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The allyl anion [C3H5]– is often found in combination with
other ligands in organometallic complexes. Compounds in
which allyl groups are the only or principal type of ligand,
however, are often coordinatively unsaturated and prone to
decomposition. It is possible to increase the thermal and
sometimes oxidative stability of such complexes by adding
sterically bulky substituents (e.g., –SiMe3) to the allyl group.
Main group, transition metal, and f-element compounds con-

Introduction

The allyl anion, [C3H5]–, is among the smallest π-delocal-
ized ligands found in organometallic chemistry. Its compact
size contributes to its conformational flexibility; it binds to
metals in both bridged (η3) and “classic” σ- (η1) modes,
and interconversion between them can be rapid. In combi-
nation with a wide variety of other ligand types (e.g., ha-
lides, phosphanes, carbonyls, and cyclopentadienes), allyl
anions have been incorporated into complexes from across
the periodic Table (the s-, p-, d-, and f-block are all repre-
sented).[1]
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structed with bulky allyl ligands display a wide range of
monomeric, oligomeric, and polymeric structures. Some of
these complexes have no counterparts with unsubstituted
allyl groups, and others are active polymerization catalysts.
Research in this area has served to expand the range of struc-
tural types and bonding that can be incorporated into metal
allyl chemistry.

Despite its versatility, the small size of the allyl ligand
can be a liability in many contexts, especially in homoleptic
complexes, M(C3H5)n. With a few important exceptions
[e.g., the bis(allyl) complexes of Ni, Pd, and Pt, which are
valuable in organic synthesis],[2] most M(C3H5)n com-
pounds are poorly studied and infrequently used. A major
reason for this is that metal centers in homoleptic allyl com-
plexes are often coordinately unsaturated, and low-energy
pathways for decomposition are available. As a result, many
of them are thermally unstable and difficult to handle.
Wilke cites examples of these in his early review of homo-
leptic allyl complexes:[3] especially notable are Fe(C3H5)3

and Co(C3H5)3, which decompose above –40 °C, V(C3H5)3,
which explodes above –30 °C, and Zr(C3H5)4, Nb(C3H5)4,
and Ta(C3H5)4, all of which decompose at 0 °C. Even
Ni(C3H5)2 decomposes within a day at room temperature
under a nitrogen atmosphere.
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By occupying larger areas of the metal coordination

sphere and physically blocking decomposition routes, steri-
cally bulky ligands have often been used to improve the
kinetic stability of organometallic complexes. Cyclopen-
tadienyl chemistry has long benefited from the use of such
substituted rings as C5Me5 and C5H3(SiMe3)2, which can
be used to synthesize compounds of greater diversity and
stability than is possible with Cp alone.[4–6] A similar ap-
proach is effective with the allyl ligand. The allyl anion can
be substituted with a variety of alkyl, aryl, silyl, and siloxide
groups, all of which can have substantial effects on the
properties of their associated compounds. For example,
methylated allyl ligands are known to provide modest im-
provements in the thermal stability of complexes,[7] and the
bulky nickel allyl complex Ni(1,1�,3,3�-Ph4C3H)2 is stable
at room temperature.[8] The first widespread studies of the
changes in properties that could be conferred on allyl com-
plexes with the use of sterically bulky ligands involved tri-
methylsilylated ligands. Fraenkel reported the synthesis of
lithiated derivatives of [(SiMe3)nC3H5–n]– anions in the early
1990s,[9–11] and allyl ligands with one to three trimethylsilyl
substituents are known.[12] These and related variants such
as dimethyl(tert-butyl)silylallyl[13] have remained the most
extensively used ligand types in bulky allyl complex chemis-
try. The trimethylsilyl groups provide good solubility in hy-
drocarbon solvents, and substantially increase the size and
steric demands of the ligands; e.g., at 216 Å3, the syn,syn-
[1,3-(SiMe3)2C3H3]– anion has 4 times the volume of the
parent [C3H5]– ion (54 Å3) (Figure 1).[14]

Figure 1. Space-filling models of [C3H5]– (left) and [1,3-(SiMe3)2-
C3H3]–.

How much of an effect such increased bulk has on the
properties of the association complexes varies not only with
the degree of substitution, but also with the identity of the
substituent. The energetic barrier for displacing silyl-based
substituents from the plane of a delocalized anion is lower
than for hydrocarbyl groups,[15] and such bending effec-
tively reduces the steric impact of the group. Consequently,
a single substituent may have minimal effect on the struc-
ture of the complex (e.g., as discussed below, [Cr(C3H5)2]2
and {Cr[1-(SiMe3)C3H4]2}2 are related dimers).[16] Con-
versely, three trimethylsilyl groups on the ligand may not
affect structures much more than the presence of two (e.g.,
Cr[1,3-(SiMe3)2C3H3]2 and Cr[1,1�,3-(SiMe3)3C3H2]2 are
comparable monomeric species).[16]

In some cases, substituted allyl ligands provide versions
of known compounds that are more robust than the unsub-
stituted species. For example, unlike the pyrophoric
Ni(C3H5)2, the trimethylsilylated derivative Ni[1,3-(SiMe3)2-
C3H3]2 only slowly decomposes in air (from hours to
days).[17] In addition, the homoleptic thorium complexes
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Th[(SiMe3)nC3H5–n]4 (n = 1, 2) are stable to 90 °C,[18] in
contrast to Th(C3H5)4, which decomposes at 0 °C. In other
cases, the presence of substituent groups aids in crystalli-
zation, so that solid-state structures may be obtained; calcu-
lations suggest that the X-ray crystal structure of the lith-
ium dimer {Li[1,1�,3-(SiMe3)3C3H2]}2 is related to that of
the unsubstituted complex, which is known to be a dimer
from cryoscopy, but which has not been structurally au-
thenticated.[19]

Of even greater interest is the use of substituted allyl li-
gands to support entirely new classes of metal complexes.
Discussed below are the thermally stable, electron-deficient
transition metal bis(allyl) compounds M[1,3-(SiMe3)2-
C3H3]2 (M = Cr, 12-e–;[16] Fe, 14-e–;[20] Co, 15-e–[21,22]); they
have no monomeric counterparts with unsubstituted li-
gands. The neutral monomeric tris(allyl) complexes Ln[1,3-
(SiMe3)2C3H3]3(thf) (Ln = Ce, Nd, Tb)[23] and the tetramet-
allic salt {K(thf)2Sm[1,3-(SiMe3)2C3H3]3}2

[24] are likewise
without precedent with unsubstituted allyl ligands.

This review is focused on the second type of complex
mentioned above; i.e., those (mostly homoleptic) complexes
in which the use of sterically bulky allyl ligands has allowed
the isolation of complexes with new structural features that
are either unknown or substantially different from counter-
parts with unsubstituted allyl ligands. A brief review of this
area was published several years ago, with an emphasis on
transition metal complexes;[25] the present microreview up-
dates and expands that review, especially in the areas of
main group and lanthanide chemistry. Azaallyl compounds,
which have some parallels to those discussed here, have
been reviewed elsewhere.[26]

The review is organized along major element families
(Groups 1–2, 12–14, and the d- and f-blocks). Synthetic
routes that are generally applicable to all the metal families
are discussed first.

General Preparative Routes
The most common starting materials for metal com-

plexes containing bulky allyl ligands have been the alkali
metal salts of the allyl anions; these are prepared from the
lithium allyls, which in turn are generated from the substi-
tuted propene and an alkyllithium reagent (Scheme 1).[27]

Owing to the pervasive use of the [1,3-(SiMe3)2C3H3]–

anion, it will be referred to as “A�” in the rest of this review.

Scheme 1. Synthesis of lithium, sodium and potassium salts of tri-
methylsilylated allyl anions.

Both mono- and 1,3-dilithiated allylsilanes can be pre-
pared from 1-[(allyldimethylsilyl)methyl]piperidine by treat-
ment with either one or two equivalents of tBuLi
(Scheme 2). The lithium salts have been structurally charac-
terized.[28]
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Scheme 2. Mono- and dilithiation of 1-[(allyldimethylsilyl)methyl]-
piperidine.

The limited acidity of propene and its substituted deriva-
tives means that direct reaction to form a salt will only oc-
cur with the most active metals (Rb, Cs) (Scheme 3).[29]

Scheme 3. Synthesis of the cesium salt of the [A�]– anion.

