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bstract

The review brings together reactions involving the cleavage of organic substituents from donor atoms in coordination and orga
ompounds. In some cases the substituent is lost, in others it migrates to the metal. A few cases of migration from the metal to
tom are included. The information is scattered widely in the literature, and has been compiled as a survey of groups of th

able.
2005 Elsevier B.V. All rights reserved.

eywords: Coordination compounds; Substituent migration; Cleavage reactions

. Introduction

In 1974 Kraihanzel[1] reviewed the reactions of coor-
inated group 15 ligands, and cited the nickel chemistry

Abbreviations: Cp, cyclopentadienyl; diars, 1,2-bis(dimethylarseno)
enzene; dmpm, bis(dimethylphosphino)methane; dppe, 1,2-bis(di-
henylphosphino)ethane; dppm, bis(diphenylphosphino)methane; hfac,
exafluoroacetylacetonate; HMPT, hexamethylphosphoric triamide
∗ Tel.: +44 20 7848 1148; fax: +44 20 7848 2810.

E-mail address: adrian.parkins@kcl.ac.uk.

reported by Nyholm[2] in 1950, as the first example of
reaction involving the cleavage of an AsC bond in a coor
dination compound. In this case, it was not until a cry
structure was carried out many years later, showing a
coordinate complex with a tridentate ligand formed by los
a methyl group from the original diars ligand, that the cle
age reaction was revealed (Eq.(1)) [3]. There is an earlie
reaction involving C O cleavage of a phosphite coordina
to platinum, which is described in the platinum sect
but the cleavage is not from the atom coordinated to
metal.

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2005.08.001
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(1)

Cullen et al.[4] subsequently showed that the cleavage of
As C bonds is not a rarity, and the structures were reported
by Einstein et al. (Eq.(2)) [5]
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theoretical treatment of migration reactions by Hoffmann and
co-workers appeared as early as 1984[14].

The situation with sulfur–carbon (SC) bonds is similar
to phosphorus in terms of bond energy, but the valencies are
different, so that whereas cleavage of a PC bond often gives
rise to a bridging phosphido group, with thiols the forma-
tion of a metal sulfide can occur. The SC cleavage reaction
is important in the hydrodesulfurisation of petroleum feed-
stocks, for example in the water–gas shift reaction where
sulfur sensitive catalysts are employed preliminary to ammo-
nia synthesis in the Haber process. Polyhedron has issued a
Symposium in Print covering desulfurisation[15], and the
field has been reviewed by Brorson et al.[16]. Curtis, who
has carried out extensive studies in this field using clusters of
cobalt and molybdenum, has made comparisons with com-
mercial hydrodesulfurisation catalysts[17].

A reaction, which could, perhaps justifiably, be described
as rare is the cleavage of nitrogen carbon (NC) bonds by
transition metals. The mean bond enthalpy in this case is
much higher (314 kJ mol−1) and so the paucity of examples is
not surprising. In 1979 NC cleavage promoted by palladium
was reported by Murahashi and Yano[18] and there has been
a small number of examples subsequently. These are dealt
with in the group survey under palladium, technetium and
rhenium.

C N cleavage is also uncommon with transition metal
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(2)

However, it is in the area of homogeneous cata
nvolving transition metal complexes that many of the cle
ge reactions have been discovered. The majority of

nvolve the cleavage of phosphorus–carbon (PC) rather than
rsenic–carbon (AsC) bonds. This is because more work
een carried out with phosphine rather than arsine comp
ot because PC bonds are cleaved more easily than AsC
onds. The mean bond enthalpies for PC and As C bonds in

he trimethyl derivatives are 276 and 229 kJ mol−1, respec
ively; but this does not necessarily mean that the en
equired for the breakage of one bond is in the same
ortion[6]. Some relevant observations on the fragmenta
rocesses occurring in the mass spectrometry of Ar3E (E = N,
, As, Sb and Bi) have been published by Grützmacher an
o-workers[7]. The reviews by Garrou[8] and Michman[9]
ive good coverage of the breakdown of phosphorus lig

n homogeneous catalysts, and this theme has been
p more recently by van Leeuwen[10]. In the case of ant
ony where the bond enthalpy is 214 kJ mol−1 very little
ork has been reported although Ph3Sb is the source of Sb

he rhodium cluster anion [Rh12Sb(CO)27]3− [11]. An appre
iation of the dispersed nature of the literature on this t
an be gained from the remark made in 2000, that PC bond
leavage reactions are “relatively rare”[12]. Such an opinio
s probably due to the very scattered nature of the sub
s early as 1975 Carty and co-workers[13] remarked tha

