z-isomer and CH,=CHCH(Me)SiR,
[1555].

R
o// (o)
He\\ﬁf\VﬁNQBr Me\véﬁ\ufSiRs
726 727 728

13.5 Other Additions to Carbon-Carbon Multiple Bonds

The mechanism of hydrocyanation of alkenes in the presence of nickel
complexes as catalysts has been 1investigated in detail. There are two
catalytic loops, one involving the addition of HCN to [N1(C,H,)L.], and the
other ethene addition to [N1(CN)(H)L,]. Steric crowding leads to a
preponderance of 1linear products, but 91 X branched products were obtained
from phenylethene, due to the intermediacy of a m-benzyl nickel complex.
Addition of Lewis acids accelerates carbon-carbon bond formation, destabilises
branched alkyl intermediates relative to linear ones, and increases catalyst
lifetime [1556). Hydrocyanation of PhCeCSiMe; 1in the presence of
[N1{P(OPh)3},] gave mainly 729, but more of the other regioisomer was obtained
when the substituents at silicon were larger [1557].

Mes Si Ph

=

NC H
729

Addition of DCN to cyclohexa-1,3-diene in the presence of [Ni{(P(OPh)j}.]
gave both 730 and 731, in comparable amounts, thus establishing the
intermediacy of a mw-aliyl intermediate in the reaction pathway. It was
proposed that cis-addition of [Ni(CN)(D)L,] gave 732, with cyanide then being
transferred from the metal to either end of the allyl unit [1558]. Addition of
DCN and HY3CN to pentenenitiles in the presence of [Ni{P(OCgH -4-X)3}4]1/Lewis
acid has been studied. H/D exchange occurred via orthometallation when
X = MeO, but not when X = Me. It was shown that CH3CH(CN)CH,CH,CN was derived
mainly from 4-pentene nitrile and CH;CH,CH(CN)CH,CN from 3-pentene nitrile
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[1559]). Hydrocyanation of RCH=C=CH, using [Ni{P(OPh),},) as catalyst gave a
mixture of products depending on R and the reaction conditions. Competing
oligomerisation and polymerisation lowered the yields [1560].

O D '

NC D CN NC/ \L

730 731 732

Cyclopropanation of 3-methoxyphenylethene by N,CHCOCH,CH,Br in the
presence of a palladium sait gave 733 with a trans:cis ratio of 7:1. The
product was used in a steroid synthesis [1561]). With phenylethene and
N,CHCOOEt 1in the presence of [NiPc] the trans:cis ratio was 2.2:1, and the
yield 97 % [1562]. Reaction of norbornene with diazomethane in the presence of
a range of palladium salts led to efficient cyclopropanation; it was
considered that the active species was metallic palladium formed in situ.
Selectivity was for the least hindered double bond; thus 4-ethenyl cyclohexene
was converted mainly to 734 [1563]. In the presence of [PdC1,(PhCN),}, 735
reacted with Ph,CN, to give 736. Using Rh,(OCOMe),, which does not coordinate
alkenes readily, the main product was 737 [1564]. A range of catalysts was
compared for the reaction of ethyl diazoethanoate with substituted alkenes.
The trans:cis ratio was generally lower for [PdC1,(PhCN),] or Pd(OCOMe),
catalysed reactions than when rhodium or copper complexes were used [1565].
Reaction of norbornene with E-1-bromo-2-phenylethene and R,NH in the presence
of [Pd(PPh;),] gave 738. The reaction mechanism involves oxidative addition of
the haloalkene to palladium(0) followed by norbornene insertion and
cyclisation [1566]. In an analogue of a Simmons Smith reaction, E-dialkyl
butene-1,4-dioates were cyclopropanated by CH,Br, 1in the presence of
nickel(II) and zinc metal. An enantiomer excess of up to 65 % was obtained
using the menthyl esters [1567].

COCH2CH28Br

MeO

733 734
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Addition of water to propadiene in the presence of [Pd(dba),]/PPhy/CO,
gave 739 selectively. The reaction with methanol or ethanol proceeded in the
absence of CO, [1568]. Reaction of butadiene with ROH in the presence of
PdC1,/CuCl, gave 740 and 741 [1569].

\/(/
/ oR
W\OH rRo” \A\ rRo~" “oR

739 740 4

Isoprene was reported to react with Na[OMe]/MeOH in the presence of
[{Pd(n®-C4Hg)C1},]1/PBuy to give 46 % methoxyalkenes, but details were sparse
[1570]. Reaction of alcohols with BnOC(=CH;)CH,F using [PdC1,(cod)] as a
catalyst gave BnOC(OR)(CHy)CH,F. This acetal was rather resistant to
hydrolysis because of the electron withdrawing fluorine, but could be
hydrogenolised to regenerate ROH [1571].

Reaction of butadiene with Pd(OCOMe)./MeCOOH/Mn0O./benzoquinone gave 742,
via a palladium allyl complex. The reaction stereochemistry could be
controlled by the conditions. Transfer of ethanoate from palladium in 743 gave
744. This transfer could be blocked by addition of halide to give 745; then
external attack of ethanoate gave 746. The process was used tu prepare a key
intermediate for a synthesis of cshikimic acid [1572). The reaction also works
readily for acyclic substrates, and 747 was prepared with good selectivity
[1573).
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There has been a careful study by nmr spectrsocopy,

promoted addition of amines to alkenes.
invoked;

0OCOMe

MeOCO
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of the palladium

The 1ntermediates 748-752 were
752 could be isolated at low temperature and was converted to the

addition product by hydrogenation or reaction with hydride [1574].
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Cyclisation of 753 to give the benzofuran was accomplished under an

oxidising atmosphere in the presence of PdC1./CuCl

[1575]. Using the chiral

palladium complex 754 as catalyst, the major product of cyclisation of 755 was

the ethenyl furan 756, but optical

yields were generally low

[15676]. A

mechanism was proposed for the palladium(II) catalysed cyclisation of 757 to

758 [1577].

The regiochemistry of cyclisation of substrates such as 759 and
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760 was analysed in terms of Baldwin’s rules [1578].

X &

COOH
753 754
X X
o] H
155 756
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757 758
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759
= PJ(II), EtsN, [ ]
S_COOH “B-exo dig
R
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The presence of a palladium(II) catalyst facilitates the cyclisation of
761 to 762, but is not essential. 763, however, gave 764 and 765 via palladium
catalysed alkene amination [1579). The cyclisation of 766 to 7¢7 has been
described 1in detail [1580). A five-membered ring was also formed in the
cyclisation of 768 [1581]. Reaction of 769 with [PdC1,(PhCN),] involves
cis-addition to give 770, which may be carbonylated to 771 or undergo
elimination to 772. The chloropalladium intermediate 773 is isolable in the
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trans-series, since there is no facile cis-elimination pathway, and may

undergo carbonylation or hydrogenolysis [1582]. In the reaction of 774, each
of the adjacent nitrogen atoms may be involved in attack on the palladium

coordinated alkyne [1583].

0
o}
Hz N
Hz N y A
N/
NH2 o
o}
761 762
H o} H o
N
/\\/ 4 /\/N
/S
N N I
0 H o
763 764
H (o}
N,
A\
N
o —
765
S0z tol
|
NHSO2 to1l N
Pd(II), Naz[COs]} ~ |
\ benzoquinone, LiCl
767

766



673

m 72
NCOMe
o N\
£
73
RN N S R R. N R
X\NH PA(II) /\Y OX\N
I O S ¢E) ¢ &
o W scH—= R N
i
! 0

774

References p. 767



674

13.6 Isomerisation

The catalytic isomerisation of alkenes by palladium(II) has been studied.
It was concluded that the reaction does not involve oxidative addition or a
Pd(IV) 1intermediate; basic phosphines attenuate activity, which 1s the
opposite effect from the one expected for a mechanism involving Pd(IV).
Alkenyl, o-alkyl and m-allyl complexes were invoked as intermediates [1584].
Isomerisation of 775 in the presence of [PdC1,(PhCN),] gave the conjugated
product {1585], and reaction of 776 gave the endocyclic enone [1586]. The
isomerisation of 3-pentene nitrile by [N1{P(OR)3}4]}/CF380;H was studied. There
is a kinetic preference for the formation of 4-~pentene nitrile, which is
formed and hydrocyanated before any significant amount of the conjugated
isomer 1is produced (see also section 73.5) [1587). In the presence of
PdC1,/CuCl, ci1s, trans-1,5~cyclododecadiene was converted to
cis,cis-1,6-cyclododecadiens [1588). [Pd(SnC1,)4]2~ fixed on AvV-17-8 anion
exchange resin has been shown to catalyse double bond migration in hexene
[1589].

OH

x A

(o]

718 776

There continue to be examples of the removal of allyl protecting groups by
isomerisation and hydrolysis (see also section 173.7). Allyl ethers of
carbohydrates have been isomerised and cleaved 1in the presence of
trans-[PdC1,(NH;),] in excellent yield [1590), and alloxycarbonyl derivatives
of sugars were deprotected 1in the presence of both allyl ethers and
prop-2-enylidene acetals using [Pd(PPh;),] as the catalyst [1591]. Ally]
esters were used as protecting groups in the synthesis of aspartyl peptides,
and could be removed using [Pd(PPhy),] and dimedone or morpholine [1592].
Deallylation of an ester using [Pd(PPhy),1/PPhy/[RCOOINa was used fn a
synthesis of penem derivatives [1693), and a related process in an approach to
the amaryllidacae alkaloids [1594]. Allyl groups have been removed in the
presence of trityl and silyly groups [1595]. Deallylation of allyl phosphonate
esters has besen noted in the presence of [Pd(PPhy),]1 [15961.

various transpositons of allyl esters have been noted (reaction
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(41)) {[1597], and reaction (42) was wused 1in a synthesis of
(2)—x-(methylenecyclopropyl)glycine [1598]. Reaction of 777 with catalytic
[Pd(PPh,),] gave T78 in good yleld. With substrates of the type 779, the major
product, 780 was formed by elimination from a m-allyl palladium complex
{1599]). In the conversion of reaction (43), product formation is supposed to
be driven by the formation of an §,0-chelated nickel complex, but the reaction
mechanism was not proven in detail [1600].

4 OCOR? | OCOR?
R R1
NHBoc r;lHBoc
H MeCOO, 2
dC12 (MeCN)z2] N (42)
7> “coome [PdCle =~ COoOMe
OCOMe
[Pd(PPha )4 ] W}/\
LA LI A Y N
)\/\/}\/ thf/MeOH N Ts
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177 778
OH
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) R R,\/\)k
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779 780
R SR
ge OH 3 " R’ R"
N\/ PdC12 ANANL oy (4D
18 1§ Mes COH L L

The sulphinate/sulphone rearranegment of reaction (44) proceeds with good
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retention of stereochemistry 1in the presence of either [Pd(PPhy),] or
[Pd(dppe),]; the reaction mechanism proposed involves .a m-allyl intermediate
[1601]. The regiochemical outcome of the reaction was studied with a range of
substrates [1602].

_/_{ _O—O S any
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Conversion of 781 to 782 in the presence of Pd(OCOMe),/PPh; was thought to
involve a palladium allyl intermediate [1603].

X
|
OCHz CH —< — CHO
X A

781 782

There has been a review of palladium catalysed Cope and Claisen
rearrangements, and more generally, of 3,3-sigmatropic reactions [1604,1605]).
Rearrangements of 783 have been carefully studied. In the presence of
palladium(I1), 784, the product of a 3,3-sigmatropic reaction is the exclusive
outcome. When the catalyst is palladium(0), a mixture of 784 and 785 is
formed. The palladium(II) catalysed reaction involves an intermediate such as
786, and the observed stereoselection depends on the chair topolgy of the
six-membered ring intermediates. The palladium(0) reaction is not generally
either regio or stereospecific. Deuterium labelling studies indicate a m-allyl
paliadium intermediate, which may be attacked at either end by [0=CH-NPh]~
(1606}. Related reactions include (45) [1607], (46) [1608) and (47) ([1609].
Chirality transfer is generally good [1610].
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In the palladium(II) catalysed reaction of 187, comparable amounts of the
E- and Z-isomers of 788 were formed [1611]. For 789 (X = Me or NMe,) 790 is
the main product, but some of the Z-isomer of the starting material was also
noted. This latter reacts very slowly [1612). In the rearrangement of 791 to
792 and 793, the N(1) alkylated product, 792, generally predominates, but
substitution at the 6-position (R2 ¥ H) reverses this trend [1613]. 794 was
isomerised to 795 in the presence of [PdC1,(MeCN),] [1614].
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A facile synthesis of ¥,S-unsaturated esters (Scheme 19) involves a
palladium catalysed rearrangement in the key step [1815]. The alkoxyallylation
of 796 (Z = electron withdrawing group) was accomplished using the
rearrangement of 797 at 200 ©C in the presence of [Ni(acac),] [1616].

Conversion of 798 to 799 in the presence of Ni(0) involves a sigmatropic
shift, and gives an epimer of the compound produced in the thermal reaction
[1617].

There has been reported the first example of a 3,3-sigmatropic shift of a
1,5-enyne in organophosphorus chemistry (reaction (48)) [1618,1619].
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Scheme 19 Palladium catalysed synthesis of unsaturated esters [1615].
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The rearrangement of quadricyclane to norbornadiene continues to be
investigated. Photolysis in the presence of [PdCl>(nbd)] proceeds with a
quantum yield greater than 102 [1620]. Related reactions were also reported
for substituted quadricyclanes [1621). A kinetic study of the reaction in the
presence of PdCl, suggested a palladium(IV) intermediate such as 800, formed
reversibly [1622]. when [Pd(acac),]/Et;A1/PR; was used as the catalyst system
a complex range of norbornadiene oligomers was also obtained by reaction of
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the first formed product [1623]. The substituted quadricyclane, 801, was
isomerised to the related norbornadiene in the presence of [PdI,(PhySb).],
without damage to the allene unit [1624].

-
Pd(IV)

800 801

In the presence of [N1(CO)>(PPhy),], 802 was converted successively to 803
and 804, the reaction proceeding via the norbornadiene [1625]. The opening of
three-membered rings 1in tri- and tetracyclic species in the presence of
palladium complexes has also been noted [1626,1627].

NMez2

802 803 804

The rearrangement of the vinyl epoxide 805 gave 806, which was used to
prepare a synthon for pentenomycin [1628). The ring opening of 807, catalysed
by [Pd(dba),], gave 808, used as an intermediate in the synthesis of
canthaxanthin [1629]. Ring expansion of the aziridine 809 probably proceeds

via a palladium allyl complex; six-membered rings were similarly obtained from
azetidines [1630].

CHO
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Isomerisation of methyl methanoate to ethanoic acid in the presence of
C0/Mel was catalysed by a range of complexes, including [Pd(acac),]) [1631].
Conversion of ethanal to ethyl ethancate was catalysed by a giant cluster
formulated as {Pdggy(phen)ge}{0COMe} g0 [1632].

The isomerisation of 810, labelled with 170, has been studied in some
detail. Reaction with palladium(II) gave either 811 or 812. The thermodynamic
product, 813, is the minor one, presumably because of the unfavourable steric
interactions in 811 [1633].
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Ring enlargement of 815 to 816 was proposed to involve the mechanism of
Scheme 20 {1634]. Isomerisation of 817 to 818 probably involves a m-allyl
intermediate, and B-elimination of PdH [1635].

PdXLz2
H
+
\ Pd(II) PdXL2 — —
815
XLzPd
I 0 0
— —_—
+ HPdLz X 8186
Scheme 20 Palladium catalysed ring expansion [1634].
R2 R2
NHCHO
R CH=CH —t——r COOEt -
Y/ PPhs COOEL
H
817 818

13.7 Substitution of Allyl Derivatives and Related Reactions

There have been two reviews of syntheses involving palladium allyl
complexes [1636,1637].