A silyl-bridged bis(allyl)ligand made from the bis(allyl)-
silane Me2Si(CH2CHCHSiMe3)2 can be converted into its
dilithium or dipotassium salt (i.e., K2[3-(C3H3SiMe3-1)2-
SiMe2]) (Scheme 4); it has been used in the synthesis of
ansa-bis(allyl) complexes.[30,31]

Scheme 4. Synthesis of the dipotassium salt K2[3-(C3H3SiMe3-1)2-
SiMe2].

A cyclic allyl variant with sterically bulky groups, the
[1,3-bis(trimethylsilyl)-2-cyclohexen-1-yl] anion, has been
described. It retains the two trimethylsilyl groups of the
[A�]– anion while providing extra shielding with the cyclo-
hexyl group;[32] such protection might be important in
mono(π-allyl) metal complexes. The hydrocarbon is synthe-
sized in 3 steps from 3-bromocyclohexene (Scheme 5).

Scheme 5. Synthesis of 1,3-bis(trimethylsilyl)cyclohexene.

A related silyl-bridged bis(cyclohexene) ligand has been
used to form ansa-bis(allyl) complexes.[32]

Donor-functionalized allyl ligands can provide internal
solvation to metal complexes. The reaction of Li[A�] with
tetrahydrofurfuryl tosylate produces [4-(tetrahydrofuran-2-
yl)but-1-ene-1,3-diyl]bis(trimethylsilane) (Scheme 6); it can
subsequently be deprotonated with alkyllithium reagents or
MgBu2 to produce new metal complexes.[33]

Scheme 6. Synthesis of a thf-functionalized allyl ligand.
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Other examples of such functionalized ligands are
known. For example, metallation of N,N-bis(2-methoxy-
ethyl)-2,2-dimethylpent-4-en-1-amine generates a 1:1 equi-
librium mixture of two isomeric internally coordinated al-
lyllithium complexes that interconvert on the NMR times-
cale. Subsequent treatment of the mixture with TMSCl pro-
duces trimethylsilyl-substituted allyls which themselves can
be lithiated to produce a second pair of interconverting iso-
mers (Scheme 7).[34]

Scheme 7. Synthesis of (Z)-N,N-bis(2-methoxyethyl)-2,2-dimethyl-
5-(trimethylsilyl)pent-3-en-1-amine; the (E) isomer (not shown) is
formed in equal amounts.

Related functionalized allyls ligands have been derived
from methoxyethylamino-substituted propenes.[35–37] Other
trimethylsilyl-substituted propenes with donor functionali-
ties in the 2-position have been described;[38,39] these have
been used in studies of internal solvation on lithium coordi-
nation modes.

The terminal substituent in a coordinated allyl ligand can
be found in a syn or anti position; the former conformation
places the substituent on the same side of the ligand as the
central hydrogen atom; in the anti form, the opposite ar-
rangement occurs. To date, π-bound monosubstituted allyl
ligands are known only with syn orientations, and unless
constrained by an ansa-bridge, 1,3-disubstituted allyl li-
gands have syn,syn configurations in complexes of highly
electropositive metals (s- and f-block). Both syn,syn and
syn,anti arrangements occur in allyl complexes of the d-
block transition elements.

Peculiarities of Halide Metathesis Synthesis

Halide metathesis reactions such as that in Scheme 8 are
commonly used as a route to bulky allyl metal complexes.

Scheme 8. Metathetical route to allyl complexes.

The use of potassium salts of the allyl anion facilities
separation of the alkali halide by-product by filtration of
the reaction mixture. Lithium salts, in contrast, are readily
solvated by ethers (thf, Et2O), and can remain mixed with,
or even incorporated into, the allyl complexes.

Although synthesis with metathetical methods is typi-
cally straightforward, a peculiar difficulty with the use of
bulky allyl ligands is that the products of halide-exchange
reactions may not reflect the stoichiometry of the reagents.
This seems to occur most often with larger metals, espe-
cially among the f-elements, although even variations in the
metal cation of the allyl starting material can affect the
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products isolated. With lanthanide iodides and lithium allyl
starting materials, for instance, anionic lanthanates are pro-
duced regardless of the lanthanide used (Scheme 9).

Scheme 9. Metathetical route to lanthanates.

If the potassium derivative of the allyl is used as a start-
ing material, however, neutral species are formed
(Scheme 10). The outcomes of some reactions appear to be
metal radii dependent.

Scheme 10. Metathetical route to neutral allyl complexes.

Another example of the lack of strict stoichiometric con-
trol is provided by the reaction of two equivalents of K[A�]
and NdI3(thf)3.5, which produces a mixture of the expected
bis(allyl) complex Nd[A�]2I(thf)2 along with the mono(allyl)
compound Nd[A�]I2(thf)1.25.[24]

Size effects are clearly operative when it comes to the
accommodation of neutral bases in the coordination
spheres of the metals. Two sets of reactions have been ob-
served with lanthanide triflates, with a break in composi-
tion between Tb and Dy (Scheme 11).

Scheme 11. Metathetical route to neutral allyl complexes.

With the smaller lanthanides, the coordination sphere is
evidently too sterically crowded to incorporate a tetra-
hydrofuran ligand, although as indicated in Scheme 9, an
additional iodide can still be accommodated around a
smaller metal.

An unusual twist on this chemistry is that the trimethyl-
silyl groups in bulky allyl ligands can themselves be sites of
reactivity, and traces of water in reagents can initiate un-
usual transformations.[40] This underscores the need for a
high degree of rigor in the purification of reagents and
stringent precautions against adventitious admission of air
or moisture into reaction systems. Other, more specialized
routes to sterically bulky allyl complexes will be described
later.

Structures of Compounds from Groups 1–2

(a) The Alkali Metals

Fraenkel and co-workers described the synthesis of lithi-
ated derivatives of the trimethylsilylated propenes, and re-
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ported various structural and spectroscopic properties for
them.[9–11,34,36–39] The tmeda adduct of Li[A�] is a monomer
in the solid state, with slightly asymmetrical π-bonding
(e.g., the C–C distances in the allyl ligand differ by
0.041 Å);[9] in solution, however, the molecule appears sym-
metrical. Lappert has described the structure of the related
complex Li{1,3-[Si(tBu)Me2]2C3H3}(tmeda); it is more
symmetrical than Li[A�] (e.g., ∆C–C = 0.007 Å), despite the
greater bulk of the silyl substituents.[32]

Fraenkel found that the unique trimethylsilyl group at C-
3 in the tris(trimethylsilylated) complex Li[1,1�,3-(SiMe3)3-
C3H2] was syn in solution, and that the barrier to rotation
of the allyl groups in thf was 16.8 kcalmol–1.[12] Interest-
ingly, despite the bulk of the ligands, Li[1,1�,3-(SiMe3)3-
C3H2] adopts a dimeric structure in the crystal (Figure 2).
The two Li atoms are bridged by the allyl ligands in a µ2-
η1,η2 manner, with a σ-bonded distance of 2.232(7) Å (Li1–
C6�, Li1�–C6). The lithium is centered over the midpoint of
the C4–C5 bond, with an average Li–(C4,C5) distance that
is indistinguishably different from the σ-bonded length
(2.236 Å). The bridging allyls (C4–C6) are only partially de-
localized, with a 0.085 Å difference between the single and
double bonds.

Figure 2. The structures of {Li[1,1�,3-(SiMe3)3C3H2]}2 (left) and
bis[µ2-η3, η1-4-(tetrahydrofuran-2-yl)-1,3-bis(trimethylsilyl)but-2-
en-1-yl]dilithium (right).

Unsubstituted allyllithium is known to be dimeric in thf
solution,[41] and calculations at the DFT level indicate that
even the substituted complex {Li[C3-1,1�,3-(SiH3)2H3]-
(thf)2}2 would be stable as a dimer.[19] Support for this con-
clusion is found in a related lithium complex formed from
the tetrahydrofurfuryl-substituted derivative of the A� li-
gand (Figure 2).[33] The dimeric complex has Li1–O1 and
Li2–O2 bond lengths that are indistinguishable at 1.87 Å,
and the C–C allyl bonds are slightly more delocalized (∆
= 0.052 Å) than in {Li[1,1�,3-(SiMe3)3C3H2]}2. The lithium
atoms have shifted so that they are closest to the center
carbon atoms of the allyl ligands [average of Li1–C2 and
Li2–C16 bond lengths is 2.196(7) Å] and the distances from
the lithium atoms to the “outer” carbon atoms (C3, C17)
are now quite long at an average value of 2.48 Å.

