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a b s t r a c t

With the exception of metallocenes, transition metal complexes with hydrocarbon ligands only are rare.
However, complexes of this type containing Group 10 metals are known and have been shown to be
quite stable. These complexes are versatile precursors for many organometallic compounds. In addition,
such compounds can play an important role in many reactions including C–H or C–C activation reactions
and have useful applications in the thermal and photochemical production of metal films by chemical
eywords:
ydrocarbon Group 10 transition metal
omplexes
ynthesis
roperties
tructure

vapour deposition (CVD). The present review summarizes the synthesis, properties and chemistry of
hydrocarbon complexes of Group 10 metals of the type LnM or LnMR1R2 (where Ln = �- or �-hydrocarbon
ligands; M = Ni, Pd and Pt; R1, R2 = �-hydrocarbon ligands) without the involvement of any hetero donor
ligands such as N, P, O and S in the metal coordination spheres.

© 2010 Elsevier B.V. All rights reserved.

eactivity
pplications
Abbreviations: COD, 1,5-cyclooctadiene; COT, cyclooctatetraene; Cp,
yclopentadienyl; Cp„ pentamethylcyclopentadienyl; Cp1 , tetramethylcyclopen-
adienyl; py, pyridine; bpy, bipyridine; nor, norbornyl; tmsb, 1,4-bis(trimethyl-
ilyl)-1,3-butadiyne; dpbd, 1,4-diphenylbutadiene; c,c,c-cdt, cis,cis,cis-1,5,9-
yclododecatriene; acac, acetylacetonate; Isodicp, isodicyclopentadienyl.
∗ Corresponding authors.

E-mail address: asrkrishna@rediffmail.com (A. Sivaramakrishna).

010-8545/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2010.05.021
1. Introduction

Research on hydrocarbon ligands coordinated to transition
metals lies at the heart of organometallic chemistry and still
continues to attract much research activity [1]. This is partly
due to the importance associated with the functionalization

of hydrocarbons through activation of C–H bonds. The oxida-
tive addition of C–H bonds and even C–C bonds to metals
is a highly topical area of research. The activation of inert
hydrocarbons by binding to transition metals with subsequent
functionalization could lead to new processes in organic synthesis

dx.doi.org/10.1016/j.ccr.2010.05.021
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:asrkrishna@rediffmail.com
dx.doi.org/10.1016/j.ccr.2010.05.021
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Scheme 1. Classification o

nd the conversion of hydrocarbons into more useful products
2].

The nature and reactivity of organic ligands are influenced by
ransition metals in terms of redox potential, polarity, steric, stereo
hemical and regiochemical properties. In many cases, coordina-
ion to the metal imparts significant electrophilic character to the
ydrocarbon moiety. Many transition metal complexes containing
yclic �-hydrocarbon ligands are also known, in particular cyclic
ienyl and trienyl complexes [3]. During the past few decades,
large amount of work has been devoted to mechanistic and

tructural studies as well as the synthesis and applications of
rganometallic compounds. The reactivity of these complexes as
ell as their reaction mechanisms with nucleophiles including sin-

le and double addition to the coordinated ring, substitution of
ring substituent, e.g. chloride, deprotonation of the coordinated

ing or a side chain, ligand substitution and single electron transfer
ave been studied [3].

The main focus of this review is to survey the synthetic pro-
edures, chemical properties and the applications of hydrocarbon
omplexes of nickel, palladium and platinum where the metal
tom is coordinated only to hydrocarbon ligands. These complexes
ave been known from the early days of organometallic chem-

stry [1,4] and have been shown to be valuable starting materials in
any synthetic procedures as well as key intermediates in many

ndustrial catalytic processes. In addition, they are involved in
undamental organic transformations such as C–H bond activa-
ion through cyclometalation and �-hydride elimination [5]. These

etal–hydrocarbon complexes also serve as models for under-
tanding the interaction of organic moieties with metal surfaces.

The presence of metal–hydrocarbon species in catalytic cycles
s intermediates and their highly reactive nature have spurred the
evelopment of interesting and useful chemistry of various metal-
lkyls, metal-alkenyls and metallacycloalkane compounds [6–9].

Group 10 metal complexes with coordinated ethylene or
ycloalkenes have been known for decades and complexes such
s M(COD)2 (1) have been reported widely and are used in many
ynthetic procedures [10]. There is also a broad knowledge base of
he chemistry of the phosphine derivatives of these species, such
s PtL2R2 (where L = P donor ligand) [1].

However, stable metal alkyl complexes without ancillary
onor ligands, are very rare with exception of the controversial
Pt(CH3)4]4 (10) and Pt2(CH3)6 (11) complexes [11]. Several early
eports of these species were subsequently shown to be incorrect
nd both species are now presumed nonexistent [11]. A significant
umber of theoretical investigations on the stability and reactiv-

ty of M-dialkyl and M-tetraalkyl (M = Pt, Pd, Ni) species have also

een reported [12]. Apart from this, an elegant synthesis of nick-
laspirocyclononane, a stable tetraalkyl complex of nickel(IV) has
lso been reported recently [13]. Some of our recent research has
evealed the formation of a variety of 12 and 14 electron “naked”
rganoplatinum complexes from olefin–metal complexes [14]. This
ocarbon metal complexes.

prompted us to determine the scope of this field and hence this
review.

Reactions catalyzed by transition metals proceed through cat-
alytic cycles involving metal complexes in different oxidation
states. Gaining understanding of the mechanistic details of cat-
alyzed reactions may pave the way for the design of new and
improved catalysts. Consequently, metal complexes with higher
oxidation states can be readily detected and characterized by vari-
ous spectroscopic and electro-analytical methods [15].

The catalytic applications of hydrocarbon metal complexes have
been explored extensively [16]. The Fischer–Tropsch reaction, the
conversion of synthesis gas (a mixture of carbon monoxide and
hydrogen) to hydrocarbons is a good example of a process in which
bridged-intermediates of the type M–(CH2)n–M play key roles in
the reaction pathway, a view that has received some support from
very recent mechanistic studies. Olefin polymerization, catalytic re-
forming for the production of gasoline and aromatic hydrocarbons
as well as the catalytic tetramerization of butadiene are also known
to proceed via M(hydrocarbon)n intermediates [17].

Even though the participation of organometallic complexes in
vivo is known, the bioorganometallic chemistry of olefin, cyclopen-
tadienyl and arene metal complexes has not yet been explored.
Nickel–carbon bonds are strongly suspected of participating in bio-
logical processes since Ni has been shown to be present in a variety
of enzymes, which catalyze several processes [18].

To the best of our knowledge, this is the first direct review article
on Group 10 metal complexes where the metal is surrounded solely
by hydrocarbon ligands in various bonding modes. The scope of this
review will be limited to hydrocarbon ligands only and we will not
include compounds to which any heteroatoms such as P, N, O and
S are bonded directly to the metal atom. But the option of keeping
these hetero donor ligands as well as other heteroatoms present
somewhere in the molecule away from the metal centre is consid-
ered in order to assess the factors associated in the stability of these
compounds. These compounds are classified as shown in Scheme 1.
Chart 1 shows some examples of each type of hydrocarbon metal
complexes.

