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ABSTRACT
The chemistry of transition metal amides has received new impetus
in recent years due to the systematic exploitation of the amido
function [NR2]- in ligand design. A class of 3-fold symmetrical
tripodal amido ligands has proved to be a valuable tool in the
stabilization of early transition metal and main group metal
complexes and complex fragments. Moreover, promising strategies
for their use as chemical reagents and homogeneous catalysts
have been developed. An overwiew of the current state of this field
is given and the potential for further development will be high-
lighted.

Introduction

The possibility of predetermining the structure, stability,
and reactivity of a coordination compound has been the
main driving force in the development of increasingly
complex and sophisticated ligand systems (“ligand de-
sign”). It is the relative arrangement and nature of the
functional groups as well as the structure of the ligand
framework (“ligand topology”) that ultimately define these
characteristics. The application of these principles to the
coordination chemistry of the high-valent, Lewis acidic
early transition elements required charged ligand systems
that meet their electronic demands. During the past
decade, amido ligands, [NR2]-, have established them-
selves as highly versatile tools of ligand design in this
field as well as in main group coordination chemistry.
These recent developments are based on the pioneering
studies of the 1960s and -70s, carried out by Bradley,
Lappert, and others, which had established the principal
synthetic strategies and structural motifs of such com-
pounds.1,2

Amides are strong σ and π donors, the electronic
properties of which may be varied by choice of the two
N-substituents, as well as hard Lewis bases matching
the hardness of the metal center. The N-bound substi-
tuents, in turn, allow the facile integration of amido
functions into polydentate ligands of macrocyclic or
podand topology, as well as their combination with other
charged or neutral donor functions.3,4 This combination
of properties makes the amido function a versatile tool
in ligand design.

The power of appropriately combining the substi-
tuent groups at a single N-atom in monodentate ligands
in order to access novel complex structures, and the
chemical reactivity which goes along with it, has been
demonstrated inter alia by the spectacular results obtained
in Cummins’ group. These recent developments, which
are in part based on the stabilization of tricoordinate
transition metal amides (A), have been reviewed previ-
ously.5

The most comprehensively studied polydentate amido
podands are the triamidoamines derived from the tris(2-
aminoethyl)amine (“tren”) ligands, which have found
widespread application in main group and transition
metal chemistry through the work of Verkade,6 Schrock,7

and others.8 The arrangement of the amido functions
around the metal centers and the participation (or non-
participation) of the apical tertiary amino unit in the
coordination to the central atom has led to unique
molecular structures and patterns of reactivity. Alongside
with these “azametallatranes” (B), a class of amido
complexes containing tripodal tridentate ligands has been
developed that display distictly different properties. As will
be discussed below, this is due to the more constrained
arrangement of their N-donor atoms, the rigid ligand-
metal cage structure, and the more open remaining
coordination sphere.

This account will focus on the chemistry of three closely
related tripodal amido ligands, C, D, and E, which we
studied in detail (Figure 1).9-11

Their syntheses are straightforward and feasible
on a large scale from inexpensive starting materials,
which allowed the rapid development of their coor-
dination chemistry. Whereas C is derived from 1,1,1-
tris(aminomethyl)ethane, which is a well-established
ligand in its own right in Werner-type coordination
chemistry,12 the silylamides D and E are obtained by
aminolysis of the respective silylhalide precursors with 3
molar equiv of essentially any commercially available
primary amine.10,11,13
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All three types of ligands give essentially similar com-
plex structures; however, the possibility of varying the size
of the metal binding site upon going from the wholly
carbon based ligand backbone in C to the branched
tetrasilane in E allowed the appropriate choice of the
ligand for the metal and the control of the relative
orientation of the peripheral N-substituent groups. De-
pending on the transition or main group metals to which
these ligands are coordinated, the resulting ligand-metal
unit is a relatively rigid molecular cage of bicyclo-
[2.2.2]octane topology (F) or a metalla-adamantane unit
(G).

Ligand-Metal Cages as Molecular Building
Blocks in Oligonuclear Main Group and
Transition Metal Compounds and Aggregates
The thermodynamic stabilization of metal complex frag-
ments within the amidometal cages as well as the kinetic
stabilization offered by the steric shielding of the metal
centers to which the tripods are coordinated has been
employed in several studies of chemically very different
amides that are building blocks in oligonuclear com-
pounds (Figure 2).