Numerous other examples of facile PC cleavage in reac
ions of phosphine with low-valent metals are known”
luster compounds. Choo Yin and Deeming found
s3(CO)12 reacted with trimethylamine and dimethyla

ine with C N cleavage give trinuclear clusters contain
N [19] and subsequently reported that Os3(CO)12 cataly-

es the formation of Me2NC6H4CH2C6H4NMe2 from N,N-
imethylaniline, with a turnover number of 742 (Eq.(3)).
lthough the detailed mechanism was not established
-methyl groups are the source of the central CH2 group

20].

(3)

everal groups have reported that metal carbonyl clu
atalyse the redistribution of alkyl groups between ter
mines[21]. Aime et al. [22] isolated and characteris
�-H)(�3-�2-CH3C N CH2CH3)Ru3(CO)9 in which one
f the ethyl groups has been lost, from the reaction o
thylamine with Ru3(CO)12 in the presence of Fe2(CO)4(�-
Et2)2(PPh3)2. Adams et al. have reported that the excha
f alkyl groups on amines is catalysed by (�-H)2(�3-
)(CHNMe2)Os3(CO)8 [23].
The mean bond enthalpy of a CSi bond is 311 kJ mol−1,

nd there is an example of CSi cleavage in rhodium chem
stry (Eq.(4)) [24]. In the product one silicon atom is bond
o three aryl groups, but the other silicon atom has only
ryl groups. Some related chemistry has been discuss
raunstein and Boag[25].
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(4)

There are many examples of substituents on donor atoms
migrating onto the metal atom or being lost through cleavage,
but in addition there are now examples of the reverse, in other
words, the reaction leads to the formation of a bond between
a substituent and a donor atom. For example, the bridg-
ing diphenylphosphido group in a tungsten–iridium complex
becomes a terminal diphenylmethylphosphine coordinated
to tungsten when the methyl group migrates from iridium to
phosphorus (Eq.(5)).
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One further reaction in which a metal to ligand migration has
been postulated is in a tungsten–platinum derivative of fer-
rocene, in which a phenyl group migrates from triphenylphos-
phine to the ferrocene ring possibly via an intermediate with
the phenyl group bonded to the platinum (Eq.(8)) [29]. An
additional example is given in the ruthenium section.

(8)
he same research group reported the reaction of an
gous tungsten–rhodium hydride with ethene. In this

he product was a terminal diphenylethylphosphine, an
hodium ethyl complex was the suggested intermediate
6)) [26,27]. This reaction is on the very blurred bord
etween a migration reaction and a reaction of the co
ated ligand. There are a number of reactions in this re
here this distinction is not useful.

nother example of a reverse migration is the formatio
diphenylpentafluorophenylphosphine ligand in a dinuc
alladium complex (Eq.(7)) [28].
(5)
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Cluster chemistry also has examples of the reverse migration
reaction and Braunstein and co-workers reported an example
involving the formation of triphenylphosphine on a platinum
cluster in 1996 (Eq.(9)) [30].

(9)

This review is primarily concerned with migration and
cleavage from donor atoms. However, there are many reac-
tions involving hydrocarbons which are coordinated when
the carbon skeleton undergoes a cleavage or migration reac-
tion. An example of this, and one of the few examples in
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the title “Cluster Assisted Ligand Transformations” with 323
references has been published by Lavigne[35]. The reviews
of “Ligand Centered Reactivity of Organometallic Radicals”
[36] and “Homolytic Cleavage and Aggregation Processes
in Cyclopentadienyl Chemistry”[37] are complementary to
this review. We will not cover the cleavage of PC bonds by
alkali metals, other than to say that this is a synthetically use-
ful reaction, which has been known for many years[38–40].
We hope that by bringing together a large range of mate-
rial, which is long overdue for review, we have shone some
light on the topic. To misquote Mallory, “we did it, because
it wasn’t there.”