2. Synthesis and reactivity of hydrocarbon complexes of
nickel, palladium and platinum

Despite their significance and importance in organometal-
lic chemistry, catalysis as well as other applications,
metal(hydrocarbon)n complexes have proved to be remarkably
difficult to isolate and characterize completely. Many compounds,
however, have been successfully characterized by increasing

their stability through addition of various hetero donor ligands
such as tertiary phosphines. Some of the hydrocarbon–platinum
compounds that we have prepared have been structurally charac-
terized by X-ray crystallography as well as by various spectroscopic
techniques. Most of these compounds have been found to be ther-
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hart 1. Type A: complexes containing �-bonded hydrocarbon ligands only. Typ
ontaining �–bonded hydrocarbon ligands only.

ally sensitive and degrade readily to form their corresponding
erovalent metal species. We have also observed that �-bonded
latinum complexes containing �-hydrogen are much more
eactive than the �-bonded platinum complexes. However, a
ignificant problem with metal–hydrocarbon complexes in various
eactions is identifying the active species in the process and
hereby establishing the mechanism of the reaction. The stability

nd reactivity of these complexes have been found to be sensitive
o the experimental conditions.

Firstly we summarize and assess key synthetic routes which
ave been used to prepare hydrocarbon–metal complexes. In this
eview, synthesis and reactivity sections are inseparable as the
omplexes containing �- and �-bonded hydrocarbon ligands. Type C: complexes

reactions of these metal–hydrocarbon complexes with various
reagents lead to a variety of novel organometallic compounds.

2.1. Metal–olefin complexes

Metal–olefin complexes of the types 1–6, with �-bonding,
are very well known as useful precursors for many inter-

esting organometallic reactions [19]. Preparation of the
tris(ethylene)platinum complex, 2 by Stone and co-workers
[20], opened a new area of research with many potential chemical
applications. Factors that can influence the reactions of unconju-
gated metal–olefin complexes are: (1) the thermodynamic stability
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Chart 2.

f these complexes which is strongly influenced by the nature of
he olefin, (2) the presence of electron withdrawing substituents
n the olefin which increases the stability of the complex, (3) the
eometry of the more stable complex is invariably formed with
is olefins, (4) complexes of ring-strained cycloalkenes such as
yclopropene, trans-cyclooctene and norbornene are surprisingly
table and (5) a high stability is exhibited by chelating olefins in
arious complexes. Studies on the platinum–olefin and –acetylene
omplexes also show that the nature of the bonding can be better
escribed as being metallacyclopropane or metallacyclopropene

n some of their reactions as shown in Scheme 2 [20].
The yellow crystalline complex Ni(COD)2 is synthesised through

eduction of nickel-bis(acetylacetonate) in the presence of 1,5-
yclooctadiene (Eq. (1)) and serves as an alternative and less toxic
ource of Ni(0) and Ni(CO)4 [21,22]. Ni(COD)2 is air sensitive as a
olid and is even more so in organic solvents [21,23]:

i(C5H7O2)2
Et3Al−→
[COD]

Ni[COD]2 (1)

Reaction of Ni(COD)2 with 1,4-diphenylbutadiene (dpbd) in n-

entane for 2 h produced the trinuclear nickel compound 12 whilst
similar reaction stirred for 18 h produced the tetranuclear nickel

luster 13 with the hydrocarbon ligand in an �2,�2-bridging mode
Chart 2). Coordination of the dpbd ligand in 12 and 13 results
n bending of the butadiyne moiety backbone from the normal

Scheme
Scheme 3.

180◦ for free butadiyne to 146◦. Also observed is a lengthening of
acetylenic bonds to which the two nickel atoms, coordinated with
distorted tetrahedral geometry, are bound at distances compara-
ble to those for C–C double bonds. This is as a result of significant
back-bonding from the Ni atoms to dpbd [24,25].

Maekawa and co-workers have reported multinuclear nickel(0)
complexes of the type [Ni4(dpbd)(COD)4] with the dpbd ligand
coordinated in an �1, �2-bridging mode and [Ni3(tmsb)(COD)3]
[26].

The reaction of 14 with 1 equiv. of c,c,c-cdt yielded the complex
15. At low temperatures, complex 15 reacts with ethene to afford
16. This result is in accord with restricted back-bonding between
Ni and the olefinic carbons in 14 and 15. The formation of 16 is a
sharp contrast between stability and reactivity of 14 and 15 and
those of similar Cu(I) complexes as the stabilization of the Ni(0)
complexes by the chelate and macrocyclic effects in cyclopolyene
ligands is not sufficient to retard the reactions with ethane to give
16. In a similar way, 15 reacts with 4 equiv. of CO by displacement
of the c,c,c-cdt ligand to yield Ni(CO)4 (Scheme 3) [27].

Reactive low-valent palladium-alkene complexes of the type
Pd[COD]2 and Pd(nor)3 compounds were prepared from Pd[COD]X2
using also synthesized by zerovalent complex [Ni(bpy)(COD)] as a
mild reducing reagent (Scheme 4). A possible mechanistic pathway
for the formation of Pd[COD]2 via the formation of the intermediate
species 17 and 18 has been proposed [28].

The homoleptic dinuclear M2(�2-1,6-diene)3 (19) complexes
were synthesized by the reaction of M[COD]Cl2 with Li2(COT)

in a 1,6-diene/diethyl ether mixture (M = Pd, Pt; 1,6-diene = 1,6-
heptadiene or diallyl ether; COT = cyclooctatetraene) [29] (Eq. (2)).
Upon treatment with additional 1,6-diene mononuclear com-
plexes of the type M(�2-1,6-diene)2 were obtained. Reaction of

4.
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he dinuclear complexes with ethene resulted in the formation of
ononuclear M(�2-C2H4)(�2-1,6-diene) complexes. The dinuclear
2(�2-1,6-diene)3 (19) and M(�2-1,6-diene)2 complexes (M = Pd,

t) are among the most reactive sources for naked Pd0 and Pt0 [29].

The alkene platinum(0) compounds such as Pt(COD)2 and
2
t(� -norbornene)3 are generally synthesized by the reduction

f platinum(II) complexes [30]. Bis(�2-alkyne)platinum(0) com-
lexes Pt(�2-R1CCR2)2, with substituted alkynols and alkynediols
ave been prepared by the reaction of Pt(COD)2 with 2 equiv. of
1CCR2 [31,32].
.

(2)

In many reactions, Pt(COD)2 affords products containing a
Pt(COD) fragment whilst [Pt(C2H4)3] serves as a major source of
naked platinum(0). The chemistry of the phosphine derivatives of
these species has been extensively studied [1]. Group 10 metal com-

plexes containing coordinated ethylene or cycloalkenes have been
known for decades and complexes such as M(COD)2 (5) have been
reported widely in many synthetic procedures [1].

An interesting neutral platinum carbonyl complex,
Pt(biphenyl)(CO)2 (20) has been prepared by bubbling CO through
a CH2Cl2 solution of the dimer, [Pt(biphenyl)(C2H5)2S]2 [33]. On
reaction with COD, the carbonyl ligands in 20 were displace and
Pt(biphenyl)(COD) (21) was formed (Eq. (3)).
(3)
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The square planar cationic alkylplatinum(II) complexes (22)
ith a labile ligand have been shown to activate methane and ben-

ene as well as insert alkenes or CO into the platinum–carbon bond.
omplex 23 reacts with acetone to give 24. It has been shown
hat the other C–H acidic compounds such as phenylacetylene
nd 1,3-butadiyne react with complex 9 to yield dimeric (25) and
onomeric (26) complexes as shown in Scheme 5 [34].
The preparation of the bis(4-pentenyl)platinum complex (8)

as carried out by the reaction of PtCl2(COD) with the corre-
ponding Grignard reagent formed in situ. Complex 8 was obtained
fter removal of COD in vacuo. The molecular structure of this

omplex revealed interesting structural features. As the pentenyl
ing is puckered, aliphatic hydrogens may appear in a pseudo-
xial or pseudo-equatorial position. On thermolysis, 8 produces
Pt–C thin film and can be used in CVD studies as a precursor.

n contrast, thermolysis of 8 in the presence of diphenylacetylene
6.

completely inhibited the deposition of colloidal Pt(0), leading to the
formation of organoplatinum complexes 27 and 5. The mechanis-
tic aspects of this reaction were discussed [35]. Heating complex 8
in the presence of 3,3-dimethyl-1,4-pentadiene in toluene yielded
complex 28 and this complex is more stable than the precur-
sor, 8(Scheme 6a) [35]. We have attempted to make analogous
compounds to 8 with different alkenyl chains (Scheme 6b), but
the resulting bis(1-alkenyl)platinum(II)(COD) compounds did not
yield the expected alkene coordinated species, i.e. similar to 8
under the experimental conditions used in our study. Instead, it
was found that the bis(1-alkenyl)platinum(II)(COD) decomposed at

50 ◦C under reduced pressure. Further studies on these interesting
systems are underway [14].