These include monovalent thallium amides, such as the
adamantanoid compound 1, which aggregates in the solid
state to form metal-metal connected dimers and which
may be thermally converted to complex 2 containing a
rare example of a covalent TlII-TlII bond.14,15 In fact, the
use of the amido tripod in the previously almost un-
touched chemistry of thallium(I) amides has led to a great
variety of novel structural motifs as well as unusual redox
chemical transformations.16

Triamidometalates of the group 14 metals were found
to act as versatile “ligands” such as shown for the
digermanylaurate(I) (5),17 along with a whole series of AuI,
AuII, and AuIII complexes.18 The triamidostannates form
stable metal-metal bonds with the group 4 transition
metals19 and have given access to the first structurally
characterized example of a Ag-Sn heterodimetallic com-
plex [MeSi{SiMe2N(p-Tol)}3Sn-Ag]2 (7) containing a direct
silver-tin bond (Figure 3).20

Applications of the building block principle in transi-
tion metal chemistry include the homodinuclear com-
plexes 3 21 and 4,22 as well as the Ti-Co heterodinuclear

FIGURE 1. The three types of triamido podands discussed in this
overview.

FIGURE 2. Triamido transition and main group metal complex
fragments bearing type A tripod ligands, building blocks in oligo-
nuclear compounds and molecular aggregates.

FIGURE 3. Molecular structure of [MeSi{SiMe2N(p-Tol)}3Sn-Ag]2
(7). Two of the three peripheral tolyl groups of the tripodal ligands,
which are not coordinated to Ag, have been omitted for clarity;
d(Ag-Sn) ) 2.6567(7) Å, d(Ag-Ag′) ) 2.6544(11) Å.
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compound 6 in Figure 2, which will be discussed in more
detail below.23

Creating Well-Defined Reactive Sites in Early
Transition Metal Reagents and Catalysts
As is evident from the examples cited above, the notion
of the metal ligand cage has been useful in the develop-
ment of the structural chemistry of these amido com-
pounds. However, this rigid molecular cage structure of
the bicyclo[2.2.2]octane type is of equal significance for
the understanding of their chemical reactivity. One of the
three-connected vertices of the cage is occupied by a
transition or main group metal atom, while the remaining
coordination sites at this metal center constitute the
“reactive” site of the complex, the size and geometry of
which are determined both by the dimensions in the
framework of the tripod and the steric demand and nature
of the peripheral substituents at the amido N atoms.

Apart from the modeling of the active space at the
metal center, the integration of a transition metal into this
type of molecular cage amounts to the “tying back” of the
three amido functions and the enforcement of significantly
reduced N-M-N angles in comparison to complex de-
rivatives containing monodentate amido ligands. In the
following two sections, we will therefore discuss two
examples of the effect that the metal-ligand geometry in
these complexes has upon their reactivity.

Enforced Coordination Geometry, Part I:
“Tying Back” the Amido Donor Atoms To
Increase the Electrophilicity in Neutral Olefin
Polymerization Catalysts
As stated above, the tying back of the three amido
functions by the means of their integration into the ligand
framework leads to a distorted arrangement with respect
to ligand sets of monodentate amides. This enforced
distortion is expected to modify the reactivity of especially
the early transition metal complexes. It has been argued
that the reduced N-M-N angles in comparison to the
known structurally characterized triamido complexes
bearing monodentate ligands reduces the NfM π dona-
tion and thus renders the early transition metal center
more electrophilic.24 The situation thus created is not
unlikesand may be viewed as a molecular analogue ofs
the surface organometallic complex fragments (Figure 4),
supported by tricoordination through the silica surface
they are deposited on, which Basset and co-workers have
studied in detail in recent years.25 These surface-coordi-
nated complex fragments (bearing M-H or M-alkyl
groups) have been shown to polymerize olefins or to

depolymerize polyolefins as well as to induce C-H activa-
tion and C-C σ bond metathesis in alkanes.26

That neutral 14-electron triamidoalkylzirconium com-
plexes bearing a trisilylmethane derived type D ligand are
active catalysts in olefin oligomerization and polymeri-
zation has been demonstrated recently.24 In their study
of the reactivity of [HC{SiMe2N(p-Tol)}3Zr(CH2Ph)] (8), Jia
et al. obtained the corresponding hydridozirconium com-
pound 9 by hydogenolysis (Scheme 1). While being
monomeric in solution, as evidenced by the NMR spec-

FIGURE 4. The analogy between the local molecular geometry of
the tripodal amido complexes of the early transition metals and the
surface organometallics studied by Basset et al.25,26

FIGURE 5. Molecular structure of the dimeric complex [(HC-
{SiMe2N(p-Tol)}3Zr)2(µ-H)2].