Many more examples of substitution reactions of allylic ethanocates have
been reported. Allyl ethanoate itself has been substituted by [Cp]Na in the
presence of [Pd(dba),]/dppe [1638], [TsNH]Na in the presence of [Pd(PPh;),]
[1639], PhZnBr using [Pd(acac),)/PPh, [1640] and MegSn, using [Pd(PPhy),] as
the catalyst [1641]. In a new type of coupling allyl ethanocate reacted with
ArBr and BugSn, in the presence of {PdC1,(dppf)] to give ArCHzCH=CHz. The
mechanism proposed involved two rdles for the palladium complex. The initially
formed m-allyl complex reacted with BugSn, followed by {ArPdBr} to give
{Pd(n®-C4Hg) (Ar)}. This could also be obtained from ArSnBuy and the allyl
complex. Coupling then released the product [1642]. Palladium complexes on
alumina catalysed the reaction of allyl ethanoate with species with pKa’s
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between 5 and 13, without the necessity to preform the carbanions [1643]. The
enolate of 2-methyl cyclopentane-1,3-dione was also a suitable nucleophile
[1644].

Treatment of 819 with Bu,SnOPh in the presence of [Pd(PPhy),] gave a
mixture of 820 and 821. On thermolysis 1in the presence of palladium(0),
elimination yielded 822. Synthetic applications of this reaction in
carbohydrate chemistry were discussed [1645]. Substitution of 823 by [ArSO,]Na
in the presence of [Pd(PPhy),] gave only 824 [1646]. Palladium metal dispersed
on graphite or atumina, with PPh, added, was used as a catalyst for the
substitution of allyl ethanoates, phosphates or cabonates by [PhSO,]Na.
without the added phosphine there was considerable formation of the conjugated
isomers of the type CH4CH=CHSO,Ph. The use of palladium on graphite was
compared with [Pd(PPhy),]; using the heterogeneous catalyst resulted in the
formation of more branched products [1647]. New methodology for the use of
alkoxide nucleophiles has been described [1648].

Br 8r
N\ YA
OCOMe OPh
819 820
Br
8r
N\
OPh ANURAN
821 822
2
SOz Ar
2
0COMe
823 824

Reaction of 825 with 5 molar equivalents of Et,NH in the presence of
[Pd(PPhy),] gave the cis-product, 826, with more than 95 X stereospecificity.
However, with the trans-isomer of the starting material, the stereochemical
results depended strongly on the exact reactjon conditions; the isomerisation
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of the starting material competes with the substitution reaction [1649].
Phthalimide reacted with allyl ethancate, but the conditions needed were
realtively harsh, and yields were low. The best leaving group proved to be an
isourea [1650].

MeCOO OMe EtzN OMe

825 826

Diethyl propanedicate reacted with CH,=CHCMe,OCOMe 1in the presence of
[Pd(PPhy),1/PPh, to give a mixture of the two possible regioisomers, in
unspecified proportions [1651]. Similarly, Na[ROOCCHNO,] reacted smoothly with
CH,=CMeCH,0COMe, or the related carbonate or phenyl ether [1652]. The
2-carbomethoxy c¢yclopentanone enolate, 827, reacted with 828 to give the less
hindered of the two possible regioisomers, which was used in a steroid
synthesis [1653]). Reactions of the stabilised anion formed from 829 also gave
the less hindered regioisomer [1654]. The cyclopentanone enolate, 830, reacted
with a range of allyl ethanoates to give products such as 831, which was
formed with good stereoselection, and was used in a prostaglandin synthesis
[1655,1656]. The use of CH,=CCICH,OCOMe as substrate gave a side chain which
could be readily hydrolysed to -CH,COCH; [1657]. The tin enolate of
4-tert-butylcyclohexanone reacted successfully with Me,;SiCH=CHCH,OCOMe to give
both diastereoisomers of 832 [1658].

70COMe
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In an aim to establish a stereospecific Michael equivalent, 833 was
reacted with a propanedioate ester 1in the presence of [Pd{(dppe),]}. The
reaction was stereospecific, with retention of configuration, in contrast with
the trans-stereochemistry obtained in the Michael reaction of 834 [1659].

OMe CH2 08 i
CH2 0SiRs 20S1Rs

PhS

833 834

There have been two reports of the use of allylic acetals such as 835 as
substrates. With propanedicate nucleophiles, two products were formed, 836 and
837. The intermediate 838 reacted with the stabilised anion at the acetyl
group, to give RCH=CHCHO and CH;COCH(COOR),. The anion formed from the latter
then reacted with the allyl palladium complex in the more usual way to give
the observed products [1660)]. Trost’s group, however, obtained somewhat
different Eesuits. The expected substitution product, 841, was initially
obtained from 839 and 840, but its fate depended on the nature of R. When
R = H, elimination yielded 842, but for R = CH{COOMe,) cyclisation occurred
giving 843 [1661].

o ocom R 7 OCOMe R \ OCOMe
e
4 RN COOR’ 0 COOR’
OCOMe COOR COOR’
835 836 837

The reaction of Et,A18nBu; with RCH=CHCH,OCOMe in the presence of Pd(0)
gave RCH=CHCH,SnBuy, which is a very soft source of the allyl anion, and
proved useful for reaction with allyl and aryl palladium(II) complexes. It was
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shown that substitution occurred with inversion of stereochemistry; the tin
attacks first at palladium and is then transferred to the allyl unit [1662].

Reaction of 844 with MegSn, in the presence of Pd(OCOMe),/PPh, gave 845 via
846 and 847 [1663].

)
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R” SR R
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846 847

substitution of a range of allyl derivatives by Grignard reagents has been
noted in the presence of [MCl,L,] (M = Ni or Pd, L, = dppe, dppf or dppf). The
branched product, ArCH(Me)CH=CH,, was the major regioisomer obtained from
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ArMgBr and either CH;CH=CHCH X or CH;=CHCH(CH4)X (X = 0SiR,, OPh, C1, OTHP or
OH) [1664]). An enantioselective version of the reaction w3s reported in the
presence of [Ni(CHIRAPHOS)C1,) [1665].

Intramolecular reactions may lead to cyclic products. In the reaction of
848 transiar of chirality was 75 %X efficient for R = COMe, but 100 X
effieciant for R = COOMe [1666]. Comp]eté chirality transfer was also achieved
in reaction (49), which was used in the first enantioselective synthesis of
dictyopterene A [1667].

(o]
COOMe COOMe
T\V/A\V/gz Pd2 (dba)s .CHC13
~aH
N/ % /
Am P\
848
PhS02 COOMe PhSO2 COOMe
[Pd(dppe)z], \/\X M<302 Ph
* + Psz COOMe
(49)

There have been several studies of the regiochemistry of the reaction. In
general catalysis by palladium(0) complexes leads to the formation of the less
hindered product, in contrast to tungsten catalysed reactions, for which
regiochemistry 1is dominated by electronic factors. Thus 849 reacts with
Na[CH(COOMe)»] to give mainly 850, and 851 gives mainly 852 [1668]. Both 853
and 854 react with [Pd(PPhy),] to give 855, with substitution occurring at the
terminal position. There 1is apparently no significant migration of the
palladium along the chain [1669). In a more general study, it was shown that
amines, enolates and alkoxides react at the less hindered terminus of an
allyl, but reaction with PhZznCl is selective for the more hindered site, even
when the difference between the two sites is small [1670].
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One mechanistic study has suggested that the Pd(II)/Pd(IV) rather than the
Pd(0)/Pd(II) couple is the important one in catalytic allylation. Addition of
PPhy to 856 resulted in no significant change in the rate of reductive
elimination, 1implying that there 1is 1ittle of any ni-allyl palladium(II)
intermediate. However, addition of CH,=CHCH,X resulted in a substantial rate
increase, and the added allylic substrate is incorporated into the products.
This observation 1is consistent with the intermediacy of a palladium(IV)
complex, formed by oxidative addition of the allylic substrate [1671]. The
mechanism of the coupling of PhZnCl with allyl ethanoate has been studied in
the presence of palladium(0) and chiral phosphines. A m-allyl intermediate was
proposed, and enantiomer excesses were low [1672].

PPhs

R'—(—pd]
gz
856

Trifluoroethanoate was used as the leaving group in reaction (50); neither
ethanoate nor phosphate derivatives gave useful results [1673].
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o] CH(COOMe )2
(50)

K{CH(COOMe)2]1
{Pd(dba)z]/dppe K
o

COCF3

Halides have also been used as leaving groups; reaction (51) shows the
synthesis of a-farnesene [1674] and reaction (52) the preparation of humulene
[1676]. There has been a report of the reaction of [PhTi(OEt)3] with
RCH=CHCH,X (X = C]1 or Br) to give RCH=CHCH,Ph as the major product, together
with a smaller amount of CH,=CHCHRPh. Biphenyl was a substantial by-product
[1676].

J— AlMez N N¢1  [Pd(PPhs )e])
/ * -

[Pd(PPha)e] (52)
N NaOH/CsHs /heat

l Br B(sia)2

Allyl carbonates have also been popular substrates, and a number of simple
substitutions have been reported (reactions (53) [1677] and (54) [1678]).
Tsuji’s group have noted reactions with a very wide range of nucleophiles
[1679]), dncluding trimethylsilyl ketene acetals (reaction (55)) [1680].
Intramolecular reactions have also been successful. 857 reacted with good
Ehira11ty retention in the presence of NaH, since cyclisation was faster than
allyl racemisation, but without added base a racemic product was obtained
[1681].
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N02 /\/0002 E J
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There have been a number of reports of reactions such as (56) [1682]). The
reaction mechanism involves the initial formation of an intermediate such as
858, which 1s readily decarboxylated to an enolate equivalent [1683]. The
enolate may then be protonated [1684-1687], or may react with the palladium
allyl complex to give an «-allylated ketone [1688,1689]. The precise outcome
of the reaction depends on the exact nature of the substrate and the reaction
conditions. Reaction of either 859 or 860 with [PdL,], or RC(OSiMeg)=CHCHR’,
CH»=CHCH,0CO,R® and [PdL,]l, gave an equilbrating mixture of 861 and 862. Three
possible fates were noted for this mixture. pA-Elimination gives 863,
protonation 864, and allylation 865. Addition of mono or bidentate phosphines
promoted allylation, and a "ligand free" environment (MeCN solvent) gave
mainly elimination [1690). The Carroll rearrangement of alkenyl allyl
carbonates proceeds thermally at 170-200 ©C. However, the conversion of 866 or
867 to 868 occurs under very mild conditions in the presence of transition
metal complex «catalysts. [Ni{P(OEt),},] was active in thf at reflux
temperature; the mechanism is probably analogous to that previously reported
for palladium complexes, but was not investigated in detail [1691].
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A number of papers have reported the use of allyl nitro compounds as

substrates. For example, 869 reacted with Na[CH(COOMe),] in the presence of
References p. 767
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{Pd(PPh3),] to give 870 (E:Z = 89:11), the product being used in terpene
synthesis [1692]. Substitution of 871 by Na[SO,Ph] gave a mixture of
regiosiomers, with 872 predominent [1693). Nitroalkenes may be isomerised to
allyl nitro compounds in the presence of base, and then substituted by
Na[SO,Ph] in the presence of [Pd(dppe),] [1694]. Amine nucleophiles alsc gave
successful results [1695].

o /‘\/\AO / Mo
CH(COOMse)2

NO2
869 870

NO2 S0z Ph
A A\

(CHz )n (CHz2 )n
871 872

Reaction of RjA1 with PhSO,CH,CH=CH, in the presence of a catalyst gave
RCH,CH=CH;. Low yields were obtained with either [Ni(acac),] or [Pd(acac),],
copper salts being much better catalysts [1696]. Reaction of 873 with
Na[CH(COOMe),] gave 874, with 83 % stereospecificity, together with 875
[1697].

® Me
4 ﬁ & CH=
Are$<0 Re (MeOzC)zCH»34CH-CHz

873 874

MeCH=CHCHz CH(COOMe )2

875

The influence of Tleaving group on substitution regiochemistry has been
studied for 876 and 877 (Z = OCOMe or S0,CgH.-4-Me). By Jjudicious choice of
catalyst and leaving group almost complete regioselection, for either product,
was accomplished [1698].
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Coupling of CpMgBr with diallyl ether gave a mixture of 878 and 879, in
the presence of [Pd(acac),]/PPhy. Other leaving groups were equally effective
[1699]. With PhSCH=CHCH,OMe and RMgX 1in the presence of [Ni(dppe)Cl1,] the
product was PhSCH=CHCH,R, formed with good regioselectivity. Elaboration of
the product was discussed [1700). Reaction of the enolate of R!COCH,R® with
N, N’ -dicyclohexyl-0-allyl isourea using [Pd(dba),]/chelating phosphine as the
catalyst system, gave a mixture of mono and diallylated products [1701). The
use of RIR2NCO,CH,CH=CH, as a reagent for allylation has also heen considered
[1702]. In reaction (57) the leaving group is an aluminium alkoxide [1703].
Attack on CH>=CHCH(OMe), by alkenyl alanes or organozinc halides in the
presence of [Pd(PPhy)e] was exclusively at the r-position (for example,
reaction (58)). Orthoesters were also useful substrates [1704].

’ VA

878 879
SiRs ' SiRs
= ™Ali-Buz 1) InCl: R (57)
ATMez 2) [PA(PPh3)4] P
7

R1 R?
/ OMe 1) [Pd(PPhs)s] W\
X\A'IRZ AN e , cHO  (58)

2
OMe R

The relative reactivities of organometallics and leaving groups were
studied in the series CH,z=CHCH,X (X = Br, 0COMe, OPh and NEt;) [1705].
Backvall’s group has studied the reactions of compunds such as 880 prepared by
palladium catalysed oxidation of dienes. The halide is preferentially
substituted in a palladium catalysed reaction, and the ethanoate may then be
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eliminated in a further palladium catalysed process to yield a substituted
diene [1706]. Alternatively the ethanoate may be substituted by a second,
different nucleophile [1707]. The diene oxidation may be controlled to give a
diasteromerically pure product such as 881, which may then be substituted in a
stereocontrolled manner. This process has been exploited in a synthesis of the
pheromone of the carpenter bee [1708].

C1 [PhSOz ]Na SO2 Ph
D e 1 e R e
Mecoo/A\v/A\¢/ [Pd(PPh3 )4 ] Mecoo/a\vfﬁ\v/
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OCOMe
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Me Sl
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There have been reported several examples of the use of allylic epoxides
as substrates for substitution. The initial oxidative addition of palladium(0)
generates an alkoxide, which may be used to deprotonated an appropriate
incoming nucleophile (reaction (59)) [1709]. This has been exploited in the
regio and stereoselective introduction of the 15BA-hydroxy group and various
side chains to steroid nuclei {1710), and a synthesis of digitoxigenin [1711].
Reaction with CO, has been studied (reaction (60)); in this case it is
necessary to use a phosphine other than PPh,, since the latter is displaced
from palladium by CO, [1712].

o- HO OPh

Q:iii] [PdLn ] t:il PhOH P/\\ (59)

PdLn 82 %
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| I o
0 + CO2 {Pd{P(OCHMe2 )3 ]n] >o (60)
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There has been continued work on the mechanism of palladium catalysed
enantioselective catalytic allylation. It was shown that m-allyl intermediates
epimerise 10-100 times faster than they are attacked by nucleophiles, so that
nucleophilic attack 1s both turnover 1imiting and the step which determines
enantioselection [1713]. The crystal structure and absolute configuration of
the major diastereoisomer of a CHIRAPHOS complex has been established in an
X-ray diffraction study. In 882 the chelating biphosphine adopts a gauche
‘conformation with a s-configuration, and the phenyl-bearing terminus of the
allyl is forced to adopt the R-configuration [1714].