The complexes [Pt(�3-CH2CR1CR2
2)(COD)]+ (29a, R = H, R1 = H;

29b, R2 = H, Me; R1 = Me, R2 = H) were prepared from the reaction
of Pt(COD)2 as a precursor (Eq. (4)) [36].
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cheme 7. (i) NaCp* or LiCp* (2 equiv.) in THF; (ii) HBF4.Et2O in pentane at −78◦; (iii) LiC
gBF4 (1 equiv.) in CH2Cl2; (vii) NaInd (2.5 equiv.) in THF for 12 h; (viii) HBF4·Et2O at −78
(4)

p* in THF; (iv) excess PMe3 in THF for 12 h; (v) NaInd (1 equiv.) in THF for 12 h; (vi)
◦C.
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O’Hare has reported a variety of pentamethylcyclopentadienyl
latinum complexes using [Pt(�-C8H12)Cl2] (30) as a precursor
Scheme 7) [37]. The reaction of 30 with 2 equiv. of NaCp* or LiCp*
n THF yielded [Pt(�-C5Me5){�:�2-C8H12(Cp*)}] (31), which can
ndergo an elimination reaction to give 32 on interaction with
rotic acids. The complex 31 in the presence of an excess of PMe3
ielded 33 by the addition of two phosphine ligands with concomi-
ant migration of the Cp* ligand to the cyclooctadienyl ligand. In
ontrast to the chemistry of Cp* derivatives, treatment of 30 with
equiv. of NaInd (Ind = C9H7) afforded the stable mono(�1-indenyl)
erivative 34. Abstraction of Cl− from 34 by AgBF4 resulted in the
ormation of an isomerised product 36. The same product, 36 was
ormed by protonation of 35 with HBF4 (Scheme 7).

Reaction of chloro(triphenyltin)with Pt(COD)2 yielded the
henylplatinum complex, 37 with a chlorodiphenylstannyl lig-
nd via oxidative addition, in contrast to the reaction with
hloro(trimethyl)tin, which yielded 38 [38] (Scheme 8).

The boron substituted platinacyclobutane 39 has been pre-
ared from the reaction of 1,3,5-trimethyl-2-isopropylidene-4,6-
imethyl-1,3,5-triboracyclohexane with Pt(COD)2 (Eq. (5)) [39].
(5)
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Organoplatinum complexes such as PtR2[COD] (where R = alkyl
r aryl) have been synthesized and the chemistry of these precur-
ors has also been explored [40]. These dialkylplatinum complexes
ith the COD ligand have been shown to undergo photolysis at

max > 320 nm in CD2Cl2. The products 40 and 41 are formed via
hotochemically induced homoleptic dissociation of a Pt–C bond
s shown in Scheme 9 [41].

Reaction of the dianion of hexamethyldisilane with PtCl2(COD)
ielded a disila-1-platinacyclopentane with COD ligand, 42 as
hown in Eq. (6) [42].
(6)
0.

2.2. Metal–alkyne complexes

Reaction of Ni(COD)2 with methoxy functionalized triben-
zocyclotriynes, substituted with methoxy groups, in benzene
resulted in the formation of nickel(0) complex of 5,6,11,12,17,18-
hexadehydro-1,4,7,10,13,16-hexamethoxytribenzo[a,e,i] cyclodo-
decene (43) as shown in Eq. (7) [43].

(7)
The platinum–alkyne complex Pt(PhC CPh)2 is known as a use-
ful precursor for many interesting organometallic products. This
platinum(0) complex reacts with a P,N-chelating ligand to form
the platinacyclopentadiene (44), and addition of Pt(PhC CPh)2
to 44 gives 45 as stable product where the 5-membered met-
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llacycloalkene ring is coordinated to the Pt(PhC CPh) fragment
Scheme 10) [44].

The complex Pt2Cu4(CCPh)8 (47) has been prepared from 46
45,46] (Eq. (8)). In a similar way, other metal complexes with Ag
47], Cd [48] and Tl [49] have been prepared and characterized
Scheme 11).

The dialkylnylplatinate dianion (48) with perfluorophenyl lig-
nds has been converted to Tl2Pt(C6F5)2(CCPh)2 (49) and 50 with
mol of [Cu(bipy)]+ [50,51]. In a similar way, various derivatives
f 48 reacts with [M(�-Cl)(COD)]2 (M = Rh, Ir) to yield the corre-
ponding alkyne coordinated metal complexes [52,53]. A trinuclear
latinum [Pt(II)–Pt(0)–Pt(II)] complex, 52 was formed by the coor-
ination of alkynyl ligands in a �- and �-fashion from 51 [54] (Eq.
9)).

.3. Metal–allyl complexes

In contrast to the other group 10 transition metals, very few
rganopalladium complexes containing only hydrocarbon ligands
ave been reported. In general, palladium complexes with hydro-

arbon ligands are usually stabilized by electron-rich phosphine
igands. The most frequently studied organopalladium complexes
f the type under review are Pd(�3-allyl)2 and CpPd(�3-allyl).

A number of methods are available for the preparation of the
omoleptic organopalladium complex Pd(�3-allyl)2. These com-
istry Reviews 254 (2010) 2904–2932 2913

(8)

(9)

plexes have been shown to form as intermediates in palladium
catalyzed oligomerization, cyclooligomerization and telomeriza-
tion reactions involving 1,3-dienes and have thus been the focus
of a number of studies [55,56].

Reaction of either PdCl2 or the �-allylic palladium chloride
dimer [PdCl(�3-allyl)]2 with the corresponding Grignard reagent

affords the bis(allyl)palladium complex (Eq. (10)). This compound
can also be prepared in high yield by the alkylation of palladium(II)
acetate using a Grignard reagent [57].

(10)

The �-allylic metal chloride dimer [MCl(�3-allylic)]2 (M = Ni, Pd
and Pt; allylic = allyl, and/or methylallyl and/or crotyl) has also been
used as starting material for the synthesis of (�5-C60R5

′ ′)M(�3-
CH2CRCHR′) complexes where metal is coordinated to a fullerene

′ ′
ligand (53, R = R = H, M = Ni, Pd; 54, R = Me, R = H, M = Ni, Pd; 55,
R = H, R′ = Me; R′ ′ = Me, Ph, M = Ni, Pd; and 56, R = Me; R′ ′ = Me, Ph,
M = Pt). These complexes were prepared by transmetalation of the
potassium salt of Me or Ph substituted C60 in yields of 21–71% (Eq.
(11)) [58].
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The structures of the (�5-C60Me5)Pd(�3-CH2CRCHR′) com-
lexes (R = R′ = H and R = Me, R′ = H) were determined by X-ray
rystallographic analysis. The results show that there is little
teric hindrance between the allyl moiety and the bulky C60
igand.
The preparation of the ionic compound, decamethylnickeloce-
ium buckminsterfulleride [Ni(C5Me5)2

+][C60]− has been reported
sing the reaction of NiCp*2 with C60 in CS2 [59].