Scheme 1. Generation of the Hydridozirconium Complex 9 and
Multiple Insertions of Olefins into the Zr-H Bond
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troscopic data, the hydrido complex was found to be
dimeric in the solid state (Figure 5).

The hydrido complex 9 is a polymerization catalyst for
ethylene at elevated temperatures to give linear polyeth-
ylene. By careful choice of the reaction conditions, it was
possible to generate and identify the alkylzirconium
intermediates resulting from the mono, bis, and tris
insertion of ethylene into the Zr-H bond. Complex 9 also
catalyzes the cyclization of 1,5-hexadiene cleanly to give,
after 100 catalytic cycles, the cycloalkyl complex 10. All
alkylzirconium derivatives generated and investigated in
this study were found to be stable toward â-elimination.
Zirconium complexes bearing the amido tripod D repre-
sent by no means the extreme cases of N-M-N angle
compression and the concomitant enhancement of the
metal electrophilicity. It will be interesting to study the
behavior of the analogous compounds bearing the neo-
pentane-derived type C ligands and to compare their
olefin insertion activity with the case at hand.

Enforced Coordination Geometry, Part II:
Stabilization of Unsupported Metal-Metal
Bonds in Early-Late Heterodinuclear
Complexes
The tripodal amido ligands C-E have provided the key
to a systematic investigation of the chemistry of early-
late heterodimetallic complexes containing unsupported,
highly polar metal-metal bonds.23,27-29 Three basic ex-
amples, 11-13, are depicted in Figure 6.

At least as important as this kinetic stabilization of the
dinuclear complexes is a significant thermodynamic con-
tribution to their stability, which is the result of the
incorporation of the early transition metal into the rigid
bicyclo[2.2.2]octane cage structure of the tripod-amide
unit. This geometric fixation destabilizes the potential
fragmentation product, the triamidometal fragment. In the
analogous systems containing monodentate anionic ligands
at the early transition metal center, the {M(NR2)3} frag-
ment undergoes planarization upon cleavage of the
metal-metal bond, a process that stabilizes the fragment.
This planarization is suppressed in the tripod-cage
(Scheme 2).

To have an estimate of the energetic contribution of
this geometric relaxation of the early transition metal
complex fragment, a theoretical study was carried out on
the Ti-Co model complex [(H2N)3Ti-Co(CO)4]. The pla-

narization energy Er(Ti) of the Ti fragment was found to
be about 10 kcal mol-1.30 This represents an upper
boundary of the hypothetical relaxation energy of the Ti
fragment containing the tripod ligand, which is unable
to achieve the planar geometry of the free Ti(NH2)3

fragment. Therefore, one can estimate that the tripod
ligand thermodynamically stabilizes the Co-Ti complex by
about 10 kcal mol-1 with respect to fragmentation of the
metal-metal bond. Since the early transition metal frag-
ment is the same in the whole range of heterodinuclear
complexes coordinated by tripodal amido ligands, this
figure can be regarded as a general estimate of the
thermodynamic stabilization of the complexes with re-
spect to their mononuclear fragments.

The successful stabilization of early-late heterodime-
tallic complexes containing unsupported metal-metal
bonds opened up the possibility of a systematic investiga-
tion into their chemical reactivity and the establishment
of a variety of examples of cooperative behavior of the

FIGURE 6. Three representative examples of tripod-stabilized early-
late heterodimetallic complexes containing unsupported metal-
metal bonds.