882a Structure of [Pd{n3-C(CgH5-3,5-Me,),CHCHPh}(S,S-CHIRAPHOS)]1[BF,] showing
the CHIRAPHOS 1igand bonded to palladium. (Reproduced with permission from
[1714])

The reactions of allenyl ethancates and related compounds with
nucleophiles in the presence of palladium complexes may appear to be similar
to those of allyl substrates. Thus 883 1s converted to 884, which may be
cyclised and alkylated in a further palladium catalysed process to give a
mixture of 885 and 886, the regioselectivity being controlled by the nature of
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R [1715]. However, it is not clear that the reaction mechanism is entirely
analogous to that with allyl substrates; in the substitution reaction of 887,
the intermediates 888, 889 and 890 were all considered [1716]. Similar
intermediates were proposed in related reactions where the leaving group was
OR, OCOR or 0SO,R [1717]. Reaction of 891 with an aryl halide in the presence
of palladium(0) yielded an enone, via initial addition of RPdX to the allene
[1718]. Addition of R2PdX to RCH=C=CH, proceeed similarly via addition at
C(2) of the allene. The allyl 892 was reacted with R,NH to give 893, generally
in good yield [1719]. Substitution of the propargyl halide 894 gave the allene
895, though probably not via a palladium m-allyl intermediate [1720,1721].
Reaction of HC=CCH,0COOMe with a range of nucleophiles in the presence of
[Pd»(dba);]/dppe gave species of the type 896. Thus with dimethyl
propanedioate a mixture of 897 and 898 was obtained, with 897 being isomerised
to 898 on heating. A complete reaction mechanism was proposed, invoking both
o- and m-bonded palladium intermediates [1722].

882b Structure of [Pd{na—C(CsHa—S,5-Me2)ZCHCHPh}(S,S—CHIRAPHOS)][BF4] showing
the n3-allyl ligand bonded to palladium. (Reproduced with permission from
[1714))

=--:\\-—-OCOMe

883
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Cyclopentannulation reactions 1in organic synthesis have been reviewed,
with particular reference to the use of trimethylene methane (TMM) palladium
complexes [1723]. The reaction of the TMM precursor, 899, with 900 in the
presence of Pd(OCOMe),/P(OCHMe,), gave 901, a potential precursor of pentalene
[1724]. The stereoselectivity of the reaction of 899 with 902 was shown to be
strongly solvent dependent [1725]. In the cyclopentannulation of
cyclopentenone with 903, better yields were obtained when the palladium(0)
catalyst was generated 7n sftu. The main by-products arose from isomerisation
and protodesilylation, and the product, 904, was used in a synthesis of
loganin aglucon [1726].
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TMS\/lK/OCOMe é(\/\/
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902 903

Trost’s group have reported the synthesis of a range of TMM complex
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precursors, and a wide-ranging study of their reactions [i727]. It has been
shown that tin compounds such as 905 are also useful precursors of palladium
TMM complexes; the reaction with aldehydes, RCHO, gave 906 [1728].

0
R3 Sn\/\/ocone D\
. N\

805 906

TMM complexes are also derived from the reactions of palladium(0) or
nicke1(0) with methylene cyclopropane complexes. Thus the reaction of 907 with
908 in the presence of [Ni(cod);]/P(0CgH,-2-Ph); gave a mixture of 909, 910
and 911, the amounts of the regioisomers depending on the substituents,
although the reaction mechanism was not proven [1729]. Both TMM complexes and
nickelacycle intermediates were invoked to explain reaction (61) [1730].

R R’
| R"-=— SiMes
907 908
R_ R’ |
| R I r
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R" - . .
R" SiMes SiMles Mes S1 R
909 910 911
| I
é e =y, INi(cod)a]
Me0OC R PPhs Py +
R COOMe R COOMe
MeOOC (61)
+ ' COOMe
R
R

Reaction of either 912 or 913 with Ph,C=C=NPh in the presence of
palladium(0) gave a mixture of 914 and 915, which were readily isomerised to
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the related pyrroles [1731]. Carboxylation of methylenecyclopropane in the
presence of Pd(0) gave a very wide range of oligomeric products, but 916 could
be obtained in up to 80 % yield by careful control of the reaction conditions
[1732]. The more substituted carboxylation product 917, obtained similarly,
could also be used as a convenient precursor of the palladium TMM complex
(reaction (62)) [1733].
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ewg | pd._)>__( . (62)
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Some reactions of alkenyl cyclopropanes have been studied. Thus 918
(Z = electron withdrawing group) reacts with [Pd(PPh;),] to give the anion
919. This may deprotonate a potential nucleophile, CH»ZZ’, which then
substitutes the allyl complex to give 920. Yields depend on the ease of proton
transfer [1734]. Intermediates such as 919 also react with CH,=CHZ’ to give,
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after cyclisation, 921 [1735].
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13.8 Coupling of Organometallics with Halides and Related Reactions

The couplings of a wide range of nucleophiles with aryl, heteroaryl,
vinyl, benzyl and other halides have continued to prove popular in synthesis,
and a number of reviews have been published [1736-1739].

The coupling of Grignard reagents with aryl chlorides in the presence of
[NiC1,(dppe)] allowed the synthesis of 1,3,5-trialkylbenzenes 1in good yields,
with 1itlle contamination by mono and dialkylated species. Under the same
conditions 1,2,3-trichloroarenes yielded djalkylated products [1740]}. The
reactions of a number of dichloroarenes with Grignards in the presence of
[NiC1(triphos)][PFg] has been studied. The major product was the monoalkylated
species, and the regiochemistry in more substituted dihaloarenes depended on
the nature of the Grignard reagent [1741]. The reaction of ethenylmagnesium
bromide with 922 1in the presence of [NiCi,(dmpe)] gave the alkenylated
product, which was hydrocyanated using [Ni{P(OCgH.-4-Me);},) as the catalyst,
to give a naproxen precursor. Ibuprofen was synthesised similarly [1742].

Br

MeO
922
The coupling of the 923 with 9-bromoanthracene has been reported to be

catalysed by [Ni(acac),] [1743], whilst the best catalyst for the reaction of
ArMgBr with 4-Br-2,2-paracyclophane was [NiC1,(PPhy),] [1744]. In the coupling
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of sec-BuMgBr with bromobenzene, catalysts of the type
[Pd(chelating biphosphine)C1,] were surveyed. The succes of [PdC1,(dppf)] was
ascribed to the large PPdP and the small C1PdC] angle, established in an X-ray
diffraction study [1745].

0SiMes

MgBr

923

Reaction of 2-MeCgH, MgBr with 924 in the presence of [NiC1;(PPhy),] gave
925 by the preferential displacement of the halide. However, with 926 as the
substrate, the sulphur containing ring was readily opened, yielding 927. A
range of reactions with benzothiophene as the substrate was also reported
[1746]. The methylthio group was displaced from 928 by MeMgBr in the presence
of [NiCl.(dppe)) [1747], and reactions of a range of aryl, heteroaryl and
alkenyl thiocethers in the presence of [NiC1,(PPhy),] have also been noted
[1748]. Reaction (63} proceeds in the absence of a catalyst, but the yields
are increased in the presence of [NiC1,(PPhy),]. When the methyl group is
replaced with a ‘chiral moiety, chiral biaryls are obtained from the
uncatalysed, but not the catalysed coupling reaction, indicating that these
proceed by different mechanisms [1749].

RO s YR G ad)

SCHMe:> SCHMez2 S
924 925 926
R
l! l!l SMe
s_

927 928
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OMe

{NiC12 (PPh3)2] R

(63)
R 0
MgBr

There have been a number of reports. of the use of sodium or potassium
salts of stabilised carbanions as nucleophiles towards aryl halides.
[Pd(PPh;),) was wused as the catalyst in the reaction of sodio
ethylcyanoethanoate with ary! bromides or iodides [1750], and the potassium
derivative has been reported to react in the presence of [PdC1,(PPhj).],
giving ArCH(CN)COOR in moderate to excellent ytelds [1751]. Na[CH(CN).)
reacted with ArX in the presence of [Pd(PPhj),] or [PdC1,(PPhj),] [1752]. With
1,4-diiodobenzene double substitution occurred, but with 1,4~-dibromobenzene,
the initially formed 4-Br-CgH,CH(CN), was inert to further reaction [1753].

1,1’-Dilithioferrocene reacted with 1-iodonaphthalene in the
presence of [Pd(PPh;),] to give a reasonable amount of a mono
coupled product. Using [PdC1,(dppf)] as the catalyst, and
1,8-diiodonaphthalene as the substrate, bis alkylation predominated ([1754].
The homocoupliing of 2,10-dibromo-1,6-methano-[10}annulene in the presence of
Zn/[N1C1,(PPhy) 21 /{Et4N]I has been studied; both the symproduct, 929, and its
anti-isomer were formed 1in the ratio 4:3 [1755]. A patent has reported the
enantioselective coupling reaction of the 1ithium enolate of EtCO,CMe; with
930 1in the presence of [NiC1,{Ph,PCH(Ph)CH,PPh,}], 1in the synthesis of
naproxen [1756].

A ok

929 930

The use of organotin nucleophiles continues to prove popular, most
particularly because of their tolerance of a wide range of functional groups.
The field has been reviewed, with the inclusion of a wide range of halide
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types as substrates, as well as consideration of similar reactions in the
presence of CO to give ketones [1757]. Tin nucleophiles used have included
RSnMe;, where R = alkenyl, aryl or alkynyl [1758}, and ArSnBuy [1759). In both
cases a wide range of aryl substrates, bearing either electron donors or
electron withdrawers have been used. With BuzSnCH,CN, aryl groups bearing
strong electron withdrawers in the 4-position proved to be unsatisfactory
substrates {1760].

There have been reports of the reactions of BusSnCH,OR (R = H or Me) with
aryl halides, in the presence of [PdC1,(PPhy),]. Aryl halides bearing either
electron-withdrawing or electron-donating groups in the 4-position proved to
be satisfactory substrates when R = Me [1761], but with R = H poor results
were obtained with substrates bearing strongly electron-withdrawing groups
[1762]. The use of BusSNNEt, or BusSnSPh as  nucleophiles has also been
reported [1763,1764].

Tin encolates have also been used as nucleophiles, in the presence of a
range of palladium derived catalysts; yields were moderate to good
[1765-1767]. Soviet workers have employed RgSn, as nucleophile, in the
presence of allyl palladium halide derived catalysts; good yields were
obtained only with halides bearing strongly electron withdrawing groups
[1768-1770].

Reaction of CF,=CFZnC1 with aryl iodides occurred in the presence of
either (PdL,]} or [PdCIL,Ph] to give CF,=CFAr, though the reaction fails with
some aryl groups which are substituted with strong electron acceptors [1771].
Diarylzinc compounds reacted with aryl halides 1in the presence of
[NiC1,(PPhy)>] as, for example in reaction (64), which was used in a novel
synthesis of B-hydroxy-8-lactone HMGCoA reductase inhibitor [1772].

CN CN
F
F / /
[NiClz (PPhs )2 ]

(64)
)22Zn

The catalyst [Ni(PR3),], generated in situ from [NiCl,L»]}, was used for
the homocoupling of aryl, alkenyl or hetercaryl haildes in the presence of
zinc metal [1773]. Homocoupling of methano-[10]-annulene halides was similarly
accomplished [1774]. In the attempted homocoupling of 931 in the presence of
[NiC1,(PPhy),1/2Zn, 41 % of the homocoupled product was obtained. A significant
by-product was PhAr, derived from aryl transfer from PPhy [1775].
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Br

e

931

The organomercury compound, 932, reacted with a range of aryl iodides in
the presence of [Pd(PPhy),] to give 5-aryl substituted 2’'~deoxyuridines
[1776]. A competition experiment has been undertaken in the reaction of
(4-MeCgHy)3A1 with a mixture of PhCOC1 and 4-MeOCgH,I in the presence of
[PdC1,(MeCN);]). The acyl halide proved to be the more reactive substrate, and
related carbonylation/coupling reactions were also undertaken [1777). A series
of experiments were undertaken to ascertain the relative reactivities of a
range of metal complexes, including derivatives of zinc, cadmium, 1lithium,
magnesium, copper, boron, aluminium, tin and titanium [1778].

o

o)\NI

o]
o]
/u\o

HgC1

OCOMe

932

The preparation of (R1R2NCO),CuLi and its reaction with tiodobenzene in the
presence of [PdC1,(PPh3),]/PPhy/dibal has been shown to yield R*R2NCOPh in
moderate to good yield [1779]. Reaction of 933 with R3X (R® = vinyl, phenyl or
2-pyridyl) in the presence of [Pd(PPhy),] gave 934. The reaction yields were
better in cases in which one equivalent of (Pd(PPhj),] was used to preform
ArPdX [1780). Reaction of 935 with ArlI using [PdI(Ph)(PPhy),] as catalyst
could be accomplished using aryl halides bearing either electron donors or
electron-withdrawing groups, but the reaction rate was much slower with
substrates bearing donor groups [1781].
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R2 R2
R1 CuSMe2 R? R3
P [ Cull-
cF(C0)s cF(CO)s
933 934 935

wWhilst organcboranes are insufficiently nucleophilic to participate
directly in substitution reactions of this type, they may be coverted by base
to the more nucleophilic boronates. Thus 936 reacted with ary! bromides 1n the
presence of Naj{CO5]1/[Pd(PPhy) ]/H,0/PhMe. Benzylic halides were also good
substrates, but alkenyl or allyl halides were unsuitable [1782]. The reaction
was also successful with 2,6~-disubstituted aryl bromides [1783]. Similar
reactions of 937 with aryl halides have been described [1784,1785].

. BEt2
B(OH)2 @
V.

N

(Me2CH)2N 0

936 937

Alkyny! metal derivatives needed for coupling to aryl halides are usually
generated in situ from the alkyne, using Cul/RagN. A wide range of such
reactions have again been described in this period. Coupling of phenyl ethyne
with 1,4-dihaloarenes was used as a mode! for polymer synthesis [1786], and
reaction (65), used in the synthesis of a novel class of leucoiiene
antagonists, demonstrates that the process is compaiible with the presence of
an unprotected aldehyde group [1787]. The rz2actions of HC=CCH,OH with aryl and
alkei; ! halides in the presence of [PdC1.(PPhy),]1/Cul/EtsN, have been studied;
the products, ArC=CCH,OH could be converted to ArC=CH by reaction with
MnO,/KOH [1788-1790]. The complex [PdI(Ph)(PPh3),] could also be used as a
catalyst in this reaction, and for aryl and alkyl substitued alkynes [1791]. A
similar process used HCsCCMe,OH as the substrate. After deprotection of the
initial product, a second alkyne was coupled to give diaryl alkynes [1792].
vollhardt’s group has made use of the reaction 1in the coupling of
1,2,4,5-tetraiodobenzene with Me,C=CH to give 938 [1793,1794]. The
substitution of the chromium chlorobenzene complex, 939, was achieved in the
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presence of [PdC1,L.] or [PdL,] [1795].

CHO
AN ey

CHO
pactz (PPhs 21 Y
Ci1oHz21C=CH + u\v/l\ CoT/Ets N u\v/l\\\ (85)
Y 7
Br N
C1oHz21

Mes Si SiMes
A\ V
NV
V AN l
0
Mes S1 SiMes cr(cel»
938 939

Reaction of a nitrogen nucleophile with an aryl halide may be catalysed by
[Pd(PPhy),]); reaction (66) was used in the synthesis of lavendamycin methyl
ester [1796,1797].

0 0
N_COOMe N_,/COOMe
l |
Y
Hz N [Pd(PPhs )4 ] .
Br dioxan, 100 ¢ " (e6)

Carbon-phosphorus bond formation appears to follow a similar course, but
the mechanism has not been studied in detail. Thus reactions of 940 [1798] and
941 [1799] have been reported by Chinese workers. An intramolecular version of
the reaction has also been noted [1800]. Reaction of 942 with HP(=0)(OEt), 1in
the presence of [Pd(PPhj),) gave 943 in good yield, but pyridines were 1less
satisfactory substrates [1801). Substitution of 944 by R,P was catalysed by
NiBr, to give 945, and a mechanism was proposed for the reaction [1802].
Reactions (67) [1803] and (68) [1804] were reported in the patent literature.
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Ph O
H\P/O \p/
V2N R/ \H
R? OR?
940 941
(o]
Br I E
\ \ P (OEL )
NG 7
N
942 943
+
Br PR3 Br-
N
N 7
Vi 7
N N
944 945
Br O=P(0SiMes )2
. [Ni(CO)2 {P(OSiMes )3}2]
+ P(OSiMes )s 160 °C 89 % » (67)
0
il
Br Ph—P—0OEt
o N
1l :
+ PhP(OEL), MBrz, (68)
V
NMe2 NMe2

The homocoupling of halobenzenes or halopyridines has been reported to
occur electrochemically in the presence of Pd(0) and/or Pd(II); excellent



709

yields of biaryls were obtained except for 2-methoxy and 2-dimethylethyl
substituted compounds. In the latter cases the reduced arene was the main
product [1805]. The well-known coupling of aryl halides by nickel complexes
was used in reaction (69); yields were low, and Mg/CuCl, was a superior
reagent for this purpose [1806]. In the reaction of 746 with 747 in the
presence of [Ni(cod),], the two component have comparable reactivities, and a
complex mixture of homo and hetero coupled products was obtained [1807].