The reactivity of the bis(allyl)palladium complex has been inves-
igated extensively. The Pd(�3-allyl)2 complex can react with donor

Scheme 1
(11)

ligands to effect the rearrangement or displacement of one or both
allyl ligands [60].

The bis(�3-2-methallyl)Pd complex reacts with butadiene in the
presence of PR3 (R = Me, iPr, Cy) to form the octadienyl complex
Pd(PR3)(�1,�3-C8H12) as shown in Eq. (12). The reaction pro-

ceeds under mild conditions via a binuclear palladium intermediate
[Pd(PR3)(�3-2-methylallyl)]2 to give the product in high yield [47].
Reaction of the palladium octadienyl complex with CO or excess
PPh3 results in cleavage of the C8 chain formed and elimination of
butadiene.

1.
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unsaturated. The {CpNiR} species often proceed to react by a
combination of the five modes such as H-elimination [69], cou-
pling [70], homolytic cleavage [71], carbene formation [72] and
intramolecular stabilization [73] available to these compounds to
produce a variety organonickel compounds as shown in Scheme 13
A. Sivaramakrishna et al. / Coordinatio

Krüger et al. [60] have reported that reaction of the
is(allyl)palladium complex with excess ligand usually leads to
eductive coupling of the allyl moieties followed by elimination
Eq. (13)).

The Pd-� allyl complex reacts with the alkylating agents
iC3H5 and Li2C4H8 in the presence of tmeda to give the
onic �-allyl palladate(II) complexes [(�3-C3H5)Pd(�1-C3H5)2]−

57) and the palladacyclopentane [(�3-C3H5)Pd(C4H8)]− (58)
espectively.

These palladium salts are unstable and decompose at about 0 ◦C.
nterestingly, the bis-�-allyl complex is reported to be more stable
hat the corresponding palladacyclopentane (Scheme 12) [61]. This
s a reversal of the trend observed for bis-�-alkyl and metallacy-
loalkane complexes [9].

The stability and decomposition of CpPd(�3-allyl) has been
nvestigated by Dowben and co-workers using photon- and
lectron-induced ionization mass spectroscopy [62]. Results from
his study indicate that the Pd–Cp and Pd-allyl bonds are of approx-
mately equal strength.

The symmetrical Pd(�3-allyl)2 complexes can adopt two con-
gurations (Chart 3): 59, where the �3-allyl ligands are mutually
is and 60, where the arrangement is trans. NMR data indicates
hat both isomers are present in solution and that rapid isomer
nterconversion occurs at room temperature. Additional isomers
re possible for complexes when the allyl moiety has substituents
t the C1 or C3 position [56,63].

A theoretical study of the molecular and electronic structure
f these bis(allyl)palladium complexes has been conducted using
ensity functional (DFT) methods. Results from this study indicate
hat for the Pd(�3-allyl)2 complex in the gas phase, the trans iso-

er is the more stable isomer. A similar result was obtained for
he analogous platinum complex, while for nickel the cis isomer is
omputed to be more stable [64]. Wilke and his co-workers [65]
eported the first synthesis and distortions of various substituents
n trans-bis(�3-allyl)nickel complex. Further studies on the
lectronic structure and conformational properties of trans-bis(�3-

llyl)nickel have been carried out to verify the theoretical investiga-
ions [21,65e]. A computational study, using DFT, on the structure
nd bonding in neutral palladium sandwich complexes of the type
dnR2 (R = benzene, n = 1; R = pyrene, n = 4, 8; R = tetracene, n = 4–9)
as also recently been reported by Philpott and Kawazoe [66].
(12)

(13)

2.4. Metallocenes

Unlike palladium and platinum, nickel reacts to form nicke-
locene, the only 20 valence electron metallocene. Nickelocene is

paramagnetic and can be oxidised to form the unstable 19 VE nick-
elocenium ion. The ability of the Cp rings of nickelocene results in
it being a suitable precursor for the synthesis of many organonickel
compounds, an array of synthetic chemistry not available to Pd and
Pt. Pasynkiewicz and co-workers [67a] have studied and presented
a detailed review of the reactivity of nickelocene with a variety of
organolithium and magnesium compounds.

The first nickelacyclopentadienyl, 61 was prepared by Simp-
son and co-workers by an insertion of a ‘NiCp’ species into a labile
ferracyclopentadiene (Eq. (14)) [68].

(14)

Nickelocene reacts with an array of MR reagents (M = Li or
MgX) via the nucleophilic attack of R− on Ni to form unstable 16
VE {CpNiR} species which are co-ordinately and electronically
Scheme 12.
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Chart 3.

Scheme 1

Scheme 1
istry Reviews 254 (2010) 2904–2932

[67]. The complexes of the type CpNiR(alkene) have been prepared
by treating nickelocene (1) with the appropriate organolithium or
organomagnesium halides and can be stabilized by complexation
to the C C bond of an olefin. The CpNiR(�2-CH2 CH2) complexes
react with insertion of the coordinated ethylene into the Ni–R bond.

2
The reactivity of the CpNiR(� -olefin) complexes with respect
to olefin insertion into the Ni–R bond decreases in the order:
CpNi-(p-C6H4X)(butadiene) > CpNi(p-C6H4X)(C2H4) > CpNi(p-
C6H4X)(C2H4) > CpNi(alkyl)(C2H4) (alkyl = Me, Et > Pr, Bu) [67].

3.

4.
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�- and �-Hydrogen elimination of CpNiR complexes derived
rom reaction of nickelocene with organolithium and magnesium
ompounds provide simple methods for the production of a variety
f CpNi clusters and �-allylnickel compounds. The pathway along
hich the CpNiR species reacts is largely dependent on the nature

f the R group and the presence and position of hydrogen atoms
herein.

The unstable {CpNiR} can eliminate hydrogen via �-, �- or
-elimination pathways to produce 18 VE nickel hydrides which
re unstable in the absence of carbonyl or phosphorus donor lig-
nds. A key factor of H elimination reactions is the production
f the highly reactive {CpNiH} species. The hydride species pro-
uced from H-elimination are strong hydrogenating reagents and
eact with other reactants present to form mononickel, dinickel and
rinickel complexes. Noteably, �-elimination of hydrogen atoms of
pNiR species in which the R group contains two �-H atoms is the
nly efficient route to producing cyclopentadienyltrinickel clusters.

When possible, �-elimination is dominant over �-H elimination

nd proceeds to form tri-, tetra- and hexanickel clusters together
ith mono- and dinickel compounds. �-H elimination again
roduces the reactive {CpNiH} species and alkenes. Vinylnickel
CpNiR} containing �-H atoms compounds in which �- and �-H
toms are absent react to form �-allyl complexes [69] (Eq. (15)).
5.

(15)

In a similar way, unstable CpNi(vinyl) compounds of the type
CpNi-CR′ CR2 (R′ = CH3, Ph, R = CH3) have also been obtained in
the reaction of nickelocene with vinyllithium or -magnesium com-
pounds. CpNi(vinyl) reacts further to form �-allyl complexes [70].

In addition to H-elimination reactions, the unstable CpNiR
species can undergo coupling reactions. The ratio of products pro-
duced from coupling to that produced by H-eliminations depends
on the nature of the R group. For example, when R = CH3 the ratio
of the coupling product to the elimination product is 1:6 when
R = C2H5 and C3H7, �-H elimination dominates and no coupling
product is produced. When �- and �-H atoms are absent (where

R = C CCH3, C CPh, Ph), coupling is the principle reaction (Eq. (16))
[71].

2{CpNi-R} → {(NiCp)2} + R–R (16)
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The coupling products of these acetylenic compounds react with
iCp2 to form di- and tetracyclopentadienylnickel complexes 62
nd 63 through the formation of active (NiCp)2 species as shown in
cheme 14 [67,71].