Scheme 2. Thermodynamic Stabilization of Ti-Co Dinuclear
Complexes with Tripodal Amido Ligands by Suppression of the

Possible Relaxation of the Ti Fragment into a Planar Structure (As
Observed in Systems with Monodentate Ligands)

Scheme 3. Selected Cooperative Transformations of Organic
Substrates by a Zr-Fe Complex Which Is Stabilized by a Type B

Tripodal Amido Ligand (R ) 2,3,4-F3C6H2)
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two metal centers in reactions with organic substrates
bearing polar structural units.31-33 Several examples of this
type of reactive behavior are summarized in Scheme 3. A
detailed overview of this work has been published re-
cently.34

C3-Chiral Amido Complexes
While 2-fold rotational symmetry has been successfully
employed in a large number of chiral reagents and
catalysts, there is still comparatively little known about
the efficiency of systems of higher rotational symmetry.35,36

There are to date two different strategies for the synthesis
of C3-chiral amido tripods. The first involves the introduc-
tion of chirality in the peripheral groups of the amido
ligand at close proximity to the donor functions, as first
shown by my group.37 The molecular structure of the
titanium complex [TiCl{HC(SiMe2N[(S)-1-phenylethyl])3}]
(14) is depicted in Figure 7, the view along the 3-fold
molecular axis nicely demonstrating the helicoidal ar-
rangement of the peripheral N-substituents.38

An alternative approach has been the generation of a
chiral ligand tripod backbone, as pursued by Moberg and
co-workers in their synthesis of chiral triamidoamine
ligands.39 In an important contribution to the field, they

demonstrated that the titanium complexes containing
these ligands may be used in the catalytic asymmetric
alkylation, albeit with only moderate stereoselectivity.

The possible reduction in selectivity-determining al-
ternatives in stoichiometric or catalytic conversions in-
volving 3-fold symmetrical chiral ligands has been dis-
cussed in detail for octahedral intermediates that are
involved in the selectivity-determining step. However, a
similar situation is expected to arise in five-coordinate
complexes or reaction intermediates bearing such a chiral
tripod and in which the two remaining ligands are
arranged symmetrically on either side of the molecular
axis. Such a coordination geometry has been postulated
by Ugi et al. for the transition state in the turnstile
rearrangement of five-coordinate molecules.40 We found
an arrangement such as the ground-state geometry of
several five-coordinate zirconium complexes bearing tri-
podal amido ligands.41 If one of these two monodentate
ligands were a planar prochiral molecule and the other
ligand a molecular fragment to be coupled with the
prochiral unit to give a new stereoelement, the C3-
symmetrical tripod renders all possible arrangements
essentially identical. Therefore, the stereochemical alter-
natives would be reduced to the two possible orientations
of the prochiral faces with respect to the attacking ligand.

A reaction that represents exactly this situation and
thus permits the practical evaluation of this conceptual
approach is the stoichiometric insertion of an O-coordi-
nated prochiral carbonyl compound into a metal-alkyl
bond. If the three stereocenters in the ligand periphery
of the tripodal ligand adopt a similar orientation, thus
generating real 3-fold symmetry, this in turn defines a
helicoidal environment for the remaining ligands and
therefore favors one of the two possible orientations of
the carbonyl compound vis-à-vis the alkyl ligand.38

While the reaction of [Zr(CH3){HC(SiMe2N[(S)-1-phen-
ylethyl])3}] (15) with the aryl ketones PhC(O)R (R ) CHd

CHPh, iPr, Et) gave the corresponding C-O insertion
products, which contain an additional chiral center in the
alkoxy group, with low stereoselectivity (0-40% de), the
corresponding conversions of 15 and the corresponding
(R)-1-indanyl-substituted complex [Zr(CH3){HC(SiMe2N)-
[(R)-1-indanyl])3}] (16) with several aryl aldehydes yielded
the alkoxo complexes with high stereoselectivity (Scheme

FIGURE 7. View along the 3-fold symmetry axis of a space-filling
model of the C3-chiral complex 14 illustrating the helicoidal
arrangement of the peripheral (S)-1-phenylethyl groups.
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4). Upon hydrolysis, the chiral alcohols were isolated and
shown to have enantiomeric excesses between 68 and
80%. High stereodiscrimination was also observed in the
insertion reactions of several chiral ketones and aldehydes;
however, this was shown to originate primarily from the
chirality of the substrate. In analogous experiments with
carbonyl compounds, the ethyl- and butylzirconium
analogues of 15 did not undergo CO insertion into the
metal-alkyl bond but â-elimination and formal insertion
into the metal-hydride bond. It was found that the
elimination of the alkene was induced by coordination of
the carbonyl substrate to the metal center.38