2. Titanium, zirconium and hafnium

The ions of group 4 are normally considered to be hard
acids, and so only a few complexes of phosphine ligands
have been reported. However, Coucouvanis and co-workers
have reported a number of examples of SC cleavage brought
about by zirconium species, which give products containing
inorganic sulfide (Eq.(11)) [41].
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s s
hich the migration occurs in both directions, is provided
he molybdenum chemistry described by Benfield and G
31] (Eq. (10)). Further examples of cyclopentadiene to�-
yclopentadienyl reactions involving CC cleavage are give
n the iron and iridium sections. A review of “Transiti

etal Catalysis of Pericyclic Reactions” was published
ango in 1975[32] and Tantillo and Hoffmann have com
ented on the ring-opening of cyclobutene more rece

33]. Murakami and Ito have surveyed the “Cleavage
arbon–Carbon Single Bonds By Transition Metals”[34].

(10)

With literature spanning several decades, and se
onor elements presenting relevant cases, and most

ransition metals exhibiting cleavage behaviour, we ca
ope to be exhaustive in this survey. The formation of p
hido bridged dinuclear complexes occurs frequently in
eview, but we are particularly aware that we have not d
ith metal cluster compounds comprehensively. Reactio
ompounds with two or more metal atoms provide a rich
or migration and cleavage reactions. A useful review w
(11)

. Vanadium, niobium and tantalum

A surprising reaction occurs when tribrom
is(dimethylphenylphosphine)tantalum reacts with B
t room temperature. Although phenyl groups gene
igrate more readily than methyl, in this case, a me

ransfers from phosphorus to tantalum with the forma
f a phosphido bridge (Eq.(12)) [42]. The structure of th
tarting material has been challenged by Cotton et al.[43],
ho consider it to be (Me2PhP)2TaClxBr4−x.

(12)

. Chromium, molybdenum and tungsten

The reaction between dimolybdenum tetraacetate
otassium pentamethylcyclopentadienide in the presen

rimethylphosphine gives a complex with a bridging me
roup as well as a bridging dimethylphosphido gro
rimethylphoshine is known to undergo CH activation in
ome transition metal complexes, but here PC cleavage ha
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occurred in preference to CH activation (Eq.(13)) [44].

(13)

Trimethylphosphine undergoes a similar transformation
on reaction with a dinuclear cyclopentadienyl nickel tungsten
carbonyl hydride (Eq.(14)) [45].

(14)

Mays and co-workers found that the alkynyl phos-
p c-
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(

While many of the reactions involving cleavage and migra-
tion are thermally induced, the reaction of a triphenylphos-
phine�-bonded to molybdenum is promoted by HBF4 (Eq.
(17)) [50].

(17)

Wilkinson and co-workers have reported another example in
which a phosphorus-methyl bond is cleaved (Eq.(18)) [51].
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d

5

nyl-
2 se the
l it
i

hine Ph2P C C Ph can undergo CP cleavage on rea
ion with the heterobimetallic complexes Cp(OC)2W(�-
1CCR2)Co(CO)3, but that depending on R1 and R2 the P C
ond may be retained[46]. The dinuclear complexes M2(�-
Ph2)2(CO)8 M = Mo or W are formed in a reaction involvin
H2 P cleavage when the hexacarbonyls react with a m
yclic ligand containing a CH2PPh2 side chain[47].

A dinuclear molybdenum complex brings about PC
leavage of triphenyl phosphine with the formation o
iphenylphosphido complex and the bridging ethyne is
erted into phenyl vinyl ketone (Eq.(15)) [48].

(15)

Work with dppm and molybdenum has also been repo
Eq.(16)) [49].

(16)
(18)

otton et al. have reported a somewhat different result
mpm to give a paramagnetic cation (Eq.(19)) [52].

(19)

. Manganese, technetium and rhenium

A reaction from manganese chemistry involving diphe
-thienylphosphine provides an interesting case becau

igand contains both PC and S C bonds, but in this case
s the P C bond, which undergoes cleavage (Eq.(19)) [53].

(20)
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When methylmanganese carbonyl is reacted with an
CpIr(CO)PPh3 a dinuclear species with a bridging
diphenylphosphido group results. An acetyl and benzoyl
group are also formed (Eq.(21)) [54,55]. A cleavage sim-
ilar to Eq.(65) has been reported for a manganese carbonyl
complex of dmpm (see below).