Homolytic cleavage of the Ni–C bond of {CpNiR} to produce the
• radical will occur when H elimination and coupling reactions
re less dominant. The radical produced reacts with nickelocene to
roduce a range of hydrocarbons together with mono and dinickel
ompounds as shown in Scheme 15 [72–74].

The formation of alkynes by the dehydrogenation of internal
lkenes in the presence of nickelocene with metallic sodium has
een reported. The other products obtained were 64 and 65 (Eq.
17)) [75].

Cp2Ni reacts at −50 ◦C with lithiumnorbornyl (bicyclo[2.2.1]
eptane-1-yl) in THF to give the CpNi-1-norbornyl complex (66)
hich further reacts with alkynes to yield the complexes of the

ype CpNi(1-nor)(�2-RC CR) (67) where R = Me, SiMe3 and Ph
Scheme 16). On thermal decomposition, low yields of the products
f the type 68 and 69 were obtained [76].

Reaction of nickelocene with methyllithium and 2-butyne in
he molar ratio of reactants 1:1:1 leads to the formation of several
rganonickel compounds. In this reaction formation of the unsta-

le nickelocene analogue 71, and compounds 72 and 73 is observed.
ompound 70 reacts with 71 and 72 and as the result of nickelocene
limination two other compounds as trinuclear 74 and tetranuclear
5 clusters are formed as shown in Scheme 17 [77–79]. Similar
esults were obtained with diphenylacetylene as a reagent [79].
6.

(17)

The reaction of nickelocene with diphenylmethyllithium
yielded an unstable 16-electron species {CpNiCHPh2} and LiCp.
{CpNiCHPh2} reacts in two ways: hemolytic cleavage of the Ni–C
bond with the formation of the relatively stable radical •CHPh2
and �-hydrogen elimination by the formation of hydridocarbene
{CpNi(H) = CPh2} (76), stabilized by two phenyl groups. This com-
pound 76 can hydrogenate the cyclopentadienyl ring of nickelocene
to form the unstable 19-electron species, {CpNiC5H6} (77). This
species can be stabilized by (a) the formation of dimer 78, (b) the
addition of {NiCp} species to form complex 79 or (c) further hydro-
genation of a cyclopentadiene ring with the formation of the �-allyl
complex 80 as shown in Scheme 18 [80].

Nickelocene in benzene reacts with the Brønsted acid
H2O•B(C6F5)3 to give the salt 81, which is the first example of a
triple-decker nickel sandwich with a bridging �-benzene ligand.
Treatment of nickelocene with Brookhart’s acid [H(OEt2)2][B(3,5-
(CF3)2C6H3)4] in benzene yields the paramagnetic derivative, 83
in which nickelocene is present as a molecule of crystallization.
The same reaction in toluene yielded 82, a green-blue nickel(III)

compound (Scheme 19) [81].

Cp*Ni(�1,�2-C4HPh4) (84) (Cp* = �5-C5Me5) was prepared
by reacting Cp*Ni(acac) with 1,4-dilithium-1,2,3,4-tetraphenyl-
butadiendiyl. Thermolysis of 84 in THF affords 85 and 86
(Scheme 20) [82].
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The reaction of magnesiumanthracene with Cp*Ni(acac)
ielded the dinuclear compound 87. In a similar way, other
ickel–hydrocarbon complexes have been prepared using dianions
f pyrene and pyrylene with Cp*Ni(acac) (Eq. (18)) [83].
Compounds containing the nickelacyclopentadienyl ring moiety
uch as 88 have been prepared by the reaction of nick-
locene with phenyl lithium and diphenylacetylene [84,85]
Scheme 21). Some of the products of this reaction includ-
ng compounds 89, 90 and 91 were isolated as tri- and tetra-
7.

(18)

nuclear nickelocenes with Ni–Ni interactions. Also formed in this
reaction was (�5-cyclopentadienyl)(�5-(1-(�5-cyclopentadienyl)-
2-phenyl-3-methyl-1-nickelaindenyl)nickel (92) was structurally
characterized.
Platinabenzenes (93) which contain an aromatic metallacycle
and their derivatives can be prepared as shown in Scheme 21.
Complex 93 contains two different rearrangement products of the
vinylcyclopropene precursor by the mutual stabilization of the �5-
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onded cyclopentadienyl ligand and the platinabenzene moiety
86]. Hughes and co-workers have reported the synthesis of a plati-
acyclohexadiene by a similar vinylcyclopropene rearrangement
87] (Scheme 22).

The platinabenzene (97) was prepared by the oxidation reaction
f [PtCp*(CO)]2 (94) in the presence of iodine to give PtCp*(CO)I
95) and subsequent reaction with a lithiated cyclopropene deriva-
ive. Formation of �-vinyl complex 96 was evident under the
horter reaction times and faster work-up procedures. In solution,
t has been found that isomerisation of 96 to the corresponding
latinabenzenes 97 occurs at room temperature over 2–3 days
Scheme 23) [88].

Using the isodicyclopentadienyl (Isodicp) ligand (98), various
eutral (99) and cationic (100) nickelocenes have been synthesized
nd studied in order to probe the sign of the unpaired spin density
Scheme 24) [89].

It has been reported that the reaction of 101 with the decacyclide
ianion (102) produces the �-arene bridged nickel triple-decker
omplex, [{�5-Me4EtC5}Ni]2(�-�3:�3-decacyclene)] (103). The
ddition of diorganyl dichalcogenides (R-E-E-R) to 103 yielded the
omplex 104 by reductive cleavage of the E–E bond of the dichalco-
enide by reactive [(�5-Me4EtC5)Ni] species (Scheme 25) [90].
Pt(II) and Pt(IV) complexes containing various cyclopentadienyl
erivatives bonded in �1- or �5 mode to the metal centre are very
ell-known in the literature as they are of special interest due

o structural aspects as well as catalytic applications [91]. With
espect to catalytic processes, donor functionalized cyclopentadi-
8.

enyls provide the opportunity to temporarily stabilize a reactive
metal fragment by intramolecular coordination, to immobilize or to
trap the catalytically active complex as well as to vary the solubility.

A substituted tetramethylcyclopentadienyl platinum complex
with a monodentate COD ligand (105) reacts with PMe3 to give
compound 106 by migration of the Cp fragment from metal to COD
ligand. Another interesting feature is the metal centre is coordi-
nated to a cyclooctenyl ligand via both �- and �-bonding modes.
Formation of the dinuclear platinum complex, 107 from 105 after
losing a COD ligand was observed (Scheme 26). There are few
examples of platinum(II) complexes which contain a Cp moiety
coordinated in an �5 bonding fashion, an olefin, and an alkyl group
(108 and 109) [92] (Chart 2).

2.5. Metal–�-bond complexes

Extensive research has been carried out on the classical �-
bonded alkyl and aryl groups of the d-block transition elements
along with the binding of delocalized aromatic or quasi-aromatic
entities, alkenes, alkynes, etc., to metals for several years [93]. A
number of transition-metal systems are now known which oxida-
tively add hydrocarbons to form relatively stable alkyl hydride

complexes [94]. The interaction of C–H bond with an unsaturated
transition-metal fragment has been examined using various spec-
troscopic techniques [95,96]. There is now substantial evidence
in the literature for the intermediacy of metal–hydrocarbon �-
complexes as shown in Scheme 27a [97].
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Scheme 20.
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When a C–H bond of a free hydrocarbon is coordinated to a
ransition-metal centre, the C–H �-electrons serve as the elec-
ron donor to the empty metal orbital, and the high-lying C–H
* orbital serves as a �-acceptor orbital. The structures for these

ntermediates proposed by several workers are shown as i–iv in
cheme 27b.
Nickel–hydrocarbon complexes with Ni–C �-bonds stabilized
ith organolithium adducts (110) as shown in Eq. (19) have been
repared by the treatment of NiCp2 with dilithium compound
iCH2CMe2CMe2CH2Li [98]. Similarly, Li2[Pt(CH3)6], Li2[Pt(CH3)4],
2.