The unsolvated 1,3-bis[dimethyl(phenyl)silyl]allyllithium,
Li[1,3-(SiMe2Ph)2C3H3], forms helical polymeric chains in
the solid state (Figure 3).[42] The π-bonded allyl ligands are
at an angle of 60–62° from the major chain axes, and the
Li–C distances range from 2.16 Å to 2.35 Å. The average
distance of 2.26 Å is considerably shorter than the corre-
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sponding separation in the polymeric {Li[1,3-Ph2C3H3]·
OEt2}� (2.42 Å),[43] which reflects the presence of the coor-
dinated ethers in the latter complex.

Figure 3. The structure of {Li[1,3-(SiMe2Ph)2C3H3]}�.

Treatment of (1E,1�E,1�E)-3,3�,3�-(methylsilanetriyl)tris-
(prop-1-ene-3,1-diyl)tris(trimethylsilane) (MeSiA†

3) with
3 equiv. of n-butyllithium and tmeda produces Li3[MeSi-
A†

3](tmeda)3 in 32% isolated yield.[44] The molecular struc-
ture of the latter contains a trianionic ansa-tris(allyl) ligand
with a central tetrahedral Si bound to three allyl moieties
and a single methyl group (Figure 4). Each allyl group is in
turn bound to a [Li(tmeda)]+ cation. The allyl C–C dis-
tances vary over a narrow range of 1.383(7)–1.416(4) Å,
which is indicative of a substantial delocalization of the π-
electrons in each allyl moiety. As is the case for other sol-
vated lithium allyls, the 1H NMR spectrum of Li3[MeSi-
A†

3](tmeda)3 suggests that it is fluxional in solution.

Figure 4. The structure of Li3[MeSiA†
3](tmeda)3.

Bis(1,3-trimethylsilyl)cyclohexene reacts with n-butyllith-
ium and tmeda in hexane at room temperature to yield the
lithium derivative (Figure 5).[32] Curiously, although the
lithium is well centered over the allyl bond (the difference
between Li–C2 and Li–C6 is 0.03 Å), the Li–C1 distance at
2.140(6) Å is much shorter than the average of the Li–C2/
Li–C6 distances [2.412(7) Å]; it has been suggested that the
lithium–allyl bonding might be considered to be of an η1-
type.
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Figure 5. The structure of the lithium derivative of bis(1,3-trimeth-
ylsilyl)cyclohexene.

Dilithiation of 1-[(allyldimethylsilyl)methyl]piperidine
forms the S6-symmetric complex hexakis(µ5-η3,η3-1-
{dimethyl[(piperidin-1-yl)methyl]silyl}allyl)dodecalithium
(Figure 6).[28] In addition to the lithium atoms interacting
in a π-type fashion with the allyl ligands (Li–C = 2.16–
2.37 Å), a hydrogen at the terminal C3 carbon has been
replaced with a lithium atom (Li–C = 2.11 Å). Another
close Li···C contact is found at 2.25 Å. DFT calculations
on model systems indicate that a substantial amount of the
negative potential of the allyl dianion resides near C3,
which accounts for its association with multiple lithium cen-
ters.

Figure 6. The structure of the dilithium derivative of 1-[(allyldi-
methylsilyl)methyl]piperidine.

With potassium and the heavier alkali metals, allyl com-
plexes are uniformly found as coordination polymers. The
potassium salt of the A� anion, for example, has been crys-
tallized as DME and thf solvates, {K[A�](dme)}�

[45] and
{K[(A�)(thf)3/2]}�,[29] and also as the base-free complex,
{K[A�]}�.[19] The tetrahydrofurfuryl-substituted derivative
of the A� anion has been crystallized as its potassium
salt,[33] and the dimethylsilyl ansa-bis(silylcyclohexenyl)-
dipotassium complex {K2[(η3-C6H4SiMe3-6)2SiMe2]-
(thf)3}� has been isolated as a thf solvate.[32] All five com-
pounds are coordination polymers with potassium ions
linked by bridging π-allyl ligands. The {K[A�]}� polymer
takes the form of helical chains running parallel to the a
axis (Figure 7). The range of K–C distances in {K[A�]}�
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(2.87–3.15 Å; ∆ = 0.28 Å) is broad enough that the average
K–C distance of 3.01 Å is not especially significant, al-
though it is comparable to those for potassium cyclopen-
tadienides (e.g., 2.93 Å to 3.10 Å in {K[C5(SiMe3)3-
H2]}�

[46]), indicating the similarly ionic bonding in the com-
plexes.

Figure 7. The structure of {K[A�]}�.

The cesium compound {Cs[A�](thf)}� forms a strictly lin-
ear chain of metal atoms.[29] The immediate environment
around the cesium in {Cs[A�](thf)}� consists of a thf ligand
and two π-bound allyl ligands; there are close intermo-
lecular contacts to methyl groups at 3.67 and 3.95 Å that
serve to raise the formal coordination number from 5 to
about 7.

(b) The Alkaline-Earth Metals

The alkaline-earth metals display a large range of bond-
ing modes in their allyl complexes. Allyls in magnesium
complexes are consistently found to be σ-bonded in the so-
lid state, and η3-coordination of the allyl ligand to magne-
sium has been suggested as being disfavored.[33] Neverthe-
less, the balance between covalent and ionic bonding in al-
lylmagnesium complexes (and corresponding σ- and π-co-
ordination) may be more subtle than indicated by the avail-
able solid state data. For example, infrared and 13C NMR
spectra indicate that allyl- and [D2]methallyl-Mg bromides
are involved in exchange processes in solution, presumably
involving unsymmetrical σ-bonded allylic structures,[47] but
the deuterated version of Mg(C3H5)2 does not have distinct
double bond stretching bands in the IR spectrum, suggest-
ing that delocalized π-type bonding exists in the ligands.[47]

Such examples raise the question of just what determines
the balance between σ- and π-bonding in allylmagnesium
complexes. Structural and computational studies with bulky
allyl complexes have provided some insights into this issue.

Prepared by standard metathetical techniques, the color-
less complex Mg[A�]2(thf)2 is fluxional in solution; at
–45 °C, its 1H NMR spectrum indicates that the compound
possesses σ-bonded A� ligands.[48] At room temperature
and above, however, the spectrum presents an increasingly
simplified “π-like” pattern with an apparent triplet, an ap-
parent doublet, and a singlet (for the SiMe3 groups). Sim-
ilar solution behavior is observed in the GaA�3 complex (see
below),[49] and reflects the presence of equilibrating allylic
isomers. In the solid state, each Mg center in Mg[A�]2(thf)2

is surrounded by two σ-coordinated allyl moieties and two
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thf solvent molecules in a distorted tetrahedral environ-
ment. The related compound bis[4-(tetrahydrofuran-2-yl)-
1,3-bis(trimethylsilyl)but-2-en-1-yl]dimagnesium demon-
strates that internal coordination of thf from donor-func-
tionalized allyl ligands also produces σ-bound coordina-
tion.[33]

Under vacuum, the compound Mg[A�]2(OEt2) is easily
desolvated; the resulting yellow, base-free Mg[A�]2 complex
is fluxional in solution, as evidenced by its 1H NMR spec-
trum. In the solid state, Mg[A�]2 is a dinuclear species in
which the two Mg atoms are coordinated in an irregular
fashion (Figure 8).[48] A σ-bound, terminal allyl is present
on each magnesium, and two allyl ligands bridge between
the metals. The bridging allyls (C14–C16; C24–C26) are of
a localized type, and both metals contact them through one
relatively short distance of ca. 2.23 Å (Mg1–C26, Mg2–
C16). The magnesium to bridging carbon atom distances
are considerably longer, and range from 2.435(2) to
2.514(2) Å. The bonding of the magnesium centers to the
C14–C16 and C24–C26 carbon atoms is probably of a cat-
ion-π nature; similar interactions involving Mg2+ have been
the subject of computational investigations.[50–53]

Figure 8. The structure of {Mg[A�]2}2. Terminal methyl groups on
the silicon atoms have been omitted.

DFT investigations performed on a set of allylmagne-
sium complexes indicated that the minimum energy struc-
ture for Mg(C3H5)2 is one with π-bound ligands that are
somewhat slipped (Mg–C distances range from 2.23 to
2.33 Å).[48] Calculations indicate that addition of a single
thf ligand to Mg(π-C3H5)2 results in slippage of one allyl
ligand to the classical σ-bonding mode, and addition of a
second thf molecule to Mg(η1-C3H5)(η3-C3H5)·(thf)2 causes
both allyl ligands to assume σ-bonding modes, like those
observed in Mg[A�]2(thf)2 (Figure 9). These results suggest
that the near-universal presence of coordinated bases in al-
lylmagnesium species drives the conversion from a delocal-
ized π- to classical σ-bonding.