O o O [Ni(PPha)s3] O O

N cl
/N cl

cl

946 947

The reaction of Me;S1CH=CH, with iodoarenes to give ethenyl arenes bears a
superficial resemblance to the other reactions in this section, but is
probably mechanistically distinct. It {s catalysed by a range of Pd(0) and
Pd(I1) complexes [1808].

A similar range of reactions has been described for heterocaryl halides.
Thus 948 was substituted by MeMgBr [1809], and 949 by various RMgBr [1810] in
the presence of [NiCl,L,]. The reaction of 3-MeOCgH,MgBr with 3-bromopyridine
in the presence of [NiC1,(PPhy),] was wused 1in a synthesis of
(-)-3-(3-hydroxyphenyl)-N-propylpiperidine [1811), whilst its reaction with
950 was used in a synthesis of a dopamine receptor agonist [1812]. A double
coupling of 4-MeOCH.CgHMgBr with 951 in the presence of [NiC1,(PPhy),] has
been reported [1813]. A variety of Grignard reagents has also been coupled
with 952 in the presence of [N1C1,(dppp)] [1814].
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SMe
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|
V
N C1 Ar t(AAr’
948 949
OCHz2 Ph
h N [
|
N
V4 Br N/ N/ Br
Br
950 951
SMe
N

X0 0

952

The coupling of furan thioethers with Grignard reagents has been reported
to occur in the presence of [NiCl,(dppp)] [1815]. 3-Bromothiophene and
3,4-dibromothiophene were coupled with various Grignard reagents in the
presence of [NiCl,(dppp)], to give monomers for the preparation of soluble
conducting polythiophenes [1816]. Reactions of 2-halothiophenes have been
directed towards the same ends [1817]. The heterocyclic thioether 953 could be
coupled with RMgX in the presence of either [NiCl,(dppe)l or [PdCi,(dppf)], to
give the 2-substituted oxazole [1818].

Reaction of 954 with Reformatskii reagents was acomplished using either
[Pd(PPhy),] or {PdC1,(PPhy),] as the catalyst. Only iodides gave good yields,
and the reaction seems tc work well only when the halide is at an activated
position of the pyrimidine. When the halide is B~ to nitrogen, some
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homocoupled products, or unreacted starting material are obtained [1819].
Nucleosides substituted at C-5 by a carbocycle or heterocycle were obtained in
low yields by coupling of RZnCl with 955 [1820}. Bipyridines were obtained
from 2-halopyridines and Zn/NiC1,/PPhy/dmf, and all the bipyrimidine isomers
could be similarly prepared [1821].

Ph
953
0
I
HN
| Y /\ |
/A o W
N X t
TMSdR
954 955

Organozinc compounds were coupled with 3-bromothiophene in the presence of
[PdC1>(PPhy).], but yields were generally lower than those with the related
Grignard reagents [1822]. 3-Bromo-2-iodo-5-methylthiophene reacted selectively
with RC=CZnCl1 using Pd(OCOMe),/PPh; as the catalyst system to give 956 [1823].

Br

956

various bithiophene isomers have been synthesised by reactions such as
(70) [1824], and thiophene/pyridine coupling was accomplished in analogous
reactions [1825]. Whilst 957 and 958 could be coupled using copper metal, and
a [PdL,] catalyst, a better yield was obtained from 958 and 3-O,NCgH,B(OH), in
the presence of [PdL,l/base [1826].

Trimethylaluminium has been reacted with 959 1in the presence of
[Pd(PPhy),] to give the methyl substituted compound, and selective
monosubstitution of dichloro derivatives has also been accomplished [1827].
Chloro substituted pyrazine Moxides may also be successfully substituted,
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without reduction of the M-oxide functionality [1828,1829].

(. P [Pd(PPh3 )4 ]
+ ———y
Naz [COs3 ]

Br\T:jfir/COOMe AN
| |

#
N/ Br N NO2

957 958

Rz N CI1
X
|

re” W e
959

The coupling of alkynes with halogenated heterocyles has been widely
reported again, with substrates including 960 [1830], 961 [1831] and 962
[1832]. In the reaction of 963 with HCmCCMe,OH, both mono and bis-substitution
products were obtained [1833]. The product of the reaction of 964 (X = I or
Br) with HCaCSiMe, was used in a synthesis of azabiphenylene [1834].

NH2
N
N
PPN
Y/
N o N N I
R Q§N HO
A AN
Y/
ph” 8 1
1 N Ph OH OH

960 961 962
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N C Y 4
L,

N/ c1 N I

963 964

The reaction of 2,5-dibromothiophene with R2,P(OR'),_, in the presence of
NiCl, gave 965. A reasonable mechanism was suggested, but 1t was not
extensively tested [1835].

-
R2n(R10)2-nP S P(OR1)2-nR2n
I

1l
o o

965

Most of the reactions of alkenyl halides and other alkenyl derivatives are
closely related mechanistically to those of the aryl and heteroaryl compounds;
the same range of organometallics and catalysts may generally be used. Some
examples of simple couplings of Grignard reagents with vinyl halides are shown
in reactions (71) to (73) [1836-1838]. The product of reaction (74) was used
in a study of regiospecific cycloadditions [1839], that of reaction (75) in a
pheromone synthesis [1840] and that of reaction (76) 1in an approach to the
hydrophenanthrene nucleus [1841].

SiMes
PdC12 (dppb
N N
S MgBr Br
SiMes
Ph(CH2 )2 CHCHz Br Ph(CH2 )2 CHCH2 R
\=/ RMgBr i \:/(72)

|
OEt [Pd(PPh3)4l OEt
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SiMe(OEt )z SiMe(OEt)2

Br [PdC12 (dppf)] /)\\/J\\//\\
+ AN\ » (73)
/i\/l\ngX Ph 28 % o

R . R
\Tf + xcHzcwpr LNiCl2(dppp)], \(f (74)
X

MgBr X = H, OMe

R = SiMes or OEt

or CHzSiMes

R! R

Rz& + romgot LPA(PPRa )1, Rz/\ (78)
c1 R3
I
+ MeMgI [Pd;gP:s)ol
THPO OTHP
(76)
THPO OTHP

There have ben a number of studies of the selective reactions of
polyfunctionalised alkenes. For example, 1in 966 the initial substitution
reaction is of the halide, but the thiocether may also be displaced in a
subsequent reaction. Both steps are sterospecific, and the products were used
in pheromone syntheses [1842]. E-1,2-Dichloroethene reacts twice with most
Grignards [1843,1844], but trichloroethene gave only 967 R = hexyl, octyl, Cy
or dimethylcyclohexyl) with 98 % purity [1845]. Reaction of
1,6-d11odocyclohepta—1,3,5-triene with RMgX in the presence of [Pd(PPhy),] or
[NiC1,(dppp)] gave a mixture of mono and bis-substituted products, their ratio
depending on R and the the nature of the catalyst. Li,[CuCl,] proved to be a
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more suitable catalyst [1846].

Br SPh 1) R'MgBr, [PdClz(PPhs)2] R’ R?
N\="  2) R*MgBr, [NiClz(dppe)] ="
966
R\\_<<c1
c
967

Reaction of 968 with Grignard reagents 1in the presence of [Ni(acac),] gave
coupling with retention of stereochemistry, under carefully controlled

conditions [1847].
\ R
MesCSOz/A\T/

R'
968

It has been shown that alkenyl ethers may be substituted by Grignard
reagents in the presence of [NiC1,(PPhy),] (reaction (77)). This has now been
applied to cyclic substrates such as 969; retention of sterochemistry
predominates. Benzofurans such as 970 may also be opened, again with retention
of stereochemistry. The process has been used in the synthesis of the termite
trail pheromone and the Douglas fir beetle aggregation pheromone [1848,1849].
Reaction of furans under these conditions leads to a double substitution,
since the alkenyl ether initially produced reacts a second time with the
Grignard reagent. The Z,Z-product generally predominates (reaction (78))
[1850].

OMe

i PPh
+ MeMgBr [NiCl1z( 3)z] (77)
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[NiC12 (PPh3 )2 ] l.|‘—\—
0 + MeMgBr‘ (Meco)zo (CHZ )BOCOMe

O E:Z = 3:1

969

o]

970
Ph

[NiC12(PPhs)2] A/ (78)

h |] + PhMgBr

0O Ph

There have been further reports of enantioselective coupling of
PhCH(Me)MgX with bromoethene in the presence of nickel(II) complexes of chiral
ligands such as 971 ([1851] and 972 [1852], but 1in neither case were good
optical yields achieved. A wide range of chiral diamines, biphosphines and
aminophosphines were studied by Brunner’s group. The use of the diamines
resulted in poor optical yields, whilst with 973 32 % ee was obtained [1853].
Aminophosphine ligands which also contain a thioether functionality have also
been investigated; the ee was up to 65 ¥ S using 974 [1854).

s,
s,
'/

H s s NMez
0 SCH2 CHa ;
N s H
<><o . SCH2CHs Mez
II’J
971 972

|| |l : CH2 PPh2
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N \¥ —!@ Mez N —‘— H
i
PPh2 Ph CH2 CHz SMe
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Reactions of organozinc compounds with alkenyl halides have also been
noted. The coupling of reaction (79) was used in a pheromone synthesis [17881],
whilst that shown in reaction (80) led to a short synthesis of Tamoxifen
[1856]. Excellent isomeric purity was obtained in reaction (81) [1857].
Alkynyl zinc compounds have also successfully been used as reagents [1858],
The preparation of RgZnX from ReX and zinc metal was accelerated by
ultrasound, and the organometallic could then be coupled with alkenyl or
allylic halides in the presence of palladium complexes [1859]. Homocoupling of
2-bromotropone was achieved 1in good yield using Zn/[NiBré(PPha)zl/[Et4N]I
[1860].

W\/\+ C10Hz12ZnC1 [—'39—5(;—';—%&» Y\/\/\ (79)

I Ci1oH21
94 % Z
OMe OMe
Ph Br Ph
Et Ph Et Ph
ZnC1

= I [Pd(PPh3)4]
——————————
/f_“\anr + THPO/»\\//\\//\V/A\V=// (81)

Organoboron derivatives react readily with alkenyl derivatives in the
presence of a base able to convert them to their ate complexes, as previously
noted for ary! halides. Reaction (82) is a synthesis of bombykol [1861] and
other regio and stereospecific reactions have been reported and reviewed
[1862,1863]. Heteroaryl substituted boranes have also proved to be useful
reagents [1864,1865].
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C3H7 Br

HO(CHz )9 N Na[OEt] \
AN
\‘=\\ [Pd(PPhs )s1 HO(CHz)s//\\/»\j (82)

B(OH)2 CaH?

The coupling of E-RCH=CHAl17-Bu, with E-1,2-dichloroethene gave 975 with
> 99 X isomeric purity in the presence of either [Ni(PPhy)4] or
Pd(OCOMe),/PPhy. The product was further coupled with an alkyne under the
influence of [Pd(PPhy),]/Cul/BusN [1868]. Enol phosphates were substituted by
a range of organoaluminium compounds, wusing [Pd(PPhj),] as the catalyst
[1867].

AV AV

The coupling of alkenyltin compounds with alkenyl triflates has been
catalysed by [Pd(PPhy) ]/LiC1. The 1ithium chloride serves to covert the
initially formed alkenylpalladium triflate to the more easily substituted
chloride. Reaction (83) was used in a short synthesis of Pleraplysillin-1
[1868]. N,N-Dimethylaniline is readily lithiated in the 2-position, and then
reacts with Z-PhCH=CHBr in the presence of PdC1,/PPhs to give 976 [1869].

7 TfO
| | SnBu3+ [Pd(PPhS )‘ ]
(0]
(83)
= NMe:2
Ph

976
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Synthetic applications of the coupling of alkynes with alkenyl derivatives
continue to be reported. Reaction (84) was used in a synthesis of a suicide
inhibitor of serine protease [1870), and reactions (85) and (86) in the
preparation of products of the enzymatic oxidation of arachidonic acid
[1871-1873]. Reaction of HC=sCCH,CH,CO,Et with Z-1,2-dichloroethene in the
presence of [Pd(PPhy),]/Cul/BuNH, gave selectively a mono-coupling product,
which was used in the synthesis of large ring lactone {1874]. A more extensive
study from Vollhardt’s group showed that bis-coupling could also be achieved
using this catalyst system, the major by-product in their reactions being
alkyne dimers and trimers [1875],

R3 R3
o 0
\ o 0 P
I R4 C=CH/Cul,base 7 ., (84)
(Lin R' ~[PdC12(PPhs)2] R* (Y)n R
R2 R2

+ Br\v/p\\//\\//\\v/
— = COOMe

dsiMe2 CMes

= = COOMe
[Pd(PPha )4 0 (85)
Cul, base /

bsiMez CMes

SiMea

Y #
NV AVAVAVE " LPd(pPhu ). (86)
; N\ Cul, base N\,
' 0SiMez CMes

SiMes .
0SiMez2 CMes

Two possible substitutions could be envisaged for the substrate 977, since
it might behave either as an alkenyl bromide or as an allyl ethanoate. Using
either palladium(0) or palladium(II) as the catalyst, and an alkyne as the
nucleophile, only the bromide was substituted, though yields were low. When
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carbonate replaced the ethanoate as the leaving group, the main product was
that of elimination [1876,1877].

OCOMe
Br

977

A number of reactions of allenyl halides have been reported. Reaction of
978 with either Grignard reagents or organoaluminium compounds was catalysed
by [Ni(mesal),], [NiCi,(dppe)] or [NiCl.(dppp)]. With chiral substrates the
reaction proceded with inversion, the degree of stereoselection depending on
the organometallic reagent [1878]). Using Ph,Zn in the presence of [Pd(PPhy),)
the reaction went with 1{nversion for bromides and chlorides, but with
retention for allenyl iodides. The mechanism for the reaction with chlorides
and bromides is shown in Scheme 21; the intermediate 979 was isolated. With
the iodides it was proposed that the reaction involved atom transfer, with the
radical, [PdIIL,] as an intermediate [1879,1880].
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Scheme 21 Mechamism of substitution of allenyl halides by organozinc compounds
in the presence of palladium(0).

Two papers have reported the homocoupling of benzylic halides 1n the
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presence of nickel complexes and zinc metal. ArCH,X, in the presence of
In/[NiBr,>(PPhy),]/[Et4N]1, gave ArCH,CH.Ar in good to excellent yields, with
ArMe as the by-product [1881]. The intramolecular coupling of 980, using
Zn/[Ni(PPhy) 51 /[Et,N]I led to a synthesis of Riccardin B [1882].

A0

o)

ct c1

980

Simple alkyl halides are not generally good susbtrates for the coupling
reaction, as the do not undergo rapid oxidative addition to Pd(0) or Ni(0). It
has been reported that ([Pd(PPhy),] catalyses the coupling of PhYbI with
jodobutane, but yields are poor and a large amount of biphenyl is formed.
Copper complexss were more suitable catalysts for the cross-coupling reaction
[1883]. An exception to the general rule 1is found for o~halocarbonyl
compounds. Thus the o-jodolactone 981 reacted readily with RSnR’; in the
presence of [PdC1,(PPhg),] [1884] Reactions with o-haloketones were found to
be sensitive to steric hindrance ([1885). Homocoupling of ArCOCH,C1 gave
ArCOCH,CH,COAr in moderate to godd yields in the presence of
Zn/[N1C1,(PPhy) 1/ [EL NI [1886],

0
{Y
981

There have been two reports of the use of [PdC1,(PPhy).] as a catalyst for
the coupling of Grignard reagents with iodocarboranes [1887,1888).