(21)

There are three examples in this triad, which involve NC
bond cleavage. The first was observed when Schiff bases
derived from 2-aminobenzenethiol were reacted with solu-
tions of Tc(V) gluconate. The resulting complex was simply
the 2-aminobenzenethiolate complex. The technetium ion
was considered to participate in the hydrolysis, as under the
reaction conditions the rate of alkaline hydrolysis is very slow
[56]. The second example cannot be explained as a hydroly-
sis reaction and involves the tripod ligand 2,2′,2′′-nitrilotris
( − es
o an a
t

T d on
c vage
o
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e os-
p by
H

(24)

Angelici and co-workers have studied the interaction of ben-
zothiophenes with rhenium carbonyl and have found several
examples of CS bond cleavage (Eq.(25)) [61]. Reactions
with hydrogen were also studied and the compounds are con-
sidered as a model for hydrodesulfurisation.

(25)
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ethanethiol) and [ReO(SPh)4] . In this case the ligand los
ne of its arms and the result is a tridentate rather th

etradentate ligand in the product (Eq.(22)) [57].

(22)

he third example involves the rearrangement of a ligan
omplexation to rhenium. The reaction involves the clea
f a C N bond of a tertiary amine (Eq.(23)) [58].

he cleavage of a phenyl group by thermolysis of a tr
nylphosphine complex with the formation of diphenylph
hido bridged trinuclear rhenium cluster was reported
aupt et al. (Eq.(24)) [59,60].
(23)

. Iron, ruthenium and osmium

The study of the reactions of the iron carbonyl comple
f variously substituted bisdiphosphinomethane ligands
titute one of the few systematic attempts to understan
actors which control the susceptibility of PC bonds to
leavage. The reactions are summarised inFig. 1. Some o
he older work involving dppm is covered in a review[62].

The priorities involved are subtle and although the c
lexes often contain PPh and PMe bonds, it is the bon

o the central CH2 group, which is usually cleaved. T
eneralisation[8] that (using the language of hybridisatio

he ease of cleavage is PCsp> P Csp2> P Csp3 does no
elp in understanding the preferences observed here.

eating the complex (A) of the unsymmetrical diphosp
e2PCH2PPh2 does not lead to CPh cleavage, but to com
lex (B) with a dimethylphosphido bridge formed by cleav
f a P CH2 bond. Complex (C) which has a diphenylph
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Fig. 1.

phido bridge is obtained by heating in toluene the photo-
chemical product from (A) and dppm[63,64]. Reaction of
(A) with diphenylphosphine also leads to a diphenylphos-
phido bridge[65], and heating this in toluene leads to PPh
cleavage and complex (D)[66]. When the bridging car-
bonyl group of (A) is replaced by the bridging substituted
methylene group CHCO2Et (E), the final product is again a
complex with a diphenylphosphido bridge (F), but in addi-
tion ethyl acrylate is eliminated. This involves a multistep

reaction path, which presumably occurs within the coordina-
tion sphere of the complex[67]. Photochemical reaction of
A with diphenylvinylphosphine causes the bridging carbonyl
group to be replaced by the phosphine, and on heating the P-
vinyl group is cleaved to give a complex (G) which exhibits
fluxional behaviour at 108◦C [68]. Further reactions involv-
ing P C cleavage on this dinuclear iron system have been
reported by the same group[69–71], and by Carty and co-
workers[72].
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Shiu and co-workers have studied a related ruthenium
system (Eq.(26)) [73], and a case of PhP cleavage in a
bimetallic Ru Rh complex has been reported by Poilblanc
and co-workers[74].

(26)

The photochemical reaction between Cp2Fe2(CO)4 and
dppm leads to seven products not all of which involve PC
cleavage. In some of the products a cyclopentadienyl ring
is attacked as shown (Eq.(27)) [75]. The photochemistry of
Cp2M2(CO)4 systems has been reviewed[76].

us
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Hallam and Pauson reported that skeletal isomerisation
occurred when a spirocyclopentadiene reacted with iron pen-
tacarbonyl Eq.(30) [79].

(30)

This is just one example of a considerable volume of work
involving 5,5-disubstituted cyclopentadienes with iron car-
b een
5
v the
m onyl
d lso
p

W ata-
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p

(27)

A migration of an alkyl group from iron to phosphor
as been reported to occur when some cyclopentadieny
minophosphite complexes are treated with boron trifluo
therate (Eq.(28)) [77].

(28)

The reaction involving the transfer of a phenyl group fr
hosphorus to iron with the formation of a bicyclic ligand
emarkable for being reversible (Eq.(29)) [78].

(29)
onyls. King and Efarty carried out the reaction betw
-acetyl-pentamethylcyclopentadiene and Fe2(CO)9 under a
ariety of conditions. In refluxing 2,2,5-trimethylhexane
ain product is pentamethylcyclopentadienyliron dicarb
imer (Eq.(31)) [80]. Eilbracht and co-workers have a
ublished several papers in this area[81,82].