Like magnesium, the larger metal calcium also forms a
colorless complex of the type M[A�]2(thf)2, but the ligands
are π-bound. This is suggested by temperature-invariant 1H
NMR spectroscopic data, and confirmed by the solid-state
structure. The molecule possesses ligands with delocalized
bonding, with the difference between the C–C bonds being
less than 0.02 Å (Figure 10).[54]
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Figure 9. Calculated structures of Mg(C3H5)2 (a), Mg(C5H5)2(thf)
(b), and Mg(C5H5)2(thf)2 (c). Hydrogen atoms have been omitted
for clarity.

Figure 10. The structure of Ca[A�]2(thf)2.

The allyl ligands are bound in a symmetrical trihapto
manner to the metals, with an average Ca–C distance of
2.654(5) Å, respectively. The allyl–M distance is closely sim-
ilar to that for cyclopentadienyl rings in formally six-coor-
dinate M2+ centers [e.g., 2.64(2) Å in Ca(C5Me5)2].[55] It is
notable that the allyl groups maintain the same metal–li-
gand separation as do cyclopentadienyl rings, because in
transition metal (C3RnH5–n)MCp complexes, the allyl li-
gand binds more closely to the metal than does the Cp
ring.[56,57]

Structures of Compounds from Groups 12–14

(a) Group 12

When zinc triflate was treated with K[A�], an anionic (tri-
allyl)zincate K[ZnA�3] was isolated instead of the intended
neutral Zn[A�]2.[58] Adjustment of the stoichiometry of the
reaction (Scheme 12) allowed the synthesis of air- and
moisture-sensitive, orange-red crystals of K[ZnA�3] in high
yield. Use of the lithium or sodium salt of the allyl anion
produced the analogous yellow lithium and sodium deriva-
tives.

Scheme 12. Synthesis of a potassium tri(allyl)zincate complex.

The lithium compound can also be formed by cation ex-
change (Scheme 13).

Scheme 13. Synthesis of a lithium tri(allyl)zincate complex.
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It is interesting that the formation of analogous zincates
does not occur with the unsubstituted anion; e.g., the par-
ent Zn(C3H5)2 is formed even with the use of 2.6 equiv. of
(C3H5)MgCl per equiv. of ZnCl2.[59]

The M[ZnA�3] complexes are fluxional in solution, and
the NMR chemical shifts are different in C6D6, suggesting
that the cations remain associated with the zincate anion. In
[D8]thf, however, the 1H NMR chemical shifts are identical,
indicating that the alkali metal cations and the zincate
anions are now solvent-separated; in particular, the 7Li
NMR spectrum of Li[ZnA�3] in [D8]thf displays a reso-
nance near that reported for the [Li(thf)4]+ cation.[60]

Single crystal X-ray structures of Na[ZnA�3] (Figure 11)
and K[ZnA�3] reveal that the three allyl ligands are bound
to the zinc in an arrangement with approximate C3 sym-
metry, with the alkali metal cations situated between the
double bonds of the allyl ligands. The distances are consis-
tent with noncovalent cation-π interactions. The
K+···C(olefin) contacts average 3.205(3) Å and 2.945(3) Å
to the carbon atoms β and γ to the zinc atom, respectively.
These distances are comparable to the range of K+···C con-
tacts usually observed with aromatic rings (cf. the 3.12–
3.35 Å distances to the neutral arenes in {[K(toluene)2]+-
[Mg(N(SiMe3)2)3]–}n

[61]). A closely related type of K+···C-
(olefin) bonding was observed in a substituted tris(pentadi-
enyl)manganate complex.[62]

Figure 11. Structure of Na[ZnA�3]; the potassium salt is iso-
structural. The Na+···C(olefin) contacts average 2.857(3) Å and
2.567(3) Å to the carbon atoms β and γ to the zinc atom, respec-
tively.

The structure of the lithium derivative Li[ZnA�3] is sim-
ilar to Na[ZnA�3] and K[ZnA�3], but the asymmetry in the
metal–carbon distances suggests that some Li–C σ-bonding
is involved.[58]

(b) Groups 13, 14

A substituted allyl complex of gallium, pale yellow
GaA�3, has been synthesized from the reaction of K[A�]
and GaCl3 in thf and characterized with X-ray crystallogra-
phy and NMR spectroscopy.[49] It is stable indefinitely un-
der an inert atmosphere and can survive brief (min) expo-
sure to air. In solution at room temperature, the molecule
is fluxional and the ligands appear as if symmetrically
bound in a π-type fashion e.g., the 1H NMR resonance for
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the SiMe3 groups appears as a sharp singlet, and the central
hydrogen atom on the allyl ligands appears as a triplet. A
limiting spectrum is not reached even at –75 °C.

In the solid state, the complex displays σ-bound ligands
in a trigonal planar arrangement around the metal, with
an average Ga–C distance of 1.980(5) Å (Figure 12). The
terminal trimethylsilyl groups are syn to the central hydro-
gen atoms of the allyl ligands. The fully localized C–C
bonding in the allyl ligands is indicated by the average C=C
bond length of 1.329(7) Å and the average C–C bond length
of 1.497(6) Å. Density functional theory calculations indi-
cate that the structure found in the solid state, with one allyl
ligand antiparallel to the other two, is the lowest in energy,
but an alternate arrangement with all three ligands parallel
(C3 symmetry) is less than 3 kcalmol–1 higher in energy.

Figure 12. Structure of GaA�3.

Structurally similar to the tris(allyl)zincates noted above
is the stannate complex K[SnA�3](thf), synthesized by the
salt metathesis of K[A�] and SnCl2 in a 3:1 stoichiometry
in thf.[44] X-ray diffraction studies reveal that the Sn resides
in a pyramidal environment with C–Sn–C bond angles of
96.7(2)°: this is indicative of the considerable s-character
of the tin-centered electron lone-pair. As with the related
zincates, the allyl ligands are strongly localized (∆C–C =
0.16 Å), and the coordination environment for the K+ ion
includes both a thf ligand and the η2-π-bonds of the allyls
[K–C = 3.065(8)–3.164(8) Å].

Unlike the case for the alkali metal zincates and the neu-
tral GaA�3, NMR spectroscopic studies of K[SnA�3](thf)
indicate that the σ-bound structure persists in solution, and
the 1H NMR spectrum is temperature-independent in the
range of 180–298 K. Additionally, 119Sn NMR reveals a sin-
gle broad resonance at δ(119Sn) = –132.9 ppm. The static
solution behavior of the stannate was attributed to the rela-
tive strength of the Sn–C σ-bonds and to the rigidity im-
parted by the presence of the cation, although the latter is
also present in the fluxional zincates.

Structures of d-Block Metal Compounds

Much of the progress with d-block transition metals and
sterically bulky allyl ligands has involved the first row met-
als from Cr to Ni. In contrast, with the exception of the
early (Groups 4 and 5) metals, complexes of the second and
third row transition elements have yet to be isolated.
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(a) Group 4 Complexes

Reaction of TiCl4 or ZrCl4 with two equivalents
of Li[1,3-(Si(tBu)Me2)2C3H3](tmeda) generates the tri-
valent complexes [1,3-(Si(tBu)Me2)2C3H3]2(Ti,Zr)(µ-Cl)2Li-
(tmeda), along with the coupled dimer of the allyl ligand.[13]

Some of the allyl anion serves as the reducing agent, which
reduces the yield of the metal complex below 50%. In the
solid-state structures of both compounds, the allyl ligands
are slightly slipped to one side of the metal, suggesting a
distortion toward a σ,π-(η3) bonding arrangement. In the
titanium complex (Figure 13), for example, the difference
between the Ti–Cterminal distances is ca. 0.2 Å. Both the tita-
nium and zirconium complexes can be oxidized to form
neutral tetravalent species [1,3-(Si(tBu)Me2)2C3H3]2(Ti,Zr)-
Cl2, which display η3 i η1 allyl ligand fluxionality on the
1H NMR timescale.

Figure 13. The structure of [1,3-(Si(tBu)Me2)2C3H3]2Ti(µ-Cl)2Li-
(tmeda).

Hafnium tetrachloride reacts with [Li(tmeda)]2[3-
(C3H3SiMe3-1)2SiMe2] to form the ansa-bis(allyl) complex
Hf[3-(C3H3SiMe3-1)2SiMe2]2, and zirconium tetrachloride
reacts with the dipotassium derivative of the same allyl
anion to produce Zr[3-(C3H3SiMe3-1)2SiMe2]2.[30] The lat-
ter molecule lies on a crystallographic twofold axis, with the
allyl ligands binding in a η3-chelating manner; the Zr–C
distances range from 2.46 to 2.59 Å (Figure 14).