Li2[Pt(CH3)5C2H5], Li2[Pt(CH3)5(n-C4H9)] and Li2[M(CH3)4] (M = Ni
or Pd) compounds have also been synthesized and characterized by
various spectroscopic studies [99]. Thermal decomposition studies
of compounds (111–113) at different temperatures are reported as
shown in Scheme 28.

(19)
When a strained alkene, 114 reacts with Ni(COD)(PtBu3)
in cyclohexane, a nickel alkene complex tris((5Z,11E)-dibenzo-
[a,e]cyclooctatetraene)nickel(0) (115) is formed. This nickel
complex 115 with three very bulky alkene ligands is relatively
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table at ambient temperature and on heating at 60 ◦C in ben-
ene, a reductively eliminated cyclobutane (116) is obtained. It

s interesting to note that the reaction of 114 with two-fold
xcess of Ni(COD)(PtBu3) yielded a tetraalkyl complex of nickel(IV)
117). Formation of the nickelaspirocyclononane, 117 results in
he release of strain in the free ligand and consequently the

Scheme 2
3.

reverse transformation is greatly disfavoured [Scheme 29]. It is also
remarkable that the C–C bond-forming step occurs twice to give a

metallaspirocycle. Complex 117 contains two metallacyclopentane
units and, especially in view of the very high nominal oxidation
state of the nickel centre, appears to be susceptible to reductive
elimination [13].

4.
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. Significance and applications

.1. Significance of hydrocarbon metal complexes as key
ntermediates in catalysis

Hydrocarbon–metal complexes are known as intermediates in
eactions catalyzed by tri- and polynuclear metal clusters and by
eterogeneous catalysts. Multinuclear metal catalysts offer sig-
ificant stabilization of coordinatively unsaturated intermediates
hrough metal–hydrocarbon bonding via bonding to two, three, or
ossibly more metal atoms. Thus the chemistry with multinuclear
etal complexes may be different from the mono- or even dinu-

lear metal complexes. However, it is not possible to reconcile the
isparity in heterogeneous catalysis by virtue of the fact that the
emperatures employed (ca. 500 ◦C) lie well above those considered
s the typical range of stability for coordination complexes.

Hydrocarbon–metal complexes include skeletal rearrange-
ents and dehydrocyclizations of aliphatic hydrocarbons (which

eature prominently in catalytic re-forming for the production
f gasoline and aromatic hydrocarbons), and the conversion of
ynthesis gas (mixtures of carbon oxides and hydrogen) to hydro-
arbons, i.e. the Fischer–Tropsch reaction. The Fischer–Tropsch
eaction is perhaps a good example of a process in which bridged-
ntermediates are believed to play key roles in the reaction pathway
Scheme 30).

Many recent proposed mechanisms for ethylene hydrogenation
ave been postulated [100] from this first plausible mecha-

ism shown in Scheme 31 [101]. Whitesides and co-workers
ave shown a new type of heterogeneous reaction that gener-
tes R* of known initial structure under conditions similar to
hose employed in organic chemistry for the heterogeneous, cat-
lytic hydrogenation of olefins, through the hydrogenation of
5.

(diolefin)dialkylplatinum(II) complexes using platinum black sus-
pended in organic solvents as catalyst (Scheme 32). These reactions
are very useful for studying the reactivities of alkyl groups on
the surface of platinum as this reaction can generate R* hav-
ing well-defined patterns of isotopic labeling and known regio-
and stereochemistry of bonding to the surface [102]. The ability
of this type of chemistry to form surface organometallic groups
should also be preparatively useful in technologies that involve
surface alkyls as intermediates in hydrogenation, hydrogenolysis,
isomerisation, Ziegler–Natta polymerization, Fischer–Tropsch and
chemical vapour deposition reactions.

Many organometallic complexes including various nickel and
palladium containing species are known to catalyze olefin
oligomerization and polymerization reactions [103]. Most transi-
tion metal-catalyzed alkene polymerization systems occur most
importantly via �-H elimination, which results in the formation
of dimers, oligomers, or polymers. The most commonly accepted
mechanism for chain propagation in alkene polymerization is the
one proposed by Cossee and involves alkyl migration to a coordi-
nated olefin (Scheme 33a) [104]. An alternative chain propagation
mechanism, originally proposed by Briggs, has been implicated in
selective trimerization and tetramerization reactions and involves
metallacyclic intermediates (Scheme 33b) [9,105].

3.2. Applications

3.2.1. Catalysis

Organometallic complexes (of Ni, Pd, Pt) bearing no heteroatom

in the ligand backbone are little known in catalysis. Complexes such
as M(COD)2 (M = Ni, Pd, Pt) typically play a vital role as precursors
or intermediates in several transition metal-catalyzed organic reac-
tions. For example Ni(COD)2 is not a good �-olefin oligomerization
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Scheme 26.

Scheme 27.
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Scheme 28.

Scheme 29.
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cheme 31. Proposed intermediates for the hydrogenation of ethylene on a metal
atalyst surface; (A) the initial state of alkyls on surface; (B) the half-hydrogenated
tate.

atalyst precursor, however it is known to be a good phosphine
cavenger and addition of a ligand containing phosphines can
rastically alter the dynamics of catalysis [106–108]. García and
o-workers demonstrated the isomerisation of branched nitrile 2-
ethyl-3-butenenitrile to the linear isomer 3-pentenenitrile by

dding Ni(COD)2 to a series of P-donor (ferrocenylphosphines) lig-
nds [107]. An example of one such reaction is shown below in Eq.
20).
Scheme 32. Proposed mechanism for the heterogeneous hyd
0.

In combination with PPh3, Ni(COD)2 is reported to catalyze the
degradation of allyl formate into C3H6 and CO2 at room tempera-
ture as described in Eq. (21) [109].

HCOOCH2CH = CH2
Ni(COD)2−PPh3−→ C3H6 + CO2 (21)

Transition metal complexes bearing �3-allyl ligands have some-
times been employed in coupling reactions. Kambe and co-workers
demonstrated that the presence of �3-allyl ligands was vital in
the cross-coupling of alkyl halides with Grignard reagents [110].
In their experiments they found Pd(PPh3)2Cl2 was not active in
these cross-coupling reactions and with (�3-allyl)PdCl only giv-
ing 10% yield. The bis(�3-allyl)Pd complex on the other hand
gave a moderate yield with the analogous bis(�3-allyl)Ni com-
plex yielding high activity [110]. Scheme 34 delineates a possible
reaction pathway by which this cross-coupling reaction pro-
ceed.

The bis(�3-allyl)M 118 (M = Ni and Pd) were reacted with a Grig-
nard reagent to give rise to an anionic bis(�1,�3-allyl)M complex
119. The anionic nature of this complex improves the nucleophilic-
ity at the metal centre towards alkyl halides. Nucleophilic attack of
119 on an alkyl halide gives a dialkyl metal complex 120 followed
by reductive elimination to yield the cross-coupled product and
118 [110].

Reductive elimination is an important and vital reaction in
chemistry and is often the crucial step for product formation in
(20)

rogenation of (Diolefin)dialkylplatinum(II) complexes.
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nism; (b) metallacyclic mechanism.
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Scheme 33. (a) Cossee mecha

etal-catalyzed organic synthesis reactions [111]. The zerovalent
omplexes, particularly palladium(0) and nickel(0) complexes are
ommonly used as catalysts because of their high catalytic activ-
ty [112,113]. Highly active and short-lived metal-hydrocarbon
ntermediates are difficult to isolate to carry out further studies.
nalogous platinum(0)–hydrocarbon complexes are usually more
table and amenable to study.