In general acyl halides react readily with organometallics without the
need for catalysis. However, there are exceptions, and a number of catalysed
reactions have been reported. Grignard reagents reacted with PhSCOC1 in the
presence of [NiC1,(dppe)] to give RCOSPh, which was coupled with R’MgX in the
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presence of Fe(III), thus effecting an overall synthesis of non-symmetric
ketones in excellent yield [1889].

The reaction of R,Zn with R’COC1 was catalysed by either [PdC1.(dppf)] or
[Pd(CH.Ph)C1(PPhy),] to give ketones in > 90 X yield [1890]. With RZnI as the
nucleophile, [Pd(PPhz)s] was found to be a good «catalyst [1891],
Perfluorocalkenylzinc reagents were coupled with acyl, alkenyl or aryl halides
in the presence of [Pd(PPhs),] [1892].

When EtgSn, was reacted with RCOC1 in the presence of various palladium
complexes, mixtures of products were obtained, including RCOCOR, R,CO and RR,
but not the unsymmetrical ketone [1893]. Non-symmetrical o—-diketones could be
obtained by the reaction of RCOSnBu, with R2COC1 in the presence of
[PAC1,(PPhs),] [1894]. ‘

Non-symmetrical ketones have been prepared in good yields from RzA1 and
R’COC1 1in the presence of [Pd(PPh.),] [1895]. Roaction of PhyHg with PhCOC]
using [PAI(Ph)(PPii3¥>]1/[BusN]1 as the catalyst system gave mainly Ph,CO with
some biphenyl. Non-symmetrical ketones, including some derived from
alkynyImercury compounds, were also prepared [1896].

The reaction of 982 is assumed to proceed by a similar mechanism [1897].

le R2
N NI
k + R®SnRs [PdC12 (PPhs )2]¢ k
R? Cl R1 R3
982

13.9 Oligomerisation, Polymerisation and Telomerisation

The dimerisation of ethene has been reported to occur in the presence of
heterogeneous PdC1, based catalysts ([1898). Using [Ni(cod),]/Cy,PH/TsOH as the
catalyst system, the products contained 97.5 %X butenes, with 98.7 %
selectivity for t1-butene [1899]. Both 1- and 2-butenes were obtained using
nickel naphthenate/Et,A1C1 or nickel complexed tc a polymeric carrier [1900].
Electroreduction of Ni(II) in the presence of PPh, and ethene, in propylene
carbonate, gave a nickel{l) complex able to catalyse dimerisation of ethene to
give mainly E-2-butene, although more 1-butene was observed 1in the early
stages of the reaction [1901].

Ccationic allyl nickel complexes catalyse the oligomerisation of ethene,
gtving mainly 1inear trimers [1902]. In the presence of
N1C1,/MeCONMe,/2-diphenylphosphinophenol/Na[BH,), ethene was converted to 39 %
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C4,C,, alkenes [1903). Addition of the 2-diphenylphosphinophenol ligand to
either allyl or alkene complexes of nickel also gave catalysts for conversion
of ethene to very linear alkene mixtures [1904]. The industrial production and
use of o-alkenes prepared using catalysts such as 983 has been reviewed
[1905]. Impregnation of 983 on silica or alumina gave good catalysts, but
there was some enhancement of double bond migration [1906].

983

The dimerisation and oligomerisation of propene in the presence of
[Ni(hfacac),1/7-BusAl or [Ni(cod),)/hfacac has been studied, and a reaction
mechanism proposed [1907]. Other catalysts for this reaction include
[Pd(acac),]1/R;P/BF5.Et,0 [1908]), and Pd(CN), [1909]. In the presence of
[NiC1(PPhy) (sacsac)]/Et,A1CY, the propene dimerisation products
dimethylbutene, methylpentene and hexene were formed in the ratio
10:74:16 [1910]. when [Ni(acac),] was loaded onto a cross-linked
ethene/propene/dicyclopentadiene synthetic rubber functionalised with
-P(=0)(OR), groups, and treated with EtAICl,, a catalyst for propene
dimerisation was obtained. As the reaction temperature was increased the
yields of 1linear hexenes and 2-methyl-1-pentene increased, whilst that of
4-methyli~1-pentene fell [1911].

Gel-immobilised NiL,.rH,0, activated by water 1loss, and treated with
RAWXa-p, was used as a catalyst for alkene dimerisation. The nature of the
active site was discussed [1912]. Butenes have been dimerised over
nickel octanoate/EtA1C1, activated with H, to give n-octenes and branched
species [1913].

Propene oligomerisation has been shown to occur in the presence of
[Ni(hfacac),]/ #~BuATH, with the activity of the catalyst <increasing with
increasing temperature [1914]. In a study of [Ni(hfacac),] with a range of
additives, catalytic activity was shown to increase with the Lewis acidity of
the added aluminium compound [1915]. NiO prepared by dehydration of nickel
oxide and basic nickel carbonate, supported on a range of surfaces, was
compared with [Ni(Cp)-1/Si0, or homogeneous [Ni(acac),] [1916]. Nickel(II)
immobilised on polyvinylpyridine grafted ethene-ethylidenenorbornene~propene
rubber was used for dimerisation and polymerisation of a range of alkenes
[1917]. Oligomerisation of 1-hexene using nickel methanoate/Et,A1 gave
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vinylene dimers and trimers [1918].

Oligomerisation and cooligomerisation reactions of ethenyl monomers
containing functional groups have been reviewed [1919]. The reactions of
propenoate esters have again been prominent in this area. The dimerisation of
methyl propencate to give a 7:1 mixture of 984 and 985 was catalysed by
[Pd{RCN),][BF,)> [1920]. The rate of reaction 1in the presence of
[PdC1,(PhCN),] was enhanced by the addition of Lewis acids, and a palladium
hydride complex was invoked as an intermediate [1921]. When the catalyst was
[Pd{n3-CH,C(Me)CH,}(cod)][PFg)/BusP, 984 was the main product [1922], but
Tower selectivities were obtained when the added phosphine was less basic
[1923]. Linear diesters were the main products of the reaction in the presence
of [Ni(n3-CyHg)-1/MesP/HIBF,] [1924], but with [Ni(acac),1/P(NEt.)s/BuLi as
the catalyst system, 986 was formed exclusively [1925). Dimerisation of methyl
2-methylpropencate in the presence of [PdC1,(RCN).]/Ag[BF,] gave mainly 987.
Codimerisation experiments with methyl propencate indicated that the latter
was the more reactive [1926].

COOMe COOMe
mecoe” NN\ AV AS
MeOO0C
984 985
COOMe
/‘K/\ A
Me0OC COOMe CooMe
986 987

Catalysts for ethene polymerisation discussed during this period have
included [Ni(cod);1/C4F,CO0H/Cy,PH [1927], [Ni(cod),]1/PPhy/PhyPO/benzoquinone
[1928,1929] and [Ni(acac),]/Bu,Mg/EtsA1,C15/[Ti(0BU),] [1930]. Active sites in
Ziegler Natta catalysts have been studied, including some based on NiCl,
[1931].

H,[PtClg] has been used as a catalyst for the polymerisation of methy!
propenoate and methyl 2-methyl propenocate [1932]. The cationic species
[Pd(MeCN),]1[BF,]> has been shown to catalyse the polymerisation of
phenylethene, norbornene or 1,3-cyclohexadiene [1933].

Codimerisation of ethene with phenylethene 1in the presence of
[Ni(N,N~diethyldithiocarbamate),}/EtA1C1, gave mainly 4-phenyl-1-butene. A
kinetic study indicated that the addition of phosphine ligands lowered the
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activation energy for alkene insertion, but increased the activation barrier
to alkene coordination [1934]. Using NiX,/P(OPh);/Et;A1/BF3.Et,0 as the
catalyst system, the main product was 3-phenyl-1-butene, together with a
1ittle 2-phenyl-2-butene. Nickel hydride complexes were invoked as the
intermediates in this case [1935]. Codimerisation of phenylethene with propene
in the presence of [Ni(acac),]1/RyP/ELLATC] gave a mixture of
4-phenyl-2-pentene, 4-phenyl-1-pentene and 2-methyl-3-phenyl-1-butene [1936].
Enantioselective codimerisation of ethene with 1,3-cyclohexadiene in the
presence of [Ni(cod),]/Et,A1C1/988 gave 989 in up to 93 % optical vyield
[1937].

Me H OPPhz
: s
MeN” B “OPPhz
|
PPh2
988 989

The copolymerisation of phenylethene and methyl propencate has been
reported to occur in the presence of H,[PtClg), which acts as a chain transfer
agent [1938]. A similar function for the platinum salt was proposed in the
copolymerisation of propene nitrile and 2-propene~1-o1 [1939].

Anionic polymerisation of phenylethene was initiated by ButLi in
cyclohexane, and then the reaction mixture was added to 1,3-butadiene/nickel
naphthenate/BF;.Et,0 to give a  transparent copolymer with 90 %
1,4-cis-stereochemistry in the polybutadiene block [1940].

Copolymerisation of ethene and carbon monoxide to give a high melting
point solid was achieved in the presence of [Pd(PPhjy),(MeCN),_p,l[BF ], (n =1,
2 or 3). The mechanism proposed involved a single mode of chain growth with
alternate insertions of €O and C,H, into a palladium alkyl bond [1941,1942].
An alternate copolymer of butadiene monoepoxide and €O, was obtained on
reaction with [Pt(C,H,)CY,(py)] [1943].

An important paper has been published concerning the mechanism of the
cyclotetramerisation of ethyne to cot in the presence of nickel complex
catalysts. Using '3C-labelled ethyne it was shown that the only reascnable
mechanisms were either a stepwise or a concerted zipper type mechansim.
Cyclobutadiene and benzenoid intermediates were ruled out, and there was no
break up of individual ethyne units [1944].

The electrochemical synthesis of [Ni(CO),(PPhy),] has been described, and
it was used in a one-pot trimerisation of ethyne to benzene [1945].
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Cyclooligomerisation of phenylethyne in the presence of [Ni(C0),{P(OCHMe,);5}]
gave 1,2,4-triphenylbenzene with > 95 % selectivity [1946]. Cyclotrimerisation
of HOCH,C=CCH OH using [Ni(cod)(PR3),] gave Cg(CH,OH)g [1947].

Dimerisation of buteneyne to give ethenylbenezene occurs thermally, but
the reaction yield is increased in the presence of [Pd(acac),]/PPhy/Et,Al
[1948]. Buteneyne also reacted with propynyl alcohcl in the presence of
[Ni1(CO),(PPhy).] to give a mixture of 990 and the alcohol cyclotrimer. Various
other cotrimers were similarly prepared [1949]. In the presence of
diazabutadiene nickel complexes, RCmCCOOR’ was cyclotrimerised to give mainly
1,2,4-substituted benzenes [1950]. Reaction of 991 with RCaCR’ in the presence
of [Ni{PPh(OCHMe,),}4] gave 2,3-isoindolines, 992 [1951]., Using [Ni(cod).] as
the catalyst, 993 gave diyne oligomers; in the presence of RNCO no pyridones
were formed, 1n contrast with the cobalt catalysed reaction. However,
1-phenyl-1-butyne reacted with PhCH,CH,NCO to give 994 as the sole product
[1952]. Cooligomerisation of ethyne and nitriles was reported to occur in the
presence of [Ni{P(0CgH,-2-Me);},] [1953). Reaction of 1-alkynes with 995 in
the presence of [PdC1,(PPh;),] gave 996 in good yield. Related
cyclocooligomerisation of allenes and butadienes were also noted [1954].
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The first cyclotetramerisation of a propynyl ether has been described.
Thus 997 reacted in the presence of 998 to give the highly symmetric
1,4,5,8~tetrasubstituted cyclooctatetraene, a hitherto unknown pattern [1955].
With related catalysts, HC=CCOOR gave mainty 1,3,6,8-substituted
cyclooctatetraenes, together with some cyclotrimer [1956]. The diyne, 999,
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reacted in the presence of [Ni{PPh(OCHMe,),},] or [Ni(cod),]/R;P to give 1000
and some 1001 [1957].
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Head-to-head coupling of RCaCH to give RC=CC=CR (and for R = alkyl also
some RCsC-C(=CHR) (CsCR),) was achieved in the presence of
[Pd(PPhy) ,1/Cul/Et N, the process proving to be a useful alternative to the
Glaser reaction [1958]. Reaction of 1002 in the presence of [PdC1,(MeCN).])
gave 1003 as the main product, but numerous ijsomerised and hydrolysed
products were also obtained [1959]. The related alcohol, 1004, gave mainly
dimers in the presence of Pd(0COMe),/Cul/EtsN/L, but the products contained
more trimers when the Cul was omitted from the mixtures. For L = PPh(OCHMe, ).
conversion was 62 %, and selectivity towards the dimer 90 %X. In this case a
single dimer, 1005, was obtained. Various cross-dimerisations were also
discussed [1960].
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The polymerisation of alkynes has been reviewed, with particular reference
to the use of the catalyst system [NiC1,(PRg),]/Na[BH,] [1961]. Related
systems detailed in patents included NiCl,/white phosphorus/H.0 [1962],
NiCl1,/H3P0,/H,0 [1963], and NiC1,/Na[BH,] [1964]. Polyacetylene was deposited
on a platinum surface by electrochemical polymerisation of ethyne in a cell
with a platinum strip as cathode, a nickel strip as anode, and NiBr, in MeCN
as electrolyte. A mechanism for the reaction was proposed [1965].

Polyphenylethyne was obtained using [PdC1,(PPhj),]/PPhy/Cul/Et N/PhMe as
the catalyst system [1966]. The polymerisation of 1008 to give a fibre forming
polymer was catalysed by [Ni(acac),]/PPh;; the effect of changes in the
reaction conditions was studied [1967,1968). The same system was used to
prepare polymers and copolymers of carborane substituted phenylethyne [1969].

fl
l

1006

Buteneyne was polymerised under the influence of PdC1, or [Pd(acac),)
selectively at the alkyne to give a trans-polyene, but the chain lengths were
fairly short [1970,1971]. In the presence of [Ni(PRy),X,] MeSC=CSMe was
converted to a polymer useful for the preparation of conducting materials
[1972].

Polymerisation of 1007 1in the presence of PdCl, at 150-185 OC gave a
soluble material, 1008, which became conducting on doping with I, or TCNQ
[1973,1974].
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Reaction of the cumulene 1009 with [Ni(bipy)(cod)] gave 1010, believed to
be an intermediate in catalytic oligomerisation. Reactions of 1010 were
studied [1975]). Oligomerisation of 1011 in the presence of [Ni(PPh;),] gave
mainly 1012. Using [Ni(cod).] a mixture of 1013 and 1014 was obtained, whilst
[Ni(cod)(PPh3)] gave 1012 and 1013. The reaction mechanism was discussed in
detail [1976]. The cumulene 1009 was prepared by dehalogenation of
Me,C=C(X)C(X)=CMe, (X = Br or I) using Ni(0). The nickel(0) then catalysed
cyclooligomerisation to 1015 and/or 1016 [1977].
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1011 1012

1013 1014

1015 1016

Telomerisation of propadiene with water 1in the presence of
{Pd(acac),]/PPh,/C0, gave 1017 and 1018 ([1978]. Reaction with PdCl, gave
initially 1019 which reacted with CuCl, to give the chlorinated dimer 1020 in
a catalytic reaction. Polyhalogenated dimers and trimers were prepared from

more substituted allenes [1979].

OH
OH
1017 1018
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Rather clean 1linear dimerisation of butadiene to 1,3,6-octatriene
was shown to have occurred in the presence of [Ni(cod),]/1021. After
a Jonger time, the main product was 2,4,6-octatriene [1980}. Linear
dimerisation of 1isoprene gave 1022 and 1023 in the presence of
[Pd(R3-CH,CMeCH, ) (cod) 1{PFg]/RaP. The ratio of the products was dependent on
the solvent and the phosphine, with up to 30 X selectivity for 1022 under
appropriate conditions. The ratio of P:Pd at 1:1 is critical, since the 2:1
complex is inactive [1981]).