Figure 14. The structure of Zr[3-(C3H3SiMe3-1)2SiMe2]2.

(b) Group 5 Complexes

The tin allyl (Me3Si)CH=CHCH(SiMe3)(SnMe3)-
(SnA�Me3) has been synthesized in high yield via reaction
of K[A�] and Me3SnCl.[44] The resulting air-stable colorless
oil was used in the dehalostannylation of TaCl5 to afford
TaA�Cl4 as red microcrystals. The 1H NMR spectrum,
which contains an apparent singlet, doublet, and triplet, is
indicative of a π-bound allyl. However, because X-ray qual-
ity crystals could not be obtained, the product was allowed
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to react with tmeda, and surprisingly afforded the tantalum
alkylidene complex Me3SiCH=CHC(SiMe3)=TaCl3(tmeda)
(Figure 15). The formation of the alkylidene was attributed
to dehydrochlorination by tmeda in concert with the forma-
tion of tmeda·HCl.

Figure 15. The structure of Me3SiCH=CHC(SiMe3)=TaCl3-
(tmeda).

The tantalum center is confined to a distorted octahedral
environment. Because it is bound trans to both a Cl ligand
and the alkylidene, the tmeda is unsymmetrically bound:
the Ta–N(2) distance that is trans to the alkylidene is signifi-
cantly longer [2.507(6) Å] than the Ta–N(1) distance trans
to the Cl [2.375(5) Å]. The Ta–C(1) bond [1.953(7) Å] is
consistent with other bonds of this type. Additionally, the
difference between the C(1)–C(2) and C(2)–C(3) distances
(0.17 Å) is indicative of a significant localization of π-elec-
trons, consistent with the presence of a vinyl alkylidene.

(c) Group 6 Complexes

Divalent chromium compounds demonstrate how bulky
allyl ligands can be used to tune molecular structures. The
unsubstituted allyl anion forms a diamagnetic compound
with chromium that has been structurally characterized as
a quadruply bonded dimer, {Cr(C3H5)2}2.[63] Interestingly,
use of the monosubstituted ligand [1-(SiMe3)C3H4]– does
not impose major structural changes on the basic
{Cr(allyl�)2}2 framework; the structure of {Cr[1-(SiMe3)-
C3H4]2}2 is closely similar to that of the parent complex,
including the length of the Cr–Cr bond (1.9784(7) Å and
1.97 Å, respectively) (Figure 16).[16]

Figure 16. The structures of {Cr[1-(SiMe3)C3H4]2}2 (left) and
CrA�2. In {Cr[1-(SiMe3)C3H4]2}2, Cr–C(terminal) = 2.19(1)–
2.303(5) Å, Cr–C(bridge) = 2.123(6)–2.164(9) Å. In CrA�2, Cr–C =
2.193(2)–2.257(2) Å.
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With the bulkier [A�]– anion, a monomeric high-spin 12-
e– complex is generated; the staggered ligands display
syn,anti trimethylsilyl groups (Figure 16). Despite its elec-
tron deficiency, CrA�2 displays remarkable thermal stability,
e.g., it is stable in boiling toluene (110 °C) and sublimes at
65 °C and 10–2 Torr. Calculations on the model compound
Cr(C3H5)2 have been used to rationalize the electronic
structure of CrA�2.[16] The relatively close spacing
(�0.3 eV) of the four frontier orbitals of Cr(C3H5)2 is re-
sponsible for its predicted high-spin state, and the large
HOMO–LUMO gap of 5.25 eV is consistent with a thermo-
dynamically stable compound. CrA�2 is also high-spin and
stable, suggesting that the trimethylsilyl groups do not affect
the spacing of the energy levels appreciably.

Increasing the bulk of the allyl ligand further does not
materially change the structure of the resulting complex.
The complex Cr[1,1�,3-(SiMe3)3C3H2]2 crystallizes from
hexanes as a monomer with crystallographically imposed
inversion symmetry.[16] The allyl ligands in the compound
are arranged about the metal in a staggered configuration,
as in CrA�2.

The progressive limiting of reactivity with the increase in
steric bulk is apparent in the reaction of the complexes with
phosphanes. CrA�2 does not react with PPh3 at atmospheric
pressure and ambient temperatures, but PMe3 will form a
1:1 adduct, CrA�2(PMe3). However, Cr[1,1�,3-(SiMe3)3-
C3H2]2 fails to react even with PMe3, and can in fact survive
brief (minutes) exposure to air without substantial decom-
position.

(d) Group 7 Complexes

When three equivalents of Li[A�] are allowed to react
with MnCl2 in thf, the red-brown tris(allyl) manganate
[Li(thf)4][MnA�3] is isolated.[64] The anion contains both an
η3-bonded and two η1-bonded allyl ligands (Figure 17).
The two σ-bonded allyl groups display nearly identical Mn–
C lengths averaging, 2.186(6) Å, whereas the distance to the
π-bonded allyl is considerably longer, at 2.348(3)–
2.470(4) Å. Despite the spread in the latter values, the dif-
ference between the C–C bonds is only 0.01 Å, indicating
complete π-electron delocalization. Magnetic measurements
on the complex indicate that an incomplete spin state
change occurs between the S = 1/2 and S = 5/2 states of
MnII in the temperature range 5–300 K, similar to the be-
havior of some manganocenes.[65,66] Computational studies
of the [MnA�3]– anion and the parent unsubstituted com-

Figure 17. The structure of the anion of [Li(thf)4][MnA�3].
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plex suggest that the trimethylsilyl substituents have little
effect on the geometry; this is true whether the complex was
optimized with the S = 3/2 or S = 5/2 spin state. The η1-
bonded ligands were found to display more covalent char-
acter than the η3-bonded allyls.[66]

(e) Complexes of Groups 8–10

The divalent first-row MA�2 compounds were among the
first to illustrate the remarkable stabilizing ability of bulky
allyl ligands.[17,20–22] Halide metathetical routes can be used
to synthesize all three MA�2 compounds (M = Fe, Co, Ni),
although halide exchange can be problematic for nickel (see
below), and for iron an additional route starting from a
lithium ferrate complex has been described (Scheme 14).[67]

Scheme 14. Synthesis of FeA�2 from a ferrate complex.

The complexes are soluble in ethers and both aromatic
and aliphatic hydrocarbons. The iron and cobalt com-
pounds are highly air-sensitive, but are indefinitely stable
under a nitrogen atmosphere. The nickel compound is
stable in water for several hours and in air for several days.
The thermal stability conferred on the complexes by the
trimethylsilyl substituents is such that all have melting
points above 50 °C, and can be sublimed under vacuum
without decomposition. The Fe, Co, and Ni complexes have
magnetic susceptibilities corresponding to 2, 1, and 0 un-
paired electrons, respectively.

A staggered MA�2 arrangement with syn,anti trimethyl-
silyl groups is found for the cobalt and nickel ana-
logues,[17,21,22] although the nickel complex is also found
with eclipsed allyl ligands and the iron complex exclusively
so. The reason for the difference is unclear. Isolation of the
iron and cobalt species is particularly noteworthy, as there
are no unsubstituted M(C3H5)2 analogues known.

The effect of bulky ligands can be observed in the simi-
larity of some core parameters of the MA�2 complexes
(Table 1). Longer M–C bonds are observed for the Cr spe-
cies, owing to its extreme electron deficiency, but the Fe,
Co, and Ni bond lengths are similar. The interplanar C3

angle is also moderated by the trimethylsilyl groups; stag-
gered molecules are the least congested with only slightly
inclined ligands (angles close to zero); the eclipsed struc-
tures are forced back to angles exceeding 50°.

By far the most work on the first row allyl complexes has
been done with the nickel species NiA�2. Its synthesis from
metal halides proved non-routine, in that the reaction of
K[A�] with NiCl2, NiBr2, and NiI2 leads to the formation
of the trimethylsilylated hexadiene [(SiMe3)2C3H3]2. In con-
trast, use of Ni(acac)2

[44] or the more soluble halide
NiBr2(dme)[17] leads to the isolation of the yellow-orange
product in high yields. Electrochemical investigations of
NiA�2 revealed only an irreversible, one-electron oxidation
in both thf and dichloromethane.
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Table 1. Metal–carbon bond lengths [Å] and interplanar ligand
angles [°] in MA�2 complexes.