Pasynkiewicz and co-workers have demonstrated the activation
f C–H bond in terminal olefins using cyclopentadienylnickel com-
lexes [114]. They have shown how a reaction of nickelocene with
henyllithium in the presence of an �-olefin can yield a series of

nteresting nickel complexes as well as organic products as shown
n Scheme 35.

At room temperature complex 121 can dissociate and exist
n equilibrium with {CpNiPh} and the olefin. The complex
22 is formed by the coupling of the phenyl before dissoci-
tion of the olefin. Following activation of the C–H bond of

he coordinated olefin caused by the presence of a coordina-
ively and electronically unsaturated dinickel centre, complex
22 can undergo aggregation or coupling followed by dis-
roportionation to give complexes 123 and 125 (Scheme 35)
114]. Scheme 34.



A. Sivaramakrishna et al. / Coordination Chemistry Reviews 254 (2010) 2904–2932 2929

eme 3

3

fi
f
t
p
[
p
q
i
s

t

Sch

.2.2. Chemical vapour deposition (CVD)
Organometallic chemical vapour deposition (OMCVD) of thin

lm metallic conductors is an important technique used for the
abrication of microelectronic components. The technique involves
he volatilization of an organometallic complex, which is the
assed over a substrate and thermolysed to deposit a metal film
115,116,57]. Vapourization is performed under pressure and tem-
erature conditions that allow a precursor vapour pressure ade-

uate for film deposition is achieved. The complex is heated beyond

ts stability range, causing decomposition of the organometallic
pecies and subsequently formation of metallic particles.

The key advantage of CVD over other deposition techniques is
hat pyrolysis temperature in OMCVD is hundreds of degrees lower
5.

[116]. Major applications of this method involves preparation of
ohmic and Schottky diode contacts, diffusion barriers, coating for
high temperature crucibles, microelectronics and the preparation
of solid supported catalysts [116]. For instance, palladium films are
of interest as potential replacement for gold as an electrical con-
tact material in integrated circuits. This is due to its high electrical
conductivity and resistance to oxidation [57].

Organometallic complexes bearing no heteroatom in ligand

backbone are known to be relatively volatile and yield clean metal
films and the synthesis of a platinum pent-4-en-yl complex is
shown by Bergman and co-workers [35].

Complex 5 was found to be volatile, and the elemental compo-
sition on a copper substrate was consistently obtained as 65% Pt,
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5% C and 10% Cu [35]. Other olefin and ally platinum precursors
ave also been reported [57]. A drawback with this method how-
ver, is formation of carbon contamination. The use of hydrogen as
carrier gas is known to minimize this.

. Concluding remarks

It is clear from the review that a large number of Ni, Pd and
t complexes with hydrocarbon ligands are known. These com-
ounds range from mononuclear up to tetranuclear compounds.
lthough many complexes have �- bonded n-alkenes such as
ycloalkenes, dienes and cyclopentadienes as ligands, there is a
imited number of organometallic complexes with only �-bonded

etal–carbon bonds. It is also clear from the review that there are
large number of possible synthetic routes which give a range of
ifferent products, some of which are only isolated in low yields
fter separation. It is surprising to note the extent of the chem-
stry of nickelocenes and its derivatives that has been explored.
eactions of some of these compounds yield new complexes by

igand exchange, formation of new C–C bonds or intermolecu-
ar rearrangements, many of which are unexpected and occur
ia a variety of mechanisms. A number of spectacular advances
ave been made in the understanding of the bonding in metal-
ydrocarbon complexes (M = Pt, Pd and Ni). Applications have been
escribed for metal–hydrocarbon compounds including both as
omogeneous and heterogeneous catalysis reactions as key inter-
ediates, organic transformations and chemical vapour deposition

tudies.
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(c) H. Lehmkuhl, A. Rufińska, K. Mehler, R. Benn, G. Schroth, Liebigs Ann. Chem.
(1980) 744.

[75] A. Pietrzykowski, P. Buchalski, S. Pasynkiewicz, J. Lipkowski, J. Organomet.
Chem. 663 (2002) 249.

[76] H. Lehmkuhl, V. Dimitrov, J. Organomet. Chem. 519 (1996) 69.
[77] S. Pasynkiewicz, A. Pietrzykowski, B. Kryza Niemiec, R. Anulewicz-Ostrowska,

J. Organomet. Chem. 613 (2000), 37 and references therein.
[78] S. Pasynkiewicz, A. Pietrzykowski, B. Kryza-Niemiec, L. Jerzykiewicz, J.

Organomet. Chem. 593–594 (2000) 245.
[79] (a) S. Pasynkiewicz, A. Pietrzykowski, B. Kryza-Niemiec, J. Zachara, J.

Organomet. Chem. 566 (1998) 217;
(b) S. Pasynkiewicz, M. Popławska, J. Organomet. Chem. 429 (1992) 135.

[80] S. Pasynkiewicz, A. Pietrzykowski, L. Bukowska, K. Słupecki, L.B. Jerzykiewicz,
Z. Urbamczyk-Lipkowska, J. Organomet. Chem. 604 (2000) 241.

[81] J.L. Priego, L.H. Doerrer, L.H. Rees, M.L.H. Green, Chem. Commun. (2000) 779.
[82] U. Denninger, J.J. Schneider, G. Wilke, R. Goddard, R. Krömer, C. Krüger, J.

Organomet. Chem. 459 (1993) 349.
[83] J.J. Schneider, D. Wolf, U. Denninger, R. Goddard, C. Krüger, J. Organomet.

Chem. 579 (1999) 139.
[84] S. Pasynkiewicz, A. Pietrzykowski, B. Kryza-Niemiec, R. Anulewicz-

Ostrowska, J. Organomet. Chem. 613 (2000), 37 and references therein.
[85] P. Buchalski, A. Pietrzykowski, S. Pasynkiewicz, L.B. Jerzykiewicz, J.

Organomet. Chem. 690 (2005) 1523.
[86] V. Jacob, T.J.R. Weakley, M.M. Haley, Angew. Chem. Int. Ed. Engl. 41 (2002)

3470.
[87] N.A. Grabowski, R.P. Hughes, B.S. Jaynes, A.L. Rheingold, J. Chem. Soc., Chem.

Commun. (1986) 1694.
[88] C.W. Landorf, V. Jacob, T.J.R. Weakley, M.M. Haley, Organometallics 23 (2004)

1174.
[89] I. Gattinger, M.A. Herker, W. Hiller, F.H. Köhler, Inorg. Chem. 38 (1999) 2359.
[90] J.J. Schneider, D. Spickermann, D. Bläser, R. Boese, P. Rademacher, T. Labahn,

J. Magull, C. Janiak, N. Seidel, K. Jacob, Eur. J. Inorg. Chem. (2001) 1371.
[91] (a) N. Oberbeckmann, K. Merz, R.A. Fischer, Organometallics 20 (2001), 3265

and references therein;
(b) O.V. Gusev, L.N. Morozova, T.A. Peganova, P.V. Petrovskii, N.A. Ustynyuk,
P.M. Maitlis, J. Organomet. Chem. 472 (1994) 359;

(c) G.W. Rice, R.S. Tobias, J. Am. Chem. Soc. 99 (1977) 2141;
(d) M.C. Jennings, R.J. Puddephatt, Can. J. Chem. 72 (1994) 294.