[ 1 OPPh2 N
N )\
i
AN
H N\

1021 1022 1023

A nickel catalyst anchored on polyethenylpyridine was used to
cyclooligomerise butadiene to give cyclododecatrienes, mainly 1024 [1982]. A
varient on an earlier reported procedure for the dimerisation to give 1025,
invoiving [NiC1,(PEty),]/BuLi, has been described [1983].

1024 1025

Dimerisation of isoprene 1in the presence of [Ni(acac),]/Et;A1/R,NH was
said to give 1026 [1984]. With 1027 as the substrate and [Ni(cod),] in toluene
as the catalyst, two dimers, 1028 and 1029, were obtained in a 9:1 ratio. 1031
was the main dimer from 1030, but the reaction was less selective. In contrast
to the reaction of butadiene, addition of PRy had an inhibitory effect [1985].
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The nickel catalysed oligomerisation of functionalised dienes including
1032 has been studied, with particular reference to the effect of substituents
on selectivity [1986]. There has been an extensive study of the reactions of
1033. With [Ni(acac),]/PPhy/Et,A10Et a mixture of cyclic diesters was
obtained, whilst using Pd(OCOMe),/L, the main product was 1034. Nickel
catalysed dimerisation of 1035 gave 1036 and 1037, with the product ratio
depending on the exact nature of the catalyst, whilst the use of Pd(OCOMe)./L
again gave 1linear dimers. Codimerisation reactions of both these ester

substrates were also reported [1987,1988]

/
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Dimerisation of 1038, using [Ni(acac),]1/P(0Ar),/Et,A1 in an aromatic
solvent as the catalyst system, gave up to 90 % of 1039. Codimers were also
studied [1989]. Oligomerisation of cyclopentadiene 1in the presence of
[Pd(acac),]}/PR; gave 1040 and 1041 [1990].

2
N
1038 1039
1040 1041

Cooligomerisation of butadiene and ethene gave E,Z-cyclodeca-1,5-diene
using NiCl,/Et3N/Et;A1 as the catalyst system [1991]. Reaction of butadiene
with CHz=CHCH;NMe; in the presence of Pd(II)/PPhy/Et;Al gave mixtures of 1042,
1043 and 1044, the product ratios depending on the exact reaction conditions.
1042 is formed by C(-MN-cleavage followed by regioselective addition of the
amine function to the 1- and 6-positions of a butadiene dimer. The reaction
resembles telomerisations of dienes with other nucleophiles, except that the
allyl group replaces a proton [1992). Reaction of butadiene with
tetraethenylsilane in the presence of Ni(0)/PPh, gave a mixture of 1045 and
1046 [1993). Reaction of butadiene with diazabutadienes in the presence of
Ni(0)/L gave 1047 1in vyields up to 96 %, as well as butadiene oligomers.
Reactions of hydrazones and imines have also been detailed [1994,1995].
Cooligomerisation of a range of ethenyl derivatives CH,=CHX (X = OR, SPh, CMe,
or SiMey) with butadiene 1n the presence of Ni(0) catalysts has been studied.
Only CH,=CHSiR3 reacted by cooligomerisation, giving both linear and cyclic
products in ratios which depended on both steric and electronic parameters of
added phosphine tigands [1996].

N A NMe:
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Organometallic catalysis of diene and cycloalkene polymerisation has been
reviewed, with specific reference to the mechanism of stereoregulation of
butadiene polymerisation in the presence of nickel allyl complexes [1997]. Two
patents have reported catalyst systems for the production of predominently
cis-polybutadiene, viz. aged nickel naphthenate/BF,;.Et,0/A1Et; [1998], and
[N1(C,H4)(PPh3)>1/PhCH,C1/ATBry  [1999). A  1:1 mixture of cis-1,4~ and
t,2-poybutadiene was reported to have been obtained wusing nickel
naphthenate/phen/ i-BuyaAl, although the system was less active than those using
other metal naphthenates [2000]. Conditions for obtaining cis-, trans- or
mixed cis/trans-polybutadiene in the presence of various nickel allyl
complexes have been carefully established [2001]. A 2!P nmr spectroscopic
study of the reaction of [Ni(n®-CyHg){P(OAr);},1* with butadiene has been used
to propose an origin for the stereoselectivities observed in polymerisation
[2002]).

Reaction of a 10:1 ratio of butadiene and ethene in the presence of nickel
naphthenate/Et,A1C1/H,0 gave a useful copolymer [2003].

Telomerisation of isoprene with water in the presence of
[Pd(acac),1/PPhy/C0, gave dimethyloctadieneols, as well as isoprene dimers
[2004]. Using a polymer supported palladium catalyst gave 1048 as the main
product, and the results were compared with the related homogeneous system
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1048

Reaction of isoprene with methanol in the presence of [{PdCY(n®-C,Hg))}>]
gave dimethyloctadienol methylethers, as well as oligomers [2006]. In a
reaction using [Pd(acac),]/PPh; as the catalyst system, the ratio of products
was strongly dependent on the nature of the reacting alcohol {2007]. A patent
has reported telomerisation of butadiene with 1,4-butane diol, to give
products useful in the synthesis of surfactants [2008].

Both addition and telomerisation reactions occurred when Et.NH was reacted
with isoprene in the presence of [Pd(dppe)(py),][BF,]>. The tail-to-head and
head-to-head telomers, 1049 and 1050, were the favoured products, and a
palladium hydride complex was proposed as the active intermediate [2009].
Telomerisation of butadiene with substituted 2-aminopyridines gave both
secondary and tertiary amines, in ratios which could be controlled by altering
the butadiene concentration [2010].

/Y\/\/\NEM WNEtz

1049 1050

A mixture of linear and branched telomers was obtained from phthalimide
and butadiene in the presence of [Pd(acac);]}/PRy/Zn, the reaction providing an
alternative to the Gabriel synthesis [2011). Reaction of butadiene with
RSO,NHMe gave a mixture of 1061 and 1052, in good yields in most cases [2012].
Both mono- and bis-octadienylated sulphonamides could be obtained from
ArSO,NH, in the presence of {PdLp}; the ratio of products depended on L and
the reaction solvent. Isoprene and 1,3-pentadiene gave both addition and
telomerisation products [2103].
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The octadienylamine 1053 reacted with butadiene in the presence of {PdLp}
to give 1054, with 1055 being obtained when CF;CO0H was added. It was assumed
that the original allylamines was cleaved under the reaction conditions, and
this view was supported by deuterium labelling studies [2014]. Reaction of
methanamide with butadiene using [Pd(acac),]/PPh;/Et;A1 in CF3;COOH gave both
linear and branched AM-octadienyl amides. However, 1in dmso, the starting
material was cleaved to give ammonia, which reacted to give mainly
trioctadienyl amine [2015].

1054
/
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Reaction of butadiene with ethanol under CO pressure in the presence of
Pd(OCOMe),/PPhy gave 1066, used in a pheromone synthesis [2016]). There have
been further reports of the reactions of CO, with butadiene in the presence of
palladium catalysts. The formation of 1057 was favoured by the use of PCy, as
the added 1igand [2017]}, and conditions have been found which favour Cg-acids
[2018). with the catalyst system [Pd(dba),]/PPhy/Na[OCOMel/DCC, the main
product was the N-acyl urea of 1058 [2019]. Reaction of butadiene with ethene
carbonate 1in the presence of [Ni(cod),]/Et;P gave 1059, which underwent
radical polymerisation to give a transiucent homopolymer [2020].
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Telomerisation of butadiene with carbon acids, including cycloalkanones,
has been reported to occur using [{Pd(OCOMe)(n®-CH,CMeCH,)}»]/PPh, as the
catalyst. The reaction mechanism was discussed in detail; the key species was
[HPdL3]1[OH] which enolised the ketone for subsequent nucleophilic attack on
the palladium allyl complex [2021]. The reaction between isoprene and
cyclopentanone under these conditions gave mainly the tajl-to-tail coupled
product 1060 [2022). With cyclohexenone the product was 1061 formed by
conjugation of the original telomer [2023].

(o]

A AA

1060 1061

Polymerisation of a chiral isocyanide, RNC, using a nickel(II) catalyst
gave atropoisomeric polymers with a rigid helical structure [2024]. Isocyanide
terminated tripeptides have been converted to chiral polymers with NiCl,
[2025,2028). The isocyanide group of RR’C=CHNC is readily polymerised by
[Ni(acac),] to give polyvinyliminomethylenes, the pendant vinyl groups being
identified by nmr spectroscopy [2027,2028].

Polymerisation of 4-bromothiophenol by nucleophilic susbtitution was
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catalysed by [Pd(PPhy),] [2029] or [NiBrp(PPhy),] [2030].

Polyphenyl was obtained by electrochemical reductive polymerisation of
1,4-dibromobenzene in the presence of N1(0), though the chain lengths obtained
were relatively short [2031]. Conversion of 1062 to its magnesium derivative
was followed by coupling catalysed by [Ni(bipy)Cl,] to give a polymer with an
average molecular weight of 3700 [2032). Crystalline polythiophene was
similarly prepared from 2,5-dibromothiophene [2033], and the related zinc
derivative was coupled using [NiCl,(dppe)] [2034). Magnesium derivatives were
used for the prepararation of polymers from 2,5-dibromo-3-methylthiophene
[2035] and other 3-alkyl-2,5-dibromothiophenes [2036]. The monomer prepared
from 4-chlorophenol and bis(4-chlorophenyl)sulphone was polymerised using
Zn/NiC1,/PPhy/bipy/dma to give a thermoplastic with reduced viscosity [2037].

OCHMe2
Br

Br
OCHMe2

1062

13. 10 Miscellaneous Coupling Reactions

Reaction of BugSnCHCN with ArCHO was catalysed by [PdCl.L.], to give
ArCH(OH)CH,CN. The reaction was restricted to aryl aldehydes bearing electron
withdrawing groups. When L was a chiral phosphina, chiral alcohols ware
obtained in 1low optical yields [2038]. o-Haloesters reacted with aryl
aldehydes and ketones in the presence of SnCl,/Et,A1C1/[Pd(PPhy),] to give
Reformatsky products, the process presumably involving the in situ formation
of an organotin intermediate [2039]. An organozinc intermediate was invoked in
a complex mechanism for the reaction of RfI, Zn and RCHO to give ReCH(OH)R in
the presence of [MC1,(PPh3),] (M = Pd or Ni) [2040].

There have been several reports of the conjugate addition of dialkyl or
diarylzinc compounds to enals or enones in the presence of [Ni(acac),] [2041].
The reaction of Zn(CgH,-4-Me), with 3,4,4-trimethylcyclopent—2-ene-1-one gave
B-cuparenone, with essentially no competing 1,2-addition [2042]. The enolate
produced in the initial addition reaction may be captured by an appropriate
electrophile [2043]. The reaction was also extended to RZnBr [2044].

Reaction of 1-alkynes with diphenylketene in the presence of [Pd(PPhjy),]
resulted in decarbonylation and coupling to give Ph,CHCmCR {2045]. PhCOCN
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reacted with B-diketones in the presence of [Ni(acac),) to give 1063. The key
stage in the reaction involved coordination of the cyanide to nickel,
favouring attack at that carbon atom [2046]. Ring opening of cyclohexene
epoxide by ethenylmagnesium bromide was catalysed by [PdC1,(MeCN),] [2047].

(o]
0
Hz N C—R!

Sl

Ph—C C —R?
] 1]
o) 0

1063

Applications of the Heck reaction 1n synthesis continue to be reported.
Aryl halides have been added to enones in the presence of
[Pd(OCOMe),(PPh;),]/HCOOH/BusN [2048], enals [2049], unsaturated amides [2050]
or unsaturated esters using Pd(OCOMe)./P(CgH.~2-Me),/EtaN [2051). A highly
efficient phosphinated polymer supported palladium catalyst was shown to
involve metallic palladium [2052]. The reaction of aryl iodides with CH,=CHCOR
in the presence of [Pd(OCOMe),(PPhy),] gave initially ArCH=CHCOR, but this
reacted further, by a second catalysed conjugate addition, to vyield
Ar,CHCH,COR, 1isolable 1in 50-70 % yield [2053]. The reaction of i{odobenzene
with methylpropenoate has been conducted under exceptionally mild conditions
(at or near room temperature) using as the catalytic system
Pd(OCOMe) ,/Na[HCO,]/{BusNIC1 under solid 1iquid phase transfer conditions
[2054].

The reaction of aryl chlorides with propenenitrile was catalysed by
Pd(OCOMe),/PR;/Na[OCOMe], but yields and stereoselectivities were low
[2055,2056]. Reaction (87) shows an application involving an allylic alcohol
[2057].

o
Br cl c1
N Pd(0COMe )2 N
| + *—f | (87)
/ dmf, Na[HCOs
N “oMe C1 120 °o¢ OMe c1
OH

Diatkenylated benzenes have been prepared by the sequence shown in Figure
22. X and Y are electron-withdrawing groups, and the overall ylelds for the
three step reaction are 30-50 %. 2-, 3- and 4-bromobenzoic acids all proved to
be suitable substrates [2058]. Heck reactions such as (88) were used in an
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approach to the ergot alkaloids [2059].

X
COOH COoC1 Y
AN
soclz ” X, PhCHzNMez
Pd(OCOMe )2
Br Br Br
/\
/\X Pd(OCOMe )2
Pd(OCOMe )2 Na[OCOMe ]
Na[OCOMe] P(CsHs-2~-Me)s
P(CsH4~2-Me )3
3 X
COOH COC1 7
A\
soctz | Y, PhCHzNMez
Pd(OCOMe )2
N\ N \
X X Y
Figure 22 Synthesis of dialkenylated arenes [2058]
COOMe
Br v
[PdL« ]
] + Neoome ————— | (s8)
N
| [
Ts Ts

There has been a detailed study of the reaction of bromobenzene with
isoprene catalysed by Pd(OCOMe) »/P(CgHs—2-Me)3/Et,N, which gave
PhCH=CH-C(Me)=CHPh in low yleld. Better yields were obtained with arenes

bearing electron withdrawing substituents [2060].
The Heck reaction of E-BuCH=CHI with methyl propenoate catalysed by
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Pd(0COMe) ,/Na[HCO,] under phase transfer conditions, gave
E,E-BuCH=CHCH=CHCOOMe in 94 X yleld. Stereoselectivity was poorer with the
Z-substrate, but could be improved by the use of K,[CO,] as the base [2061].
The reaction of 1064 with methyl propenoate gave 1065 in the presence of
[PdC1,(PPh3),]/EtaN, in a reaction which was relatively insensitive to air
[2062].

COOMe
oTf \

1064 1065

There have been a number of reports of the reactions of aryl halides with
alkenes which do not bear electron withdrawing groups. The reaction of aryl
iodides with ethenyltrimethyl silane in the presence of Pd(OCOMe),/PPhy/EtyN
was known to give ethenyl arenes. When Ag9[NO,] was added to the reaction
mixture the product was E-ArCH=CHSiMe; [2063). When [ArN,1[BF,] was used as
substrate and palladium(0) as the catalyst, the main product was the
ethenylarene at a 1:t1 ratio of reactants, and ArCH=CHSiMe; with an excess of
the ethenylsilane. A convincing reaction mechanism was proposed [2064].

There have been two reports of alkene arylation using, for the first time,
unactivated aryl chlorides. Thus chlorobenzene reacted with phenylethene in
the presence of Pd(OCOMe)./dppe/NalOCOMe] to give PhCH=CHPh with an E:Z ratio
of 4:1. The nature of the base used proved to be very important, and the
turnover was low, with quite rapid deactivation of the catalyst {[2065]. In
another report, ethene reacted with chlorobenzene using
Pd(OCOMe),/Cu(0COMe),/MeCOOH as the catalyst system under oxidising conditions
to give a chlorinated ethenylbenzene [2066].