Compound Formal M–C distance Angle between
e– count allyl planes

CrA�2
[a] 12 2.195(2)–2.257(2) 10.4

Cr[1,1�,3-(SiMe3)3C3H2]2[a] 12 2.223(5)–2.319(5) 10.4
FeA�2

[b] 14 1.998(2)–2.084(2) 52.7
CoA�2

[a] 15 1.996(3)–2.096(3) 4.7
NiA�2

[b] 16 1.944(3)–2.037(3) 56.7
NiA�2

[a] 16 1.980(1)–2.031(1) 4.4

[a] Staggered. [b] Eclipsed.

NMR spectra of NiA�2 indicate that eclipsed (cis) and
staggered (trans) forms are present in solution. The relative
amounts of the eclipsed and staggered conformers change
with temperature for both Ni(C3H5)2 and NiA�2, although
not in the same way. For Ni(C3H5)2, the staggered form is
always dominant, although at higher temperatures more of
the eclipsed form is present. The two conformers remain
interconvertible at all temperatures.[68] In contrast, the reac-
tion to form NiA�2 generates a mixture of cis-NiA�2 and
trans-NiA�2 in varying proportions, but the eclipsed cis-
NiA�2 is dominant when the reaction is conducted at
–78 °C. If the reaction to form NiA�2 is conducted at room
temperature, trans-NiA�2 is found to be predominant, with
a cis-NiA�2: trans-NiA�2 ratio of 2:3. Irreversible conversion
of cis-NiA�2 to trans-NiA�2 occurs on heating a sample to
380 K.

It is noteworthy that only the trans form of Ni(C3H5)2 is
known in the solid state, whereas both cis- and trans-NiA�2

can be isolated as physically separable crystals, additional
evidence that the two forms do not interconvert at room
temperature. The Ni–C bonds in cis-NiA�2 and trans-NiA�2

are similar, although their interplanar C3 angles are notice-
ably different (Table 1 and Figure 18).

Figure 18. Structures of trans-NiA�2 (left) and cis-NiA�2 (right).

The crystal structures of Ni(C3H5)2 and trans-NiA�2 are
remarkably similar in the core features of their metal–ligand
geometries. The nickel–carbon bond lengths are within
0.04 Å of each other, and the angles between the C3 planes
differ by less than 5°, even though DFT calculations suggest
that the potential energy surface for the interplanar angle
is nearly flat, and presumably easily changeable by bulky
ligand substitutents.[17]
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The mono(allyl)nickel species A�NiBr can be formed by
the reaction of bis(trimethylsilyl)allyl bromide with
Ni(COD)2 (Scheme 15), or by the direct reaction of NiA�2

with elemental bromine in benzene at 0 °C (Scheme 16).

Scheme 15. Synthetic route to syn,syn-A�NiBr.

Scheme 16. Synthetic route to syn,anti-A�NiBr.

The red-purple A�NiBr is an air- and moisture-sensitive
solid. Its NMR spectrum indicates that the trimethylsilyl
groups are equivalent, and thus in a syn,syn arrangement
when prepared from Ni(COD)2, but the product derived
from NiA�2 has inequivalent trimethylsilyl groups, hence
preserving the arrangement found in the parent complex.
Unlike the unsubstituted complex (C3H5)NiBr, which re-
arranges in donor solvents via a Schlenk equilibrium into
Ni(C3H5)2 and NiBr2,[69] the trimethylsilylated version is
stable to rearrangement under such conditions.

The A�NiBr complex crystallizes from hexanes as a bro-
mide-bridged dimer. The molecule lies on a crystallographic
twofold axis, and only half of the molecule is unique (Fig-
ure 19). The Ni–C bond lengths range from 1.978(6) to
2.062(7) Å, and the Ni–Br1 and Ni–Br2 bond lengths are
identical within error [2.362(10) and 2.365(1) Å].

Figure 19. Structures of {A�NiBr}2 (left: bromine Br2 lies on a two-
fold axis, Br1 lies slightly off the axis) and of the eclipsed form of
{A�NiI}2 (right: a staggered version is also found in the same unit
cell).

Iodine reacts smoothly with NiA�2 in hexanes to yield a
red-purple solid that can be recrystallized from hexanes as
dark red blocks (Scheme 17).

Scheme 17. Synthesis of A�NiI.

The NMR spectroscopic data are complex, as not only
are inequivalent trimethylsilyl groups evident, indicative of
a syn,anti arrangement, but two diastereomers are also
present. These likely correspond to the staggered and
eclipsed conformers found in the solid state (Figure 19). In
thf, A�NiI is stable to rearrangement in donor solvents.
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Structures of f-Block Metal Compounds

Like the metals of the heavier s-block, elements of the f-
block (lanthanides and actinides, and conventionally also
scandium and yttrium) have large radii (� 0.90 Å) and are
highly electropositive. The range of oxidation states dis-
played in many of their organometallic compounds (2–4)
gives rise to a complex variety of structural types.

(a) Neutral M(allyl�)n·L Complexes

Interestingly, the prototypal structure M(C3H5)3 is un-
known in structurally authenticated lanthanide complexes;
such complexes are invariably crystallized as oligomers or
coordination polymers with bridging donor ligands.[70] The
additional steric demand of bulky allyl ligands can prevent
such oligomerization; an example is the tris(η3-allyl) thu-
lium complex, Tm[A�]3 (Figure 20).[71] The molecule is dis-
ordered over a threefold axis, with the ligands arranged
around the metal center such that one allyl ligand is ori-
ented roughly anti-parallel to the other two (Figure 20). The
trimethylsilyl groups are in a syn,syn configuration, as is
found with other trimethylsilyl-substituted allyl lanthanide
complexes.[23,24,45,72] A related disordered structure was
found for Y[A�]3,[73] and similar structures probably exist
for Ln[A�]3 (Ln = Dy, Ho, Er, Lu).[71]

Figure 20. The structure of Tm[A�]3. Tm–C bond lengths range
from 2.326(2) to 2.606(2) Å, with an average of 2.53(1) Å.

Monomeric structures are also found for the homoleptic
tetrakis(allyl)thorium complexes Th[(SiMe3)nC3H5–n]4 (n =
1,2).[18] The thorium complexes contain four syn or syn,syn
η3-ligands (Figure 21); in the case of Th[1-(SiMe3)C3H4]4,
they are in a configuration with approximate S4 sym-
metry.[18]

Figure 21. The structure of ThA�4. Terminal methyl groups on the
silicon atoms have been omitted. Th–C bond lengths range from
2.617(5) to 2.892(5) Å, with an average of 2.77(3) Å.
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The Th[(SiMe3)nC3H5–n]4 compounds are stable up to

90 °C (n = 1) or 124 °C (n = 2) under an inert atmosphere.
The stability of these complexes contrasts strongly with
Th(C3H5)4, which decomposes at 0 °C.[3] Both molecules
are fluxional on the 1H NMR timescale, and η3i η1 ligand
rearrangements are involved in the interchange of their al-
lylic protons.

An unusual transformation of a neutral tris(allyl) species
is observed with the holmium complex Ho[A�]3.[40] The un-
solvated complex can be produced from rigorously anhy-
drous HoCl3 and K[A�] according to Scheme 11. If the
HoCl3 used is partially hydrated (ca. 3% water), Ho[A�]3 is
still produced if the reaction time is relatively short (�4 h),
but at longer times a series of transformations is induced.
After 15 h, a dinuclear yellow-orange complex, [A�]Ho(µ-
L)2Ho[A�]; [L = CH2SiMe2(CH)3(SiMe3)], can be isolated
in good yield. One η3-coordinated allyl ligand is bound to
each metal, but hydrogen abstraction from a trimethylsilyl
group has occurred on a second allyl ligand associated with
each metal center, forming dimethylsilylene units that
bridge the holmium atoms. The bridging carbon atoms are
nearly symmetrically positioned between the holmium cen-
ters (Figure 22).

Figure 22. Left: the structure of [A�]Ho(µ-L)2Ho[A�]. Hydrogen
atoms not part of the dimethylsilylene bridges have been omitted.
Selected bond lengths [Å]: Ho1–C18, 2.478(4); Ho1�–C18, 2.512(4).
Right: schematic view of the same.

When the reaction with hydrated HoCl3 is allowed to
continue for more than 20 h before workup, a second yel-
low-orange dinuclear product can be isolated. In addition
to two dimethylsilylene bridges, the metal centers are joined
with a µ-η1,η3-allylidene ligand (Figure 21). Both crystallo-
graphic and computational studies provide evidence for de-
localized bonding in the allylidene fragment (Figure 23).