(31)

ilkinson and co-workers reported that the well known c
yst (Ph3P)3RuHCl on treatment with NaOH in acetone gi
ise to a tetranuclear compound with bridging diphenylp
hido groups (Eq.(32)) [83].

(32)
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Eisenberg and co-workers reported the formation of
a dinuclear ruthenium nitrosyl complex by thermol-
ysis of the mononuclear triphenylphosphine complex
RuH(NO)(PPh3)3. They also prepared it independently from
Ru(NO)Cl3, PPh3 and LiPPh2. The crystal structure deter-
mination was carried out on the methyldiphenylphosphine
analogue, and had a RuRu distance of 2.629(2)̊A, for which
a double bond was postulated (Eq.(33)) [84].

(33)

An unusual reaction which involves the migration of ap-
methylphenolate ligand from ruthenium to phosphorus (the
reverse of the majority of migrations) andortho-metallation
of the benzene ring was reported by Bergman and co-workers
(Eq.(34)) [85].

sis
h

A
b q.
(

A complicated rearrangement which also involves the par-
tial hydrolysis of a tetrafluoroborate anion has been reported
by Pregosin and co-workers. The CP bond of one of the
phosphorus substituents has been cleaved, and the phospho-
rus is incorporated as a phosphinito group in a five-membered
ring (Eq.(37)). Since the original report of this reaction[88],
the work has been considerably extended and reviewed[89].

(37)

Deeming and Vaish have reported the cleavage of CS bonds
in dithiocarbamates of ruthenium (Eq.(38)) [90]. Analogous
results were reported by Bodensieck and co-workers[91].
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R
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C

(34)

A reaction involving phenyl migration and methanoly
as been reported by Crochet et al. (Eq.(35)) [86].

(35)

nother reaction involving the replacement of a PC bond
y P OMe has been reported by Jalón and co-workers E
36) [87].

(36)
(38)

The reaction of the dialkynylsulfide S(CCSiMe3)2 with
u3(CO)12 leads to cleavage of a CS bond in the initia
roduct and on pyrolysis, to a Ru4 cluster with a sulfu
tom coordinated to a tetrahedron of ruthenium atoms[92].
ll three possible isomers of diphenylphosphinopyrrole r
ith Ru3(CO)12 to give tetranuclear ruthenium carbonyl cl

ers. In the case of the isomer in which the phosphor
onded to nitrogen the reaction involves the cleavage

P bond[93].
Cotton and co-workers have reported reactions inv

ng polynuclear amide complexes and triphenylphosp
n which a phenyl group is transferred to the rutheni

= dimethoxyphenyl (Eq.(39)) [94,95].

(39)

n example from ruthenium chemistry which includes b
P and C S cleavage and a subsequent CC bond for-
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mation to the phenyl group was reported by Onishi and
co-workers, who also suggest a mechanism for the forma-
tion of the dinuclear complex (Eq.(40)) [96].

(40)

Dinuclear compounds of ruthenium can also bring about CP
bond cleavage (Eq.(41)) [97].

(41)

There is not a great range of complexes of haloalkanes, but
it is not surprising that the alkylating ability of iodomethane is
retained on coordination to ruthenium, a reaction which leads
t

as
c
O -
l n
b tal-
l hos-
p
M -
u
n

The analogous ruthenium compound Ru3(CO)7(�2-
PPh2)2(�3-C6H4) was reported by Stone and co-workers

although with ruthenium there is a tendency to form dinu-
clear complexes[104]. A comparison of the structures of the
ruthenium and osmium compounds shows them to be very
similar in their molecular dimensions[105]. This area was
subsequently developed by Knox and co-workers[106], who
later found that the dimetallated benzene ruthenium complex
is a good catalyst for the hydrogenation of alkynes[107].

7. Cobalt, rhodium and iridium

In dinuclear compounds the formation of phosphido
bridges is a common occurrence. DppmCo2(CO)6 reacts with
hydrogen under pressure to give a tetracarbonyl with a bridg-
ing diphenylphosphido ligand by cleavage of PC bond to
the central methylene group (Eq.(44)) [108].

m-
p n
m n is
p

ged
c ing
t
[ d is
1

o the cleavage of a iodine–carbon bond (Eq.(42)) [98].