The high chemoselectivity of the reaction with arylal-
dehydes and the observation that the alkoxo product
complex reacts cleanly with methyllithium to regenerate
15 allowed us to perform repeated cycles of insertions and
alkylations with benzaldehyde. To avoid side reactions of
the lithium alkoxide generated in this process, a silylation
step with Me3SiCl was introduced to remove the product
from the reactive cycle as the silyl ether (Scheme 5).

In the meantime, it has been possible to develop a
catalytic system of comparable stereoselectivity using the
alkyltitanium complexes, such as those derived from 14,
and alkylzinc reagents.

An “Active” Ligand Periphery: Tripodal Amido
Ligands Containing Weakly Coordinating Donor
Functions
We discussed the implications of metal-ligand cage
formed by the tripods C-E for the structural chemistry
and the reactivity of the complexes bearing these ligands.
The metal centers in these compounds are significantly
more exposed than in the azatranes studied by Schrock
and Verkade.6,7 This increased accessibility of the transi-
tion metals in some compounds increased their reactivity
to the point of extreme lability. In these and related cases
it has proved useful to introduce additional weakly
coordinating donor functions within the ligand peripher-
ies. These weakly coordinating ligating functions, which
are referred to as the “active ligand periphery”,42 offer the
possibility of adjusting the size of the “reactive site” at
the metal center according to the requirements of the
remaining coordinated ligands and molecular fragments.

This approach was initially pursued by introducing
o-fluorophenyl substituents at the amido N-functions
which were particularly suitable for the stabilization of
yttrium and zirconium complexes bearing the tripodal
ligands, such as 17 and 19 (Figure 8).33a,42 While fluoroaryl
groups are useful for the stabilization of group 3-5 d0

metal centers, they appear to be prone to C-F activation
if employed in the amides of the group 6 elements. More
recently, 2-pyridylamido and o-anisylamido have have also
been employed in both early transition metal complexes
(for example, 18)43 and group-14 amides (20).44 Apart from
the temporary shielding of an otherwise exposed metal
center, ortho-functionalized arylamides appear to interfere
with the chemical transformations at the remaining
coordination site(s). In our study into the reactivity of
metal-metal bonded early-late heterodimetallic com-
pounds, this aspect has be manifested in an enhanced
reactivity of the highly polar metal-metal bonds, possibly
due to the stabilization of the early transition metal
fragment complexes.33a

Scheme 4. Stereoselective Insertion of Aryl Aldehydes into the
Zr-CH3 Bonds of Complexes 15 and 16

Scheme 5. Cycle of Naphthaldehyde Insertion into 15 and
Methylation of the Product Complex with Methyl Lithium to

Regenerate 15a

a The alcoholate is trapped as the silyl ether with Me3SiCl.

FIGURE 8. Additional donor-metal interactions in amido complexes
bearing tripod ligands with an “active” ligand periphery.
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Perspectives
The tripodal amido ligands discussed in this short over-
view have provided the basis for several lines of research
in early transition metal and main group chemistry. The
combination of the steric shielding of a large sector in the
coordination sphere of a metal and its integration into a
relatively rigid metallocage have made these systems
molecular building blocks in more complex molecular
structures, as was shown for a new class of early-late
heterodimetallics. More importantly, the tying back of the
amido functions with the concomitant distortion of the
ligand polyhedron and thus activation of the metal center
in group 4 transion metal complexes holds promise for
the development of a molecular chemistry that might
emulate some aspects of the fascinating surface organo-
metallic chemistry of the early transition elements that
has emerged in recent years. It is in this area that novel
reactivity patterns of M-C, M-H, and M-E bonds (E )
p-block element) are to be expected, which complement
the well-established chemistry of the metallocene deriva-
tives.

The facile synthetic accessibility and the possibility of
preparing large quantities of the triamines which serve
as ligand precursors for the tripodal amido “claws” make
them suitable “tools” for the early transition metal and
p-block element coordination chemist and will aid the
further development of the field.
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