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This article reviews recent progress of main group and
transition metal complexes of N,N’-disubstituted amino-
troponiminates and mono-bridged bis(aminotroponimi-
nate)s. Recent developments have shown that amino-
troponiminates can stabilise low valent main group metals
and that they can beused in early transition metal chemistry
as cyclopentadienyl alternatives. The structural properties
and thereactivity of these complexes aswell asthe catalytic
and synthetic applications of aminotroponiminate com-
plexes will be outlined in this article.

1 Introduction

Over the past 15 years an enormous progress has been observed
in the design and application of organometallic compounds as
«-olefin polymerisation catalysts. The vast majority of the
investigated compounds have been metallocenes and amido-
cyclopentadienyl (constrained geometry) complexes of group 4
metals. Since it is known that one class of catalysts cannot
control all product parameters there is considerable interest in
finding a new generation of catalysts.! One synthetic approach
for the design of the new catalysts is the incorporation of non-
cyclopentadienyl ligands into the co-ordination sphere of the
metal. It has been shown that some group 4 aswell as some late
transition metal amido complexes are very active catalysts for
olefin polymerisation. The reason for the high activity of these
amido complexes compared to metallocenesis alower electron
density at the centre metal which most likely increases its
electrophilicity. Today a number of research groups are
investigating various main and transition metal complexes with
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bi- and multidentate amides and amidinates as ligandsin the co-
ordination spherel:2 Amidinates are mono anionic ligands
which formally may be considered as a combination of an
amido and an imido donor. The most prominent example of this
class are the benzamidinates which form four-membered
metallacycles3# and aminotroponiminates which can form five-
membered metallacycles upon co-ordination to a metal atom.

Aminotroponiminates ({(R)2ATI}—) (A) are bidentate,
monoanionic ligands containing a 10 -l ectron backbone. Like
1,4-diazabutadiene, { (R),ATI} — can form five-membered met-
allacycles upon co-ordination to a metal atom. In contrast to
1,4-diazabutadiene, {(R),ATI}— is believed to be much less
reactive towards electrophiles and nucleophiles. The amino-
troponiminate ligand system was introduced into co-ordination
chemistry in the 1960s by researchers from DuPont. Between
1961 and 1970 a large number of chromium(i1), manganese(i),
iron(n), cobalt(n) nickel(n) and copper(i) complexes were
prepared in order to study their magnetic moments and NMR
contact shifts. However only one complex (manganese) was
characterised by single crystal X-ray methods.5 Bis(amino-
troponiminate) complexes of these metals are known, with both
square planar and tetrahedral metal geometries. In the case of
nickel (i), equilibrium mixtures of the two limiting structures
have been characterised by magnetic studies and temperature-
dependent NMR experiments for a range of N,N’-disubstituted
aminotroponiminates. The early work with this ligand was
reviewed by R. H. Holm in 1971.6 For nearly 25 yearsamost no
research in this field has been published. On the other hand,
complexes with double bridged aminotroponiminates (tro-
poncoronands {Hx(TC-n,m)}) (B) have been intensively stud-
ied by S. J. Lippard.”° Complexes of the first row transition
metals such as manganese, iron, cobalt, nickel, copper, and zinc
werethe most thoroughly investigated. It was demonstrated that
metal troponcoronand complexes have properties of structure
and reactivity which are distinct from their porphyrin or salen
counterparts. Part of thiswork was reviewed in 1986.7 Then, in
1995 the development of a new and convenient H{(R),ATI}
synthesis started a renaissance of the ligand. It was shown that
{(R),ATI}— actsin co-ordination chemistry in asimilar way to
other well-known systems such as benzamidinates and guanidi-
nates.10 Dueto the presence of the highly delocalised rt-electron
system, the planar {(R),ATI}— ligand framework shows
minimal reactivity towards most nucleophiles and electro-
philes.

The present article deals with metal complexes of N,N’-
disubstituted aminotroponiminates, H{ (R),ATI}, (A) aswell as
of mono bridged bis(aminotroponiminate)s (C). This review
covers published material from 1995 through to early 2000.