(42)

Some of the early work on PC cleavage reactions w
arried out using triphenylphosphine with Ru3(CO)12 and
s3(CO)12. Nyholm and co-workers[99] reported the iso

ation of Os3(CO)7(�2-PPh2)2(�3-C6H4) which was show
y X-ray crystallography to contain a bridging doubly me

ated benzene ligand, as well as two bridging diphenylp
hido groups (Eq.(43)) [100,101]. Analogous work with
e2PhP was reported by Deeming et al.[102] and the prod
cts of the thermolysis of Os3(CO)11(AsPh3) in refluxing
onane have been reported by Tay and Leong[103].

(43)
(44)

A similar diphenylphosphido bridged dicarbonyl co
ound can be made from CoCl2·6H2O with dppm and carbo
onoxide at atmospheric pressure. With nickel a catio
roduced[109].

An unusual paramagnetic dimethylphosphido brid
obalt compound arises from reactions involv
rimethylphosphine and dmpm (Eqs.(45) and (46))
110]. The magnetic moment of the dinuclear compoun
.85µB per dimeric unit.

(45)

(46)
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A reaction reported by Klein and co-workers has both a
C H bond activation and a CP bond cleavage (Eq.(47))
[111].

(47)

(Ph3P)3CoCl reacts with [S2C C(CN)2]2− to give a pentanu-
clear cluster in which one CS bond has been cleaved[112].

e is
c par-
a for
a
t
a
(

O or-
m lex
b re
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i
c who
u d
c

The reaction of (t-Bu)3P with rhodium or iridium trichloride
in DMF leads to cleavage of the tertiary butyl groups from the
phosphorus and formation of complexes in the +1 oxidation
state (Eq.(50)) [117]. See also Eq.(63)below.

(50)

A reaction involving the formation of a cluster and a PC
cleavage was reported by Smith and co-workers (Eq.(51))
[118].

(51)
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Eq.
( has
b

The Michaelis Arbusov reaction in which a phosphit
onverted into a phosphonate on quarternisation has a
llel in coordination chemistry, and has been reported
cyclopentadienyl rhodium complex (Eq.(48)) [113]. The

opic has been reviewed and includes examples of CO cleav-
ge in complexes of groups 6–10 of the periodic table[114]
see under platinum).

(48)

ne of the early reports of PC cleavage concerned the f
ation of a dinuclear diphenylphosphidoiridium comp
y heating Ir(PPh3)3(CO)H in decalin. The crystal structu
evealed an IrIr distance of 2.554̊A, and electron coun
ng suggests that this is a double bond (Eq.(49)) [115]. This
ompound was also reported by Bellon and co-workers
sed Ir(PPh3)3(CO)H or Ir(PPh3)3H3 as starting material an
arried out the reaction in DMF[116].

(49)
n 1972 Chini and co-workers noted that during the hy
ormylation of propene using a Rh4(CO)12/PPh3 catalys
enzene and cyclohexane could be detected. They pro

hat phosphido bridged complexes were probably for
nder these conditions[119]. A reaction which occurs durin

he hydroformylation of propene catalysed by rhodium c
lexes of triphenylphosphine, is the conversion of the tr
nylphosphine to diphenylpropylphosphine[120]. Sakahur
tudied how different metals affect the PC bond cleavag
121] and workers at Union Carbide studied the mec
ism of formation of diphenylpropylphosphine[122] and

he interchange of aryl groups under rhodium cataly
ydroformylation conditions[123]. P C cleavage also occu
uring hydroformylation with cobalt catalysts[124,125]. A
ummary of the deactivation of hydroformylation cataly
as appeared[126]. A remarkable CC cleavage reactio
as reported by Milstein and co-workers, which invol
coordination compound of rhodium with a pincer

nd based on trimethyl benzene. It was found that
ethyl group between the phosphine arms of the pince
nd 1,3-bis(diisopropylphosphinomethylene)mesitylene

ost when the ligand was reacted with hydrogen
he presence of [(cyclooctene)2RhCl]2 in dioxane a
80◦C. A postulated mechanism is given inFig. 2

127].
In a later study a CN cleavage reaction was observed (

52)) [128]. The reactivity of complexes of pincer ligands
een reviewed[129] and extended[130]
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(52)

One of the ethyl groups of triethylphosphine coordinated
to iridium in MeIr(PEt3)3 is replaced by fluorine on reaction
with hexafluorobenzene (Eq.(53)) [131].