[92] (a) D. O’Hare, J. Organomet. Chem. 323 (1987) C13;
(b) D. O’Hare, Organometallics 6 (1987) 1766;
(c) N.M. Boag, R.J. Goodfellow, M. Green, B. Hessner, J.A.K. Howard, F.G.A.
Stone, J. Chem. Soc., Dalton Trans. (1983) 2585;



2 n Chem

[
[

[
[

932 A. Sivaramakrishna et al. / Coordinatio

(d) R. Taube, G. Honymus, Angew. Chem. 87 (1975) 291;
(e) H. b), F. Nakazawa, A. Ozawa, Yamamoto, Organometallics 2 (1983) 241.

[93] (a) P. Sautet, F. Delbecq, Chem. Rev. (2009), published on the web, Publication
Date (Web): October 29, 2009, DOI: 10. 1021/cr900295b;
(b) J. Gladysz, J. Michl, Chem. Rev. 88 (1988) 989;
(c) P.J. Davidson, M.F. Lappert, R. Pearce, Chem. Rev. 76 (1976) 219;
(d) S.M. Pillai, M. Ravindranathan, S. Sivaram, Chem. Rev. 86 (1986) 353;
(e) J.A. Martinho Simoes, J.L. Beauchamp, Chem. Rev. 90 (1990) 629.

[94] (a) D.D. Wick, K.I. Goldberg, J. Am. Chem. Soc. 117 (1997) 10235;
(b) J.K. Hoyano, W.A.G. Graham, J. Am. Chem. Soc. 104 (1982) 3723;
(c) A.H. Janowicz, R.G. Bergman, J. Am. Chem. Soc. 105 (1983) 3929;
(d) J.K. Hoyano, A.D. McMaster, W.A.G. Graham, J. Am. Chem. Soc. 105 (1983)
7190;
(e) W.D. Jones, F.J. Feher, Organometallics 2 (1983) 562;
(f) P.F. Seidler, T.T. Wenzel, R.G. Bergman, J. Am. Chem. Soc. 107 (1985) 4358;
(g) M.V. Baker, L.S. Field, J. Am. Chem. Soc. 109 (1987) 2825;
(h) C.K. Ghosh, W.A.G. Graham, J. Am. Chem. Soc. 109 (1987) 4726;
(i) M. Hackett, G.M. Whitesides, J. Am. Chem. Soc. 110 (1988) 1449;
(j) S.T. Belt, F.W. Grevels, W.E. Klotzbücher, A. McCamley, R.N. Perutz, J. Am.
Chem. Soc. 111 (1989) 8373;
(l) W.A. Kiel, R.G. Ball, W.A.G. Graham, J. Organomet. Chem. 259 (1993) 481;
(m) W.D. Jones, E.J.T. Hessell, J. Am. Chem. Soc. 115 (1993) 554;
(n) C. Wang, J.W. Ziller, T.C. Flood, J. Am. Chem. Soc. 117 (1995) 1647;
(o) A.H. Janowicz, R.G. Bergman, J. Am. Chem. Soc. 104 (1982) 352.

[95] (a) R.H. Schultz, A.A. Bengali, M.J. Tauber, B.H. Weiller, E.P. Wasserman, K.R.
Kyle, C.B. Moore, R.G. Bergman, J. Am. Chem. Soc. 116 (1994) 7369;
(b) A.A. Bengali, R.H. Schultz, C.B. Moore, R.G. Bergman, J. Am. Chem. Soc. 116
(1994) 9585;
(c) D.M. Haddleton, A. McCamley, R.N. Perutz, J. Am. Chem. Soc. 110 (1988)
1810.

[96] (a) T. Lian, S.E. Bromberg, H. Yang, G. Proulx, R.G. Bergman, C.B. Harris, J. Am.
Chem. Soc. 118 (1996) 3769;
(b) R. Osman, D.I. Pattison, R.N. Perutz, C. Bianchini, M. Peruzzini, J. Chem.
Soc., Chem. Commun. (1994) 513;
(c) A.J. Lees, A.A. Purwoko, Coord. Chem. Rev. 132 (1994) 155.

[97] (a) C. Hall, R. Perutz, Chem. Rev. 96 (1996) 3125;
(b) D.D. Wick, K.A. Reynolds, W.D. Jones, J. Am. Chem. Soc. 121 (1999)
3974.

[98] R. Wyrwa, H. Fröhlich, H. Görls, J. Organomet. Chem. 491 (1995) 41.
[99] (a) G.W. Rice, R.S. Tobias, J. Am. Chem. Soc. 99 (1977) 2141;

(b) R. Taube, G. Honymus, Angew. Chem. 87 (1975) 291.
100] M. Polanyi, J. Horiuti, Trans. Faraday Soc. 30 (1934) 1164.

101] (a) R.L. Burwell, Catal. Lett. 5 (1990) 237;

(b) W.F. Maier, Angew. Chem. Int. Ed. Engl. 28 (1989) 135.
102] T.R. Lee, G.M. Whitesides, Acc. Chem. Res. 25 (1992) 266.
103] (a) B.R. Aluri, N. Peulecke, B.H. Muller, S. Peitz, A. Spannenberg, M. Hapke, U.

Rosenthal, Organometallics 29 (2010) 226;
(b) D.G. Musaev, K. Morokuma, Top. Catal. 7 (1999) 107;
istry Reviews 254 (2010) 2904–2932

(c) C. Sui-Seng, A. Castonguay, Y. Chen, D. Gareau, L.F. Groux, D. Zargarian,
Top. Catal. 37 (2006) 81;
(d) A.K. Tomov, V.C. Gibson, G.J.P. Britovsek, R.J. Long, M. van Meurs, D.J. Jones,
K.P. Tellmann, J.J. Chirinos, Organometallics 28 (2009) 7033;
(e) G.J.P. Britovsek, V.C. Gibson, D.F. Wass, Angew. Chem., Int. Ed. 38 (1999)
428;
(f) S.D. Ittel, L.K. Johnson, M. Brookhart, Chem. Rev. 100 (2000) 1169;
(g) D. Vogt (Ed.), Oligomerisation of Ethylene to Higher Linear Alpha-olefins;,
VCH, Weinheim, 2002;
(h) G.J.P. Britovsek, S.A. Cohen, V.C. Gibson, M.J. van, Meurs, J. Am. Chem. Soc.
126 (2004) 10701;
(i) M.J. van Meurs, G.J.P. Britovsek, V.C. Gibson, S.A. Cohen, J. Am. Chem. Soc.
127 (2005) 9913;
(j) R. Kempe, Chem. Eur. J. 13 (2007) 2764;
(k) D.J. Arriola, E.M. Carnahan, P.D. Hustad, R.L. Kuhlman, T.T. Wenzel, Science
312 (2006) 714;
(l) V.C. Gibson, Science 312 (2006) 703;
(m) A. Bollmann, K. Blann, J.T. Dixon, F.M. Hess, E. Killian, H. Maumela, D.S.
McGuinness, D.H. Morgan, A. Neveling, S. Otto, M.J. Overett, A.M.Z. Slawin, P.
Wasserscheid, S. Kuhlmann, J. Am. Chem. Soc. 126 (2004) 14712;
(n) D.F. Wass, Dalton Trans. (2007) 816.

[104] P. Cossee, J. Catal. 3 (1964) 80.
[105] J.R. Briggs, J. Chem. Soc., Chem. Commun. (1989) 674.
[106] (a) W. Zhao, Y. Qian, J. Huang, J. Duan, J. Organomet. Chem. 689 (2004) 2614;

(b) Z. Weng, S. Teo, Z. Liu, T.S.A. Hor, Organometallics 26 (2007) 2950;
(c) R.S. Rojas, G. Barrera, G. Wu, G.C. Bazan, Organometallics 26 (2007) 5339.
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