There has been a report of electroreductive coupling of aryl halides with
alkenes or alkynes 1n the presence of Pd(0) to give ArCH,CH.R or ArcH=CHR.
Yields were generally excellent [2067]. '

Reaction of RCH(OH)(CH,) LH=CH, (n = 1, 2 or 3) with aryl halides in the
presence of a palladium catalyst gave RCO(CH;).,CHAr as the major product. A
deuterium labelling study suggested that a key step was a regioselective
1,2-hydride shift 1in a Wacker type intermediate [2068]. Coupiing of
ethenylbenzene with a range of aryl halides has been reported to occur in the
presence of Na,[PdC1,]/proton sponge/dmf; iodides were better substrates than
bromides [2069]. Reaction (89) was used in the synthesis of a new class of
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thromboxane A, synthetase inhibitors [2070].

Br (CHz )n COOMe
' 1) PA(OCOMe)z, P(CsHi-2-Me)s ( N (89)
2) CHz2=CH(CH2 )n-2 COOMe ; v

Chiusoli’s group continues to pursue the study of addition of aryl halides
to norbornene. Reaction with 4-nitrobromobenzene in the presence of
[pd(PPh;),] gave 1066, characterised in an X-ray diffraction study. The
possibility of an aryne intermediate was discussed [2071]. With
1,4-dibromobenzene as the substrate, 10687 was formed, as well as 1068 and the
analogue of 1066. It is clear that C-H activation in this system is subject to
very subtle influences [2072]. The reaction mechanism has been discussed in
detail, both in this case [2073], and for aryl halides with other substitution
patterns [2074]. The influence of the nature of the base used has also been
studied [2075]. A full paper has now reported the details of reaction (90)
(R = alkenyl), and the reaction mechanism was discussed [2076]. The related
reactions of norbornene and norbornadiene with S-1-octyne-3-o1 and
3-C1CH,CgH40CH,CO,Me have also been studied [2077). Three types of product
could be formed in reaction (91), the proportions of which depended to some
extent on the nature of the added amine [2078].

SN

1066 10687

Coupling of arenes with RCH=CHY, where Y is an electron-withdrawing group,
catalysed by a paliladium complex, gave ArRC=CHY [2079). Indoles such as 1069
reacted with propenoate esters at the 3-position to give 1070, catalysed by
PdC1,/Cu{OCOMe), [2080]. The N-substituted pyrrole, 1071, reacted at the 2-
and 5-positions using Pd(OCOMe), as the catalyst [2081]. AMMethyl-2-pyridone
was substituted at the 5-position, as was furfural [2082].
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Br

1068

R R’
[(PdLn]
+ + R’
& RBr R’'C=CH W‘ SOoH W (90)

Ph
Br
+ ph N\ 4 reny LPA(PPhs )41 M .
NR2

Na[OCOR]
(91)

NHPh +
|
Ph

C 2
\ OOR
1
N R VR
I
R R

1069 1070 1071

<]

[¢]
"
o

There has been a careful study of the conditions for the coupling of Ph,Hg
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in the presence of [PdI(Ph)(PPhy),] to give biphenyl. Coupling of PhHgCl1 was
also possible, but yields were low, and rhodium complexes proved to be better
catalysts [2083]. The organomercury compound 1072 could be coupled with ethene
or methyl propencate in the presence of Li,[PdC1,}. Other palladium mediated
routes to the same products were also tested [2084]). The coupling of 1073 with
1,1,1-trifluoropropene was effected 1in the presence of Li,[PdCl,]; the
reaction mechanism was explored in some detail [2085]. The palladium mediated
coupling of an aryl or heteroaryl mercury compound with a cyclic enol ether
has been investigated, with the intermediates in the reaction being analysed
by FAB mass spectrometry [2086].

NHz
gct ClHg
4 H
X/ "o
& W
[
R

1072 1073

Thallation of benzoic acid with T1(0COCF3); gives a 2-substituted product,
which could be reacted with 3,3-dimethyl-i-butene 1in the presence of
PdC1,/L1C1 to give the isocoumarin 1074. With propene or phenylethene as the
substrate the amounts of isocoumarin obtained were smaller, and substantial
amounts of 1075 were also formed [2087]. Reaction of 1076 with PhMgBr gave
1077 as the main product in the presence of PdCl,, [Pd(PPhy),] or
[NiC1,(PPh3),]. The reaction mechanism is clearly complex, and may involve the
equilibration of intermediate allyl Grignard reagents [2088].

COOH
y CH=CHR
1074 1075
OH HO R
WBr W
1076 1077

Diaryliodonium salts, [Ar,I]C1, may be coupled in the presence of zinc
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metal and palladium ethanoate to give biaryls [2089]. With mixed salts,
[PhArI]X, homo and heterocoupled products were obtained [2090]. The salts
could be coupled to phenylethene to give 1,2-diphenylethene in the presence of
either Pd(0) or Pd(II) and a base [2091). Coupling with CH>=C(Me)CH,OH gave
ArCH,CH(Me)CHO, although Pd/C was an even better catalyst in this instance
[2092].

Reaction of arenes with palladium ethancate gives {ArPd(OCOMe)}, which may
be added across a double bond of a furan or thiophene derivative, 1078 (X = 0,
R =CHO or X = S, R = CHO or COMe), to give 1079. B-Hydride elimination gave
the substituted heterocycle, 1080. The use of unsubstituted substrates
resulted in homocoupling [2093]. The process 1is also useful for
2,3-disubstituted furans or thiophenes [2094]. Similarly reaction of
{ArPd(0OCOMe)} with the benzoquinone, 1081, gave 1082, which lost {HPd(OCOMe)}
to give 1083 [2095]. {PhPd(OCOMe)} may also be readily generated from
[PhN,][0COMe] and [Pd(dba),], and was then reacted with Z-RCH=CHSiMe; to give
1084 stereospecifically, by syn-addition followed by syn-elimination [2096].

r r
[ [ I
R R” X “Pd(ocoMe) R” X
1078 1079 1080
° 0
-
R-
R
5 Pd(0COMe )
0
1081 1082
)
r SiM
TMes
R- R/y
Ph
)
1083 1084

Reaction of 3,4-dimethyl-1-phenyiphosphole with NiCl, gave R,R and
$,5-1085, with no meso-dimer [2097). Coupling of diaryl ethers to give
dibenzofurans had previously been shown to occur in the presence of
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stoicheiometric palladium(II). Using 1086 as the substrate (Y = I or Br), the
reaction could be made catalytic [2098].

— Y

P P

/ -
Ph \/Ni\/ “ph R
Cc1 (o3| X
1085 1086

Iodobenzene reacted with diphenylethyne in the presence of
[Pd(OCOMe)»(PPh;),]/HCOOH/Et,CN/MeCN to give triphenylethene. The key step in
the reaction was addition of [PdI(Ph)(PPhs),] across the triple bond [2099].
With a non-symmetrical alkyne the reaction may be made regioselective if one
end 1s substituted by a bulky group such as -CR'R20H [2100].

Reaction of phenol with 1isoprene to give 1087 and 1088 was catalysed by
[Pr N1[PtC15(C,H,)]; a mechanism for the reaction was proposed [2101]. The
reaction between 1089 and [PtC1,(3,3-dimethylpropa-1,2-diene)(PPh;)] gave 1090
[2102].

OH

V

1087 1088
|
NHCOMe
HCOMe
X
X

1089 1090

Coupling of a monosubstituted allene with i{odobenzene and diethyl
propanedioate, catalysed by [Pd(PPhy),), gave 1091. Haloalkenes were also
satisfactory substrates, and a palladium allyl complex was invoked as an
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intermediate [2103). Ethenylbenzene was coupled with the aryl group of
ArN(NO)COMe 1in the presence of [Pd(dba),] to give mainly E-ArCH=CHPh. When
[PhN,]1{BF,] had been used as the source of the arylpalladium intermediate,
mixtures of products were obtained with either 1-octene or cycloheptene. With
ArN(NO)COMe cycloheptene was converted exclusively to 3-phenyl-1-cycloheptene.
The reaction mechanism was not fully elucidated [2104]. Coupling of 1092 with
indole wusing [Pd{(PPhy),]/K[OCOMe] or [PdC1,(PPhy),]/Cul/K,[C05] as the
catalyst system gave the unusual 2-coupiled product, 1093 [2105].

Ph COOEt Ov

2 1 N R3

y R (R \
COOEt I oM

R1 re” W e R W ge

1091 1092 1093

There have been a number of reports of coupling reactions between alkenes
and organic halides. Thus treatment of 1094 with palladium(0) gave 1095 which
was then added across the nearby double bond. The reaction was completed
either by reductive elimination to give 1096 or dehydropalladation to give
1097. Six-membered rings could also be prepared in this way (reaction (92))
[2106]. Reactions such as (93) of x-haloamides were also reported [2107,2108].
A related reaction of aryl halides in the presence of nickel complexes has
been studied; in this instance the competing reactions were hydrogenolysis and
reduction (reaction (94)) [2109,2110]. A similar process led to a useful
indole synthesis (reaction (95)) [2111].

X PdLn X
R10O R4 R'O —erR4
3 R3
! !
R2 R2
1094 1095

In the reaction of 1098 with a palladium catalyst two possible routes to
cyclisation could be envisaged, viz. 5-exo-trig to give 1099 and 6-endo-trig
to give 1100. The use of [Pd(PPhy),] resuited in the formation of mainly the
six-membered ring product, whereas the use of [RhC1(PPhy),] gave mostly 1099.
It was proposed that the five-membered ring was the kinetic and the
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six-membered ring the thermodynamic product [2112].

1
R¢ )
i i
c R10 -
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N R3
R3 )
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I COOEt
Q /\C%Et [Pd(PPhs )4 ] (92)
: e
N N
' }
COOPH COOPH
I
[Pd(PPhs ).
l )/ hmpa I } U\ [ [ (93)
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kr->h Ph Ph ph
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7R (Ni(PPS 4] o re s
[NH4 ]C1 . (94)
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Br
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N/\/
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X X Y

1098 1099 1100

Intra and intermolecular couplings of haloalkenes have been used to
prepare 1,3-dienes for use as Diels Alder substrates (reactions (96) and (97))
[2113].

Br N p
Pd(OCOMe)z, Kz [COs]
> P(CeHs-4-OMe )3 (96)
Br
Etooc” “COOEt Et0OC” COOEt
Br

Pd(OCOMe )2, Kz2[CO3]
P(CeH4-4-OMe)s

(97)

Reaction of alkyl halides, RBr, with phenylethene occurred in the presence
of Zn/py/INiC1,(PPhy).], giving E-RCH=CHPh. The best substrates were those
where R was secondary [2114]. Addition of R¢l to alkenes has been catalysed by
[Ni(C0).(PPhy),]; the reaction also succeeds with alkynes, and probably
involves a radical chain process [2115]. Reaction of I(CF;)gl with ethene
using this catalyst gave I(CH,),(CF;)g(CH;),I [2116], and [Pd(PPhy),] has also
been used as a catalyst [2117].

The cyclisation of 1101 in the presence of [PdC1,(MeCN).] gave 1102 in
moderate to excellent yield. The intermediate was suggested to be 1103, and a
mechanism involving Pd(II) and Pd(IV) suggested [2118,2119]. When the
silylated alkyne 1104 was used as the substrate, the products were 1105 and
1106 in the ratio 1.2:1. These were readily hydrolysed, and/or rearranged via
hydride shifts, but could be trapped as Diels Alder adducts of
Nphenylmaleimide [2120]. The alkene unit of the eneyne substrates could be
replaced by a Cyc]opropane, as in 1107. The initial product was 1108, which
could be trapped as a Diels Alder adduct, or hydrolysed to 1109 and 1110
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[2121].

OCOMe
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Rz” N
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1108

o

1110

Reaction (98) may be viewed as a nucleophilic attack of the enol ether on

the palladium complexed alkens [2122].
cyclisation predominates over Claisen rearrangement ([2123].
additives on reaction (94) was studied;

conditions [2124].
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OCOMe

MeOOC
d\/ Pd(OCOCFs )2 ‘ (98)
OCOMe PdC12
0w (o
N

The enyne 1112 was prepared by palladium catalysed allylation of a
stabilised carbanion. On reaction with palladium(II) it was cyclised to give
1113 (R, R’ ¥ H) in good yield, via a carbometallation/cyclisation process
involving 1114 as the key intermediate [2125,2126]. The same product 1somer
was obtained in both reactions (100) and (101) [2127]. A similar process may
be initiated by reaction of PhHgC1/CuCl,/PdC1,, when PhPdX adds across the
triple bond of 1115 to give 1116, which subsequently cyclises [2128].

EtO2C 4

Et02C

EtO2C = R’ |
EtO2 cm

1112 1113

L
X\'Ld = ><CO0Et
x’ | COOEt
L

X

-
-
-
o
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><7\/\ r‘ae Pd(II) (100)
A 0S1i (CMes )
I

Me Me
!
N0Si(CMes )
|

Me

Pd(II)
. Rdlnd Y
OR

(101)

OR’

PhSO2 ></
PhSO2 =

1115

p PdX
PhS02 PhSO02 PhSO2
PdX —_— —_—
PhSO2 S PhSO2 S PhSOz S
Ph Ph Ph
1116

Reaction of 1,1,-dibromo-2,2-diphenylethene with [N1(PPhy},] 1n thf gave a
complex mixture of products 1including 1,2-diphenylethene, diphenylethyne,
triphenylethene and 1,1,4,4-tetraphenyl-1,3-butadiene. However, the reaction
in benzene yielded 1,1,4,4-tetraphenylbutatriene in 60 X yleld. A number of
related reactions were noted, and possible reaction mechanisms proposed
[2129].

when 1,3-cyclohexadiene was reacted with organomercury compounds
containing a protic functional group, in the presence of Li[PdC1;3], annulation
resulted from addition followed by cyclisation onto an intermediate palladium
allyl complex (reaction (102)). Internal nucleophiles which gave successful
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results included -COOH, -OH, NHCOMe and NH, [2130]. Reaction of 1,3-pentadiene
with PhN=C=0 in the presence of Ni1(0) gave initially the equilibrating mixture
1117a and 1117b Protonation yielded 1118 and 1119, whilst Tow temperature
extrusion of nickel yielded 1120 [2131].

?dCI)z

Cl 0
Li[PdC]sl
+
:h\ (:::) COOH g 0 (102)
ClHg COOH ' '
C1 C1
N -
LN'i\ —— LNJ
N W N
[ |
Ph Ph

1117a 1117b
CONHPh
CONHPh
N\
/
1118 / 1119
———
\\—\\I::L\ NANAconen
pn’ o
1120

Intramo]ecu]ar oxidative couptling of alkenes occurred in air, catalysed by
PdC1, or Pd(OCOHa)z (reaction (103); X = COMe). The presence of the carbony]l
substituents is crucial to the success of the reaction. It may be assumed that
the initial step in the reaction is coordination to the metal, and the related
complex 1121 has been characterised in a diffraction study. The 1,6-diene is
complexed in a chair conformation. A complete mechanism was proposed for the
reaction [2132].
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R1 R2
N\ Vi
1 2
R R Pd(QCOMe)z H (103)
air
X X X X

1121 (Reproduced with permission from [2132])

Oxidative dimerisation of 1122 was catalysed by Li,[PdC1,], to give a
mixture of E,Z and Z,Z-products [2133]. Reaction of 1123 with stoicheiometric
Li2[PdC1,] gave a mixture of homocoupled product (60 %) and 1124 (40 %) [2134,
2135]. Cyclopropylmercury chloride reacted with methyl propenoate in the
presence of Li[PdCi;(MeCN)] to give methyl hexa-2,4-dienocate. The reaction
mechanism proposed involved transmetallation, followed by addition and ring
opening. The mechanism was supported by deuterium labelling studies, and
reactions with other alkenes were also described [2136].

MeCOO,
X MeCO0O,

D HgC1 D
HOOC gC1

1122 1123 1124

Reaction of 1125 with zinc meta) in the presence of [Pd(PPh;),] gave the
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homocoupled product 1126 in excellent yield. A radical mechanism was assumed
for the process, but it was not studied in great detail [2137]. A radical
process also seems to be the most likely for the reaction of RCF,I with EtsN
to give RCF,CH=CHNEt, in the presence of [Pd(PPhy),]} [2138]. The reaction of
N, N-dimethyl arylamaines with thf to give 1127 as the main product involves
initial single electron transfer yielding 1128 [2139].