(53)

Bianchini and co-workers have studied the homogeneous
hydrodesulfurisation reaction, some steps of which includ-
ing the C S cleavage with iridium complexes are illustrated
below (Eq.(54)) [132].

nate
c ium
i
D y-
d (Eq.
(

A similar reaction with cyclooctane leads to cyclooctene,
but in this case the [IrH2(�2-O2CCF3)(PR3)2] catalyst is
deactivated by PC cleavage[135].

8. Nickel, palladium and platinum

Several of the early observations of migration reactions
were reported for this triad. Indeed, the reaction involving
K2PtCl4 and P(OEt)3 (Eq.(56)), is even earlier than the nickel
case referred to in the introduction, but does not involve the
bonds to the donor atom. The reaction was reported in 1944
by Grinberg and Troitskaya and gives the hydrogen bridged
chelate shown[136,137]. The X-ray structure of the methyl
analogue was reported in 1984, although the ethyl compound
is disordered[138]. The original workers did recognise that
each phosphorus atom had lost an ethyl group.
Iridium complexes can be used to dehydroge
ycloalkanes, a reaction which recalls the use of irid
n the production of aromatics from petroleum[133]. 5,5-
imethylcyclopentane undergoes CC cleavage and deh
rogenation to give a methylcylopentadienyl complex
55)) [134].

(55)
(54)

(56)
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Fig. 2.

Carty and co-workers [13] prepared the dinuclear
[Pt2(PPh3)2(PPh2)2] and trinuclear [Pt3(PPh3)2(PPh2)3Ph]
by heating solutions of [Pt(PPh3)4] for several days in
benzene (see Eq.(67)). Both compounds were characterised
by X-ray diffraction and have bridging diphenylphosphido
groups and the trinuclear compound also has a phenyl
group �-bonded to one of the platinum atoms. Similar
palladium compounds were suggested by Coulson starting
from [Pd(PPh3)4], but without structural characterisation
[139].

A well-characterised example of a migration reaction
involving loss of an organic group from the donor atom of
a coordination compound to the metal atom was reported by
Fahey and Mahan (Eq.(57)) [140].

d
b ich
w
�

(58)

An example of migration from phosphorus to palladium, or
more specifically the interchange between the metal and the
coordinated phosphorus, was reported by Norton and co-
workers in 1995 (Eq.(59)) [142].

(59)

A similar reaction in which two aryl groups interchange was
studied by Novak and co-workers who found that in con-
trast to the alkyl–aryl exchange, the interchange is inhibited
by the addition of phosphine[143]. Grushin investigated the
e nge
i e
r
T ium
c eck
r

(57)

The thermal reaction shown in Eq.(58)has been reporte
y Bott and co-workers, who studied the kinetics wh
ere found to be first order with�H�= = 131 kJ mol−1 and
S�= = 88 JK−1 mol−1 [141].
ffect of changing the halogen on the rate of aryl excha
n [(Ph3P)2Pd(C6D5)X] X = Cl, Br and I and found that th
ate of exchange decreases in the order I > Br > Cl[144].
his interchange of groups from phosphorus to pallad
an explain impurities arising in the products of the H
eaction[145,146].
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Reactions involving phosphonium salts and palladium
complexes have been reported by Yamamoto and co-workers
[147]. Although the reactions involve PC cleavage, this may
occur outside the coordination sphere of the palladium. The
yields are not spectacular but provide an interesting insight
into the reactivity of the PC bond. Thus a Heck reaction
carried out with tetraphenylphosphonium iodide rather than
iodobenzene gave methyl cinnamate (Eq.(60))

(60)

Aryl phosphonic acids have also been used as a source of the
aryl group in the Heck reaction, and the mechanism is thought
to involve a phosphorus to palladium migration[148].

In 1979 Murahashi and Yano reported a procedure for the
cleavage of NC bonds in amines, involving palladium and
a thiolate (Eq.(61)) [18].

T tack
b

s to
m

rtic-
u um
c h
P
a and
a ich
i ther
p s rise

to a dinuclear complex with two phosphido ligands. In both
cases the tertiary phosphine becomes a secondary phosphine
by P C cleavage (Eq.(63)) [151]. See also Eq.(50)above.

(63)
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s otas-
s

rus
o
r s
c

he mechanism was thought to involve nucleophilic at
y the thiolate anion at a coordinated iminium species.

Sublimation of a dinuclear palladium hfac salt lead
ethyl transfer (Eq.(62)) [149].