The detailed mechanisms of these transformations are
not known, although there are parallels in transition metal
chemistry, and C–H activation of trimethylsilyl groups is
known in cyclopentadienyl compounds of the early transi-
tion metals.[74–76] A possible reaction sequence involving the
initial, rapid formation of the neutral Ho[A�]3 complex fol-
lowed by a series of water-enabled protonation and hydro-
gen abstraction steps has been proposed.[40] It is clear that
trimethylsilyl groups on allyl ligands cannot always be as-
sumed to be completely unreactive.

Neutral, solvated tris(allyl) species Ln[A�]3(thf) (Ln = Ce,
Nd, Tb) can be produced according to Scheme 13.[23] The
neodymium complex (Figure 24) has three η3-coordinated
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Figure 23. Left: the structure of a holmium allylidene complex. Hy-
drogen atoms not part of the bridging ligands have been omitted.
Selected bond lengths [Å]: Ho1–C6, 2.500(5); Ho2–C6, 2.422(5);
Ho1–C16, 2.570(5); Ho2–C16, 2.517(5); Ho1–C25, 2.629(5); Ho2–
C25, 2.519(5). Right: schematic view of the same.

allyl ligands, with an approximate threefold axis through
the Nd–O bond [2.609(3) Å]; Nd–C distances range from
2.64 to 2.78 Å. The cerium and terbium complexes are iso-
structural. The thf ligand is not removed on reaction with
Me3SiI or on sublimation, a reflection of the strength of
the Ln–O interaction.

Figure 24. The structure of Nd[A�]3(thf).

Consistent with the stability of the divalent oxidation
states of ytterbium and europium, the triflates of YbIII and
EuIII are reduced by the A� anion, leading to LnII species
(Scheme 18).[45] The same compounds can be made in
higher yield by starting with YbII and EuII triflates directly.

Scheme 18. Synthesis of divalent lanthanide allyl complexes by re-
duction.

On reaction with two equivalents of the appropriately
substituted allyl anions, the divalent halide SmI2(thf)2

forms the neutral bis(allyl)complexes Sm[A�]2(thf)2 and
Sm[1,3-Ph2C3H3]2(thf)2.[77]

(b) Anionic [M(allyl�)n·L]– Complexes

Lanthanates of the general formula [Li(thf)4][Ln{A�}3I]
have been produced according to Scheme 9, and their struc-
tures confirmed with X-ray analysis of the Ce, Er and Tb
species.[23] The erbium derivative is typical for the set, with
Er–I = 2.979(8) Å, and Er–C distances ranging from 2.61
to 2.64 Å (Figure 25).
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Figure 25. The structure of the anion of [Li(thf)4][Er{A�}3I].

(c) Heterometallic Complexes

Reaction of ScCl3(thf)3 with two equivalents of Li[A�] in
thf might be expected to produce the allyl halide complex,
Sc[A�]2Cl. As occasionally happens with the use of lithium-
based reagents in thf, the by-product LiCl(thf)n is trapped
and incorporated into the product, yielding the hetero-
metallic bis(π-allyl) complex [A�]2Sc(µ-Cl)2Li(thf)2.[78] The
Sc–C distances range from 2.31–2.46 Å, and the Sc–Cl dis-
tances are nearly identical at 2.44 Å (Figure 26).

Figure 26. The structure of [A�]2Sc(µ-Cl)2Li(thf)2.

The reaction of three equivalents of K[A�] with SmI2-
(thf)2 results in a lanthanate with the empirical formula
K(thf)2[Sm{A�}3]. In the solid state, the compound appears
as the tetrametallic salt {K(thf)2Sm[A�]3}2 (Figure 27).[24]

The samarium and potassium ions are linked by four η3-
allyl ligands, and the potassium ions, which are in three
separate coordination environments, display both π- and
agostic interactions with the allyl ligands. There is evidence
from 1H NMR spectra that the compound persists as a
tetramer in solution.

Figure 27. The structure of {K(thf)2Sm[A�]3}2.

Various lanthanide halides (ScCl3, YCl3, LaCl3, NdI3) re-
act with K2[3-(C3H3SiMe3-1)2SiMe2] to form heterometallic
ansa-bis(allyl) complexes. The lanthanum derivative has
been structurally authenticated as a coordination polymer,
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in which allyl anions interleave between lanthanum and po-
tassium ions; the latter display K···MeSi contacts of 2.79(3)
and 2.96(4) Å (Figure 28).[31]

Figure 28. The structure of {La(η3-C3H3SiMe3)2SiMe2}2{µ-
K(thf)]}�.

Curiously, when the divalent starting material SmI2-
(thf)2 reacts with a Li2[3-(C3H3SiMe3-1)2SiMe2]/KO-tBu
mixture in light petroleum/Et2O, the ansa-bridged trivalent
SmIII complex [Li(OEt2)4][Sm{(η3-C3H3SiMe3)2SiMe2}2]
precipitates in low yield.[31] Formed by an obscure redox
reaction, the anion lies on a crystallographic twofold axis,
with the allyl ligands binding in a η3-chelating manner (Fig-
ure 29). Sm–C distances vary from 2.70–2.74 Å, and the tri-
methylsilyl substituents are in a syn,anti configuration.

Figure 29. The structure of the anion of [Li(OEt2)4][Sm{(η3-
C3H3SiMe3)2SiMe2}2].

A test of the resemblance of substituted diallylytterbium
complexes to decamethylytterbocene [i.e., Yb(C5Me5)2] led
to an exploration of the electronic interactions of bulky allyl
ytterbium complexes with terpyridyl ligands. Adducts of
ytterbocene with N-heterocyclic ligands display a stable
electronic configuration derived from a spontaneous elec-
tron transfer from a diamagnetic YbII f14 metal center to
the lowest unoccupied molecular orbital (LUMO) on the
N-heterocyclic ligand (f14-π*0 � f13-π*1).[79–81] A variety of
diallylytterbium complexes with the allyl ligands [1-(Si-
Me3)C3H4]–, [A�]–, and the asymmetric allyl ligand [1-
(SiPh3)-3-(SiMe3)C3H3]– were synthesized by mixing the yt-
terbium complex with the N-heterocycles in thf at –30 °C.
X-ray quality crystals of Yb[A�]2(tpy) (tpy = terpyridine)
provided the structure of the adduct (Figure 30). The allyl
ligands are π-bound to the ytterbium center with Yb–C
bond lengths ranging from 2.52(2) to 2.62(2) Å; these dis-
tances are consistent with allyl ligands bound to a YbIII

center, evidence that electron transfer from the YbII center
to the tpy ligand has occurred.
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Figure 30. The structure of Yb[A�]2(tpy). The tpy ligand is η3-
bound to the metal center with Yb–N bond lengths from 2.27(2)
to 2.39(2) Å.

Variable-temperature magnetic susceptibility measure-
ments on Yb[A�]2(tpy) are also in harmony with the valence
tautomer model proposed for Yb(C5Me5)2(tpy). Corrobo-
rating evidence for the model was found in the C�N
stretching frequencies of the nitrile-substituted terpyridine
adducts (e.g., the C�N stretching frequency of Yb[A�]2-
(tpy(CN)2) (2125 cm–1) is within 5 cm–1 of that for the
[tpy(CN)2]– anion, a result of a high degree of electron
transfer from the metal center to the terpyridine ligand.)

Metal–Ligand Distances in Bulky Allyl
Lanthanide Complexes

Analysis of the M–C bond lengths in various monomeric
divalent and trivalent allyl complexes has been used to
identify an allyl “radius” from the difference between the
metal–carbon distance and the metal radius.[71] This ap-
proach is similar to one previously used with cyclopen-
tadienyl complexes,[82–84] and the constant value of the ra-
dius is a measure of the ionicity of the M–L bonding (i.e.,
DM–L = r+ + r–).

Despite the geometrically irregular shape of the substi-
tuted allyl anion, metal–ligand distances for the trivalent
compounds appear to be reasonably predictable based on
metal radius and oxidation state. With the exception of
Tm[A�]3, the range in allyl radii is very narrow (1.675 to
1.70 Å). The slightly smaller ligand radius for Tm[A�]3
(1.65 Å) is possibly an artifact of the disorder in the crystal
structure.