Ph
Ph OCOMe Ph
\/Y 7 7 “ph
Ph Ph
1125 1126
\6
Me N
\ 1
N 0O _ P(
R R
1127 1128

Reaction of RMgX with 1129 to give 1130 in the presence of nickel(0) was
thought to involve initial addition of {RNiL,} across the triple bond [2140].

HO R

=— SiMes
SiMes

1129 1130

Photolysis of methanal in water gives rise to HCOCOH; PdCl, accelerated
the reaction and increased the yield [2141]). Coupling of ketenes such as 1131
with ArCoCl! to give 1132 was catalysed by [Pd(PPhj).]; a palladium carbene
complex was proposed as an intermediate [2142].

Ph Ph
Ne=c=0 ‘.,—_<
R — R COAr
1134 1132
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Reaction of 1133 with PhCmCSiMe; in the presence of [NiC1,(PEt;),] gave a
mixture of 1134 and 1135. The initial step in the mechanism proposed was
insertion of nickel into the three-membered ring, and this was followed either
by ring opening to give a species such as 1136 or ring expansion to 1137
[2143].

SiMe: MesS1 SiMes
. . Ph Ph \ i
Mes Si SiMes N SiMes
Na /)
N Lo
/Aé=é\\ Mes §1
Ph SiMes \ SiMes Mes Si
Mea S1 MeaS1/ 81Mes
1133 1134 1135
Ph S1iMes
Mes Si
3 /S1Mes ﬁ_ ;/‘/Me
Me2z 31\ y 1\
STMS! NG SiMes
N”‘" Ln
1136 1137

Reaction of RCH=CH, with CXY; (X,Y = halogen) 1in the presence of
[Pd(PPh3),]1/MesA1 gave RCHYCH,CX3. The reaction does occur without the
catalyst, but yields are low [2144].

Reaction of 1138 with methyl propencate in the presence of [Ni(cod).] gave
1139, its cis-isomer and the dimer, 1140 [2145].

R ,
R R
7 R
R R’
;;ZE;\ COOMe R R
1138 1139 1140

13.11 Other Catalytic Reactions

Transesterification of methyl propenoate by ROH was catalysed by
[Ni(acac),]1/BuLi. Propencate dimers were a by-product [2146]. Selectivity for
transesterification with 2-propanol was 72 % using [Ni(acac),]/BulLi/P(OPh);
[2147]. Preparation of alkenyl esters of carboxylic acids was accomplished by
their reaction with CH,=CHOCOMe in the presence of
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Pd(OCOMe) ,/K[OCOMe]/Cu(OCOMe),/KBr [2148]. MN-Hydroxy compounds such as 1141
also reacted with CH,=CHOCOMe in the presence of Li,[PdC1,] to give initially
1142, which underwent a 3,3-sigmatropic rearrangement to 1143, which then
cyclised to the indole derivative 1144 [2149,2150]. Reaction of an alcohol,
ROH, with CH>=C(OBn)CH; 1in the presence of [PdCl,(cod)] gave the protected
alcohol, Me,C(OBn)OR. Deprotection was accomplished by hydrogenolysis [2151].
Hydrolysis of acetals has been reported to be catalysed by [PdC1,(MeCN),]; MEM
ethers and Ph,(Me;C)Si0-R groups were inert, but Me,(Me;C)SiO-R was cleaved
under the reaction conditions [2152].

x— (-] )

0
/
N — OH N
I
COR COR
1141 1142
X — CHO X— I
N
NHCOR |
COR
1143 1144

Reaction of aroyl chlorides, ArCOCl1, with monosubstituted epoxides in the
presence of a range of transition metal complexes, gave a mixture of 1145 and
11486, 1145 being the main product using [Pd(PPhy),]). 1146 was the main
product using ruthenium complexes as catalysts, and was produced in greater
yield when the ary) group was electron donating [2153]. Amberlite supported
PdC1, catalysed the reaction of 2,6-(MesC),CgH3OH with methanal and hydrogen
to give 1147 with 93 % selectivity and 97.5 % conversion [2154]. Reaction of
phosphine with methanal 1n the presenece of NiCl, gave P(CHOH)y; a
mathematical model was proposed to establish the best reaction conditions
[2165]. The aldol condensation of propanal was catalysed by [Ni(bipy)Et,]
[2156].

A range of elimination reactions have been reported to be catalysed by
palladium complexes..Thus 1148 was heated in the presence of [Pd(PPhz),] to
give 1149 in good isomeric purity [2157], and RCO,CH,CH,C(Me)=CHCH,X (X = C1,
Br or OCOR) gave RCO,CH,CH,C(=CH,)CH=CH, using Pd(0COMe),/PPhy, [Pd{PPhy),] or
[N1(C0),(PPh3),] as the catalyst [2158]. Dehydrohalogenation of
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CI1CH,CHCICH=CH, to 2-chlorobutadiene was shown to be best catalysed by
K[PdC15(dmso)] [2159]. Dehydrochlorination of 1150, in the presence of [PdL,]
was thought to involve a palladium allyl complex as intermediate [2160].

OH
R Arcoo cl
Arcoo —& _y
cl R

1145 1146 1147
R l |
W
OCOMe
1148 1149
&\0/\% [PdLn ] Mo/%
c1
1150

Acyl halides could be converted to stable acyl esters,
RCOOCH,CH=CHCH,S{iMe;, on reaction with HOCH;CH=CHCH,SiMe;. On reaction with
[PdL,] the allyl complex 1151 was formed, and was attacked by the liberated
[RCOO]- to give butadiene and RCOOSiMe,, which was readily hydrolysed under

very mild conditions. The overall yield for the deprotection step was 80-98 %
[2161].

+PdL2
(- . -
W&Mea ‘/Rc\oo

1161

Thermolysis of 2-hydroxypropanoic acid in the presence of [PtH(PEty),l*
gave a complex mixture of products, including those of double bond

hydrogenation, alcohol dehydration, transfer hydrogenation, decarbonylation
and the water gas shift [2162].
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The dehydrogenation of ketones in the presence of paliadium chioride is
not strictly a catalytic reaction, but is most conveniently considered here.
It has been used in a synthetic approach to dodecahedrane [2163], and for
reaction (104) [2164]. When B-amino ketones were used as the substrates, the
reaction was extremely regioselective, to give enamines (reaction (105))
[2165]. In a related process, silyl enol ethers are converted to enones using
Pd(0OCOMe), under oxidising conditions [2166-2168].

PAC1z Mes COH
I‘ 1 e e I 1 (104)
/
d Y% & %

RY NRS R4 [PdC12 (MeCN)2] | R1 7/

NR3R4 (105)
R? R?

Primary amines, RNH,, were converted to RyNH on thermolysis 1in the
presence of [PtC1,(PPhy)21/SnCl;, generally in good yleld. The reaction was
supposed to involve formation of the imine followed by attack of RNH, and
elimination of ammonia [2169]. Aryl exchange occurred on reaction of Ari,p
with Ar2,P 1in the presence of a range of transition metal complexes.
[Pd(PPhy),] and [N1(CO),(PPh3).] were relatively poor catalysts, with rhodium
complexes being much more successful [2170]. Both PPh; and SbPhy underwent P-C
bond cleavage in the presence of palladium ethanoate, giving biphenyl as the
main isolated product [2171].

The diazo compound 1152 was cleanly converted to 1153 in the presence of
[{Pd(n®-C4Hg)C1},] [2172]. A similar reaction was noted for the related
sulphur containing heterocycle. The process involves a 1,2-hydride
shift, and there was no competing carbon shift [2173]. However, with
1154, no hydride shift is possible, and ring expansion allows the synthesis
of 1155 [2174]. A similar rearrangement must be invoked in reaction (106)
[2175].

A range of nickel(0) complexes have been shown to catalyse the
transalkylation of R,;A1 with R’CH=CH,; the mechanism involves o-alkyl and
n-alkene complexes [2176].
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1153
R, =
1154 1155
COOEt
Et00C
N2 _
A COOEt [{Pd(CsHs)Cl}2]
' ’ | S (106)
S

Et00C

Reaction of 11566 with PdCl, gave the allyl complex 11567 which reacted with
either ethanoate or halide in the presence of an excess of Cu(II) to give 1158
(X = OCOMe or C1). The reaction intermediates need not be isolated [2177].

R S02CsHs —4—Me
R $02CsH4 ~4—-Me
A NN
PdC1)2
1156 1157
R\T/A\V/SOZCOH‘-4—M8
X
1158

Reaction of allylmagnesium bromide with 1159 in the presence of
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[NiC1,(PPh3)5] resulted in formation of 1160 [2178]. Wwhen 116t was treated
with phenylethene 1in the presence of [PdC1,(PPhy)z], 1162 was formed in an
exothermic reaction. The mechanism of the reaction 1s complex, and is
described in detail, with the first step being palladium insertion into the
three membered ring [2179]. Metallosilylcyclobutanes were also key

intermediates 1n reaction (107) [2180].
[l l|
)l\-}k Ph /S'l Ph
/ Me' \

ph” Si. Ph
Me/ \H N
1159 1160
Ph Ph
Me Me
\S‘i/
/ )
Mes Si SiMes Me \Me
1161 1162
2 (NiC1
Ph—0=C~Si-Me + Ph—C=C—SiMes -— 2(PEts)z2]
SiMes
Ph Ph Ph SiMes Ph SiMes
:':/'iMez + MBZSI l'iMez + Mez81 liMez +
MesSi” s
Me/ \Me l ]
Ph e Me” “Ph
Ph

(107)
N\
Mes Si iMe:z

Mez §1 SiM
2 \ es
Ph

A patent has described the reaction of 1163 with Me,CHNH,/IN1C1,(PPhs).])
to give the 'pyridine derivative 1164 [2181]). The intended coupling of 1165
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with a propargyl alcohol in the presence of Pd(II)/Cu(II)/Et,N resulted in
cyclisation to 1166. The other oxime sterecisomer underwent hydrogenolysis;
presumably the propargyl alcohol acted as the reductant [2182)}. Two papers
have described the reaction of 1187 with Zn/NiC1,/KI to give a mixture of 1168
and 1169. The key step appears to be the selective demethylation, but the
react ion mechanism was not elucidated [2183,2184].

1163 1164 1165

1168 1169

Dimerisation of 1,5-C,BaHg was effected by PtBr, to give
2:2°[1,5-C,B3H,],, the reaction mechansim being related to that for palladium
promoted arene dimerisation [2185].

Reaction of RNCO with R'CHO and [Ni(0)L,] gave the 1170 isolable at Tow
temperature., On heating [NiL,] was regenerated, and €O, evolved to yield
R’CH=NR. The complex reaction mechanism was discussed in detail [2186].
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H R’

LNj:><:I
R/
1170

Reaction (108) proceeded slowly, but with excellent conversion. Its
mechanism is not known [2187].

O‘O [Pd(PPhs )4 ] 0‘0 (108)
CHz2C12

Me OH
Me
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ABBREVIATIONS

CASSCF
ccp

cdt

CcI
CIDNIP
CHIRAPHOS
CNDO
cod

coe

cot

Cp

Cpx*

cv

CcvE

Cy

dach
dad
dapm
dba
DBPDIOP

bDcc
dcpe
depb
depm
dibalH
DIOP

dma
dmad
dmf
dmpe
dmpm
dmso
dpmp
dppb
dppe
dppf
dppm
dppp
DSC
EHMO
EI
EPR
Et
ewg
Fc

Angstrom

pentane-2,4-dione

adamanty

aryl

2,2’-bipyridine

2,2’-bipyrimidine

benzy1l

28, 4S- N~ tert-butoxycarbony1~4-dipheny1phosphino-2-
diphenylphosphinomethylpyrroiidine
iso-butyl

butyl

complete active space self consistent field
cubic close-packed

cyclododecatriene

chemical ionisation

chemically induced dynamic nuclear polarisation
28, 38-bis(diphenylphosphino)butane

complete neglect of differential overlap
1,5-cyclooctadiene

cyclooctene

cyclooctatetraene

cyclopentadienyl
pentamethylcyclopentadieny]

cyclic voltammetry

cluster valence elettron

cyclohexyl

1,2-diaminocyclohexane

diazadiene
1-diphenylarsino-1-diphenylphosphinomethane
£,E-1,4-diphenyl-1, 4-pentadiene-3-one
trans-4,5-bis(dibenzophospholomethy1)-2,2-dimethy1-1,3-
dioxolan

N,N’~dicyclohexylcarbodiimide
1,2-bis(dicyciohexyiphosphina)ethane
1,4-bis(diethyiphosphino)butane

1, 1-bis(diethyiphosphino)methane

diisobutyl aluminium hydride
trans-4,5-bis(diphenyphosphinomethy1)-2,2~dimethy1-1, 3~
dioxolan

N, N-dimethylethanamide

dimethyl but-2-yne diocate

N, N-dimethyimethanamide
1,2-bis(dimethylphosphino)ethane
bis(dimethylphosphino)methane

dimethyl sulphoxide

Ph,PCH,P(Ph)CH,PPh
1,4-b1s(diphenylphosphino)butane
1,2~bis(diphenylphosphino)ethane
1,1*-bis(diphenyiphosphino)ferrocene
bis(diphenyiphosphino)methane
1,3~-bis(diphenylphosphino)propane
differential scanning calorimetry

extended Huckel molecular orbital

electron impact

electron paramagnetic resonance

ethyl

electron withdrawing group

ferrocenyl
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hfacaacH 1,1,1,5,5,5-hexaf luoropentane-2,4-dione
hmpt hexamethylphsophoric triamide

HOMO highest occupied molecular orbital

HPA heteropolyacid, Hayy PMOyo_ VP40, N = 2-8
hplc high pressure liquid chromatography

HSAB hard and soft acid and base

INDO intermediate neglect of differential overlap
IR infra-red

kJ kilojoule

L 2 electron donor 1igand

LCAO lTinear combination of atomic orbitals
LCGTO 1inear combination of Gaussian type orbitals
LEED low energy electron diffraction

LUMO lowest unoccupied molecular orbital

Me methy]

MEM 2-methoxyethoxymethy1

Mes methane sulphonate

MLCT metal to ligand charge transfer

MO molecular orbital

8-mgH, 8-methylquinoline

nbd bicyclo[2.2.1}heptadiene

NBS N-bromosuccinimide

nmr nuclear magnetic resonance

Np naphthyi

npg N(CH,CH,PPh,) 4

Nu nucleophile

Pc phthalocyanine

PES photoelectron spectroscopy

Ph pheny1

phen 1,10-phenanthroline

pmdta N,N,N’,N",N"pentamethyldiethylene triamine
pnp 2,6-bis(diphenylphosphino)pyridine
R,S-PPFA (R)-N, N-dimethyi-1-{(S)-2-diphenyiphosphinoferrocenyl)ethylamine
Pr propyl

PTFE polytetrafluoroethene

py pyridine

pzH pyrazole

R alkyl

Rf perfluoroalkyl

RHF restricted Hartree Fock

sacsacH pentane-2,4-dithione

SCF self-consistent field

SET single electron transfer

tcne tetracyanoethene

TCNQ 7,7,8,8-tetracyanoguinodimethane

THP tetrahydropyranyi

TfOH trifluoromethane sulphonic acid

tfacacH 1,1,1-trifluoropentane-2,4-dione

tfaH trifiuoroethanoic acid

thf tetrahydrofuran

tmeda N,N,N’ ,N'-tetramethylethane-1,2-diamine
TMM trimethylene methane

tmtu N,N,N’N’-tetramethylthiourea

tol 4-methylphenyl

triphos 1,1,1-tris(diphenylphosphinomethy1)ethane
TsOH 4-toluene sulphonic acid

TTF tetrathiofulvalene

tu thiourea

uv ultra-violet

UVPES ultraviolet photoelectron spectroscopy
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vdpp
WGSR

XPES
B-dik

ethenyldiphenylphosphine

water gas shift reaction

one electron donor 1igand, usually halide
X-ray photoelectron spectroscopy
B-diketonato
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