(62)

Tertiary butyl groups bonded to phosphorus are pa
larly susceptible to cleavage in palladium and platin
omplexes. Leoni et al.[150] have described work wit
(t-Bu)3 and palladium. The reaction between Pd{P(t-Bu)3}2
nd phenol gives a compound with a phosphido bridge
bridging�-bonded phenoxide, the oxygen atom of wh

s involved in a hydrogen bonded network with three o
henol molecules. Photolysis of the same complex give
(61)

oel and Goel reported the formation of a dinuclear plati
omplex with a phosphido bridge on standing a solutio
mononuclear complex in benzene for 2 weeks. The

ymmetry of the product leads to a very complicated31P
MR spectrum (Eq.(64)) [152].

(64)

he cleavage of the four-membered ring of a dppm com
f platinum was reported by Alcock et al. (Eq.(65)) [153].
his is similar to the well-known cleavage of substitue

rom phosphorus using sodium metal in liquid ammonia
imilar cleavage can be brought about by the action of p
ium hydroxide on a manganese dmpm complex[154].

(65)

Another example involving the formation of phospho
xygen bonds from tertiary phosphines with Pd(OAc)2 was
eported by Kikukawa and Matsuda[155] and an analogou
ase has been recently reported by Helfer and Atwood[156].
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In 1980 Mingos and co-workers described the formation
of a triangular platinum cluster, which contained both the
diphenylphosphido and phenyl groups from triphenyl phos-
phine (Eq.(66)) [157]. The phenyl group bridges one edge
of the triangle.

(66)

Work by Braunstein and co-workers showed that controlled
thermolysis of Pt(C2H4)(PPh3)2 gave a mixture which con-
tains both di and trinuclear complexes (Eq.(67)) [158]. The

t arty
a

The work of Siedle and co-workers provides an example from
platinum chemistry, in which a phenyl group migrates from
a coordinated phosphorus onto platinum (Eq.(68)) [159].

T anzi
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rinuclear compound had previously been reported by C
nd co-workers[13].

(67)
(68)

he same dinuclear cation was made earlier by Ven
nd co-workers[160], and can be made by simply sta

ng a solution of [(PPh3)2Pt(OH2)H] BF4
− in aqueous th

161]. Banditelli and co-workers[162] have also reporte
he formation of a dinuclear platinum compound w
ridging diphenylphosphido and hydride ligands from
is(diphenyl)butane, but in this case the compound c
ot be definitively characterised. Phenyl migration fr
hosphorus to platinum was also reported for phosph
omplexes of platinum on heating in toluene (Eq.(69))
163].
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(69)

Peringer and co workers have reported a PC cleavage which
leads to the formation of a norbornene complex with a
diphenylphosphido bridge (Eq.(70)) [164].

(70)
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Another reaction involving PC cleavage in this cas
ogether with PtC cleavage is the transformation wh
ccurred on recrystallisingtrans-(Et3P)2Pt(I)Ph (Eq.(71))

165].

he majority of examples quoted in this review are prep
ive results often obtained serendipitously, but the final ex
le from platinum chemistry is concerned with the kine

f the ethyl transfer reaction from sulfur to nitrogen. Bothk1
ndk2 for the second ethyl transfer were measured (Eq.(72))

166].
(71)

(72)

. Copper, silver and gold

Very recently the cleavage of the CC bond in acetonitril
as been reported (Eq.(73)) [167]. The reaction involves

inuclear copper (II) cryptate and at the end of the reac
hich takes about a day at room temperature, the cya
ccupies a bridging position between the two copper io

(73)

rabtree and co-workers have very recently reported
leavage of a CC bond on reaction between an imidazoli
alt and silver oxide Eq.(74) [168].
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(74)

There are a number of gold cluster complexes the forma-
tion of which involve cleavage of substituents from another
reactant (Eq.(75)) [169–171].

(75)

It is not clear in the quoted examples for silver and gold
whether the reactions can really be classified as reactions
occurring within the coordination sphere of the metal ion.

10. Conclusion
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The survey shows that the reactions involving cleavage
igration are very varied in nature and the resulting st

ures unpredictable. Nearly all the structures in this rev
ave been identified by X-ray diffraction. The range of
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rinciples, which help to predict where future examples
e found. It has not been possible to discuss the mecha
f these migration and cleavage reactions, as the repo

he reactions seldom include even a speculative mecha
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