There is somewhat greater spread in the distances in di-
valent compounds; in particular, the dissimilarity in the cal-
cium and ytterbium complexes’ M–C bond lengths is unex-
pected (Table 2).[45] Because the ionic radii of calcium and
ytterbium differ only slightly (Ca2+, 1.00 Å; Yb2+, 1.02 Å
for CN 6),[85] bond lengths and angles of the ligands in their
respective complexes are usually similar.[86] An argument
has been made that the longer Yb–C bonds reflect bond
weakening arising from the filled f14 shell of the Yb2+

ion.[45]
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Table 2. Bond lengths for monomeric divalent lanthanide and alka-
line-earth allyl complexes. All bond lengths and radii are in Å.

Complex Radius M–C M–C (av.) RM–C
[a]

Eu[A�]2(thf)2 1.17 (CN 6) 2.762(14)–2.789(14) 2.77(2) 1.60
Sm[A�]2(thf)2 1.17 (CN 6) 2.765(6)–2.796(6) 2.78(1) 1.61
[Sm{A�}3]– 1.17 (CN 6) 2.743(5)–2.895(5) 2.84(1) 1.67
Yb[A�]2(thf)2 1.02 (CN 6) 2.729(9)–2.754(9) 2.74(1) 1.72
Ca[A�]2(thf)2 1.00 (CN 6) 2.648(3)–2.662(3) 2.654(5) 1.654

[a] RM–C is the allyl anion “radius”, defined from metal–carbon
distances.

Reactions and Applications

Owing to the relative newness of the area, extensive stud-
ies of the reactions of complexes with bulky allyl ligands
have yet to be made. In addition to some of the unusual
preparative reactions already noted, various multistep but
non-catalytic reactions have been reported. For example,
the tris(allyl) complex Y{1-[Si(tBu)Me2]C3H4}3(thf)1.5 pro-
vides enough access to tert-butylnitrile that it can insert
four times into the metal-allyl bonds, yielding a sec-amido
species (Figure 31).[78] The coordination geometry around
yttrium includes an oxygen atom from coordinated thf, four
nitrogen atoms from the amido ligands, and an N···H con-
tact (2.49 Å) from an amido hydrogen.

Figure 31. The structure of the nitrile insertion product from Y{1-
[Si(tBu)Me2]C3H4}3(thf)1.5.

Multistep insertions are likely involved in the reaction
between NiA�2 and PMe3, which yields tetramethyltetra-
phosphane, (MeP)4. The product was identified with 1H,
13C, and 31P NMR spectra and its formation studied with
DFT methods.[17] Such studies suggest that the direct reac-
tion NiA�2 + PMe3 � (η3-A�)2Ni(PMe3) would not be fa-
vorable (∆G° = +24.1 kcal mol–1). For steric reasons, slipp-
age of an allyl ligand from η3 to η1 would be required for
phosphane binding. Subsequent additions of PMe3 might
then occur as the phosphane begins to demethylate, and P–
P bond formation ensues.

A variety of f-element complexes with bulky allyl ligands
function as polymerization catalysts; this may become a
major area of application for these compounds. For exam-
ple, La[A�]2Cl(thf), Y[A�]2Cl (which may actually be
Y[A�]3[73]) and Nd[A�]I2(thf)1.25 have been examined with
several activators, including methylaluminoxane (MAO), as
catalysts for the polymerization of 1,3-butadiene.[78] When
activated with MAO, [1,3-(Si(tBu)Me2)2C3H3]2(Ti,Zr)(µ-
Cl)2Li(tmeda) and [1,3-(Si(tBu)Me2)2C3H3]2(Ti,Zr)Cl2 are
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polymerization catalysts for ethylene (forming high density
polyethylene) and propylene (forming an elastomeric poly-
propylene with the Ti complexes and a stereoregular poly-
mer with the Zr species).[13]

The cyclic {K(thf)2Sm[A�]3}2 is an effective single-com-
ponent catalyst for the polymerization of methyl meth-
acrylate (MMA) and ε-caprolactone; Nd[A�]2I(thf)2 poly-
merizes ε-caprolactone with 85–95% conversion within a
minuteat50 °C.[24] [Ln{(η3-C3H3SiMe3)2SiMe2}2{µ-K(thf)x}-
(thf)y]� (Ln = La, Y, Sc, Nd) and [Li(OEt2)4][Sm{(η3-
C3H3SiMe3)2SiMe2}2] polymerize MMA without acti-
vation, and the yttrium compound displays turnover num-
bers at 0 °C of over 86,000 h–1.[31]

Polymerization of MMA is also effected by the com-
plexes Eu[A�]2(thf)2, Yb[A�]2(thf)2, Ce[A�]3(thf), Nd[A�]3-
(thf), Sm[A�]2(thf)2 and [Li(thf)4][Ce{A�}3I], all of which
produce atactic polymethylmethacrylate (PMMA).[45]

Among the neutral lanthanide allyl complexes, the poly-
merization activity appears to vary with the radius of the
lanthanide metals and with the number of coordinated al-
lyls; i.e., with the access of MMA to the metal centers. The
divalent complexes Sm[A�]2(thf)2 and Eu[A�]2(thf)2, for ex-
ample, which contain the larger metals samarium and euro-
pium (Sm2+ ≈ Eu2+ 1.17 Å for CN number 6),[85] have TOF
values over ten times higher than Yb[A�]2(thf)2 (Yb2+ =
1.02 Å for CN number 6). Conversely, the complexes con-
taining trivalent cerium (Ce[A�]3(thf)) and neodymium
(Nd[A�]3(thf)) have lower activity than any of the divalent
species, probably reflecting the steric congestion around the
smaller radii (Ce3+ 1.07 Å; Nd3+ 1.03 Å for CN 7).

An analysis of lanthanide allyl complexes that have been
reported to polymerize MMA reveals that the potassium
lanthanate complexes K[Ln{A�}4] are more efficient cata-
lysts than the neutral complexes, and exhibit TOF values
that are 10–100 times greater.[45] Interestingly, the potas-
sium complex K[A�] displayed the highest TOF for MMA
polymerization of all tested compounds (104,000 h–1).
Given its level of activity, it is possible that the increased
effectiveness of the salt complexes stemmed from the pres-
ence of the alkali cations, a hypothesis supported by the
higher TOF values that accompanied increased amounts of
K[A�] in catalyst mixtures. Cation effects are recognized as
important variables in anionic polymerization,[87] and the
presence of alkali metal ions should be considered in studies
of allyl lanthanide salt complexes in such polymerizations.

The homoleptic complexes MA�2 (M = Cr, Fe, Co, Ni)
have been tested as catalysts for the polymerization of nor-
bornene.[88] Even when activated with methylaluminoxane
(MAO), the Fe and Co compounds are only weakly active,
but the Cr and Ni complexes are both active and generate
high molecular weight poly(norbornene)s. This is rare be-
havior for any type of chromium catalyst. Ethylene was po-
lymerized by CrA�2 alone, and its activity was depressed by
the presence of MAO. In contrast, a CrA�2/B(C6F5)3 mix-
ture was active for ethylene polymerization but not for nor-
bornene; NMR evidence suggests that the B(C6F5)3 gener-
ates the [CrA�2]+ cation, which is presumably the active po-
lymerization agent. Ethylene/norbornene copolymerization
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was possible in the CrA�2/B(C6F5)3 system, although the
activity was low, and only limited norbornene insertion
(11%) was observed.

Conclusions
It has been scarcely a decade since the chemistry of metal

complexes containing sterically enhanced allyl ligands ex-
panded beyond the organolithium compounds with which
many of the ligands were originally associated. The increase
in thermal and kinetic stability associated with the bulky
ligands has allowed the synthesis of new types of com-
pounds (e.g., CrA�2), stabilized versions of known com-
plexes (e. g, NiA�2), the first structural authentication of
mixed bonding modes in a single allyl complex (i.e., in
[MnA�3]–) and has added cation-π bonding to the σ/π du-
ality of allyl bonding (e.g., in {Mg[A�]2}2).

There are certainly many challenges that lie ahead in the
field of bulky allyl complexes. Synthetically, almost none of
the second and third row transition metals are represented,
even though in some cases the unsubstituted versions have
been known for a long time [e.g., Pd(C3H5)2, Pt(C3H5)2]. A
broader range of bulky substituents, including hydrocarbyl
groups such as iPr and tBu, needs to be explored, as they
will provide electronic features different from the trialkylsil-
yl groups that have served as the workhorses of the chemis-
try. Some of the polymerization reactions observed to date
are promising, especially with the biologically compatible s-
block metals, but considerable progress in improving
stereocontrol will be needed to increase their attractiveness
as practical initiators.

On the whole, however, the substituent chemistry already
known demonstrates how much the chemistry of the “little”
allyl ligand can “grow up” when augmented with bulky
groups. Advancements in the coming years can be expected
to be interesting indeed.
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