2 Complexes of N,N’-disubstituted
aminotroponiminates

2.1 Ligand synthesis

H{(R),ATI} was originally prepared by a reaction of primary
amines with 5,5,6,6-tetrafluoro-1,3-cycloheptadiene, which it-
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self can be obtained in a two-step synthesis from cyclopenta-
diene and tetrafluoroethene (Scheme 1).11

Today H{(R).ATI} is typicaly made by a three-step
procedure starting with tropolone. In the first step, tropoloneis
tosylated by reaction with tosyl chloride. The second step
involves the direct nucleophilic displacement of the tosyl group
on the 2-(tosyloxy)tropone using excess of primary amine. In
the third step, the 2-alkylaminotropone is ethylated with
Et;O°BF, and then treated with excess primary amine to obtain
H{(R),ATI} as bright yellow solid (Scheme 2).10

2.2 Main group metal complexes

Alkali salts of aminotroponimines are usually obtained by
deprotonation of the neutral ligand. Thus, lithium N-isopropyl-
2-(isopropylamino)troponiminate, [{ (iPr).ATI}Li(THF)Z] (1a)
was prepared by treatment of H{ (iPr),ATI} with 1 equivalent of
nBuLi in THF (Scheme 3).12 In a similar procedure, lithium
sats of different substituted aminotroponimines {(R),ATI}Li
were obtained. Compound 1a is the first structurally charac-
terised alkali metal salt of an aminotroponiminate. The
molecular structure consists of lithium atom chelated by the
aminotroponiminate ligand and to which two THF molecules
are co-ordinated. la exhibits a twisted configuration for the
LiN>C7; moiety with a dihedral angle of 16.9° between the
LiN>C, ring and the seven-membered ring.12 {(iPr),ATI}K
(1b) was synthesised by treatment of the neutral ligand with an
excess of KH in THF (Scheme 3).13.14

The reaction of la with Cal, led either to the lithium
compound [{(iPr) ATI}Li(THF)(I)] or to the ate-complex
[{ (iPr),ATI} Ca(THF),loLix(THF){ (iPr),ATI}] depending on
the reaction conditions.*s Both compounds, in which thelithium
atoms occupy positions above and below the plane of an
aminotroponiminate ligand, were characterised by single crystal
X-ray crystallography. The calcium atom in the ate-complex
adopts a pseudo-octahedral geometry with two THF molecules
occupying the trans-positions, and the iodides in cis-co-
ordination sites.

The aluminium derivatives, [{(iPr),ATI}AIH;] (2a) and
[{(iPr),ATI}AIR,] (R = Me (2b), Et (2¢), iBu (2d)) were
synthesised from H{(iPr),ATI} and MesNeAlHz; or AlR3
(Scheme 4).10.16 The compounds 2a,b are the first structurally
characterised main group metal complexes of { R,ATI} —. Inthe
solid state the four co-ordinated aluminium centres adopt a
distorted tetrahedral geometry. In contrast to the free ligand,
both aluminium derivatives are symmetric with AI-N distances
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which are equal within the error range. In contrast to 1a, the
aluminium complexes feature a planar heterobicyclic AIN,C,
ring system.10 The reaction of 2a,b with 0.5 equivalents of
[PhsC][B(CeFs)4] resulted in the quantitative formation of
dinuclear cationic auminium complexes of composition
[ (P ATI}AIR)R][B(CeFs)a] (R = H (33), Me (3b))
(Scheme 4).16 A crystal structure of 3b shows that the cation
contains two {(iPr),ATI} AIMe units linked by a nearly linear
Al-Me-Al bridge (Fig. 1). The u-Me hydrogens are located in
the equatorial plane of the nearly trigona bipyramidal co-
ordinated carbon centre. It was shown that these dimeric cations
are labile in solution. The higher alkyl complexes 2c,d reacted
with one equivalent of [PhzC][B(CeFs)4] via p-hydride abstrac-
tion to afford base-free cationic complexes of composition
[{(iPr)ATI}AIR][B(CsFs)4] (R = Et (3c), iBu (3d)). NMR
spectroscopic experiments support the monomeric formulation
of these compounds. In contrast, the reaction of 2a—d with
[HNMe,Ph][B(CeFs),] afforded the amine adducts [{(iPr),-
ATI}AIR(NMe;Ph)][B(CsFs)4] (Scheme 4).

The base-free compounds 3c,d exhibited activity for poly-
merisation of ethylene, while dinuclear cations 3a,b showed
only trace activity. Thedinuclear hydride cation 3a polymerised
methyl methacrylate (MMA) to predominately syndiotactic
poly(MMA). While the active species and mechanisms of these
polymerisations have not yet been established, it isclear that the
reactivity of these cationic aluminium species is strongly
influenced by their structures.16

Further reaction of 3c with acetone led to the acetone adduct
[{ (iPr),ATI} AIRs(O=C(CH3),][B(CsFs)4] which slowly con-
verted to the ionic isopropoxide complex [{(iPr)ATI}AI(u-
QiPr)]2[B(CeFs)4]2 by net f-H transfer with release of ethylene
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Fig. 1 Crystal structure of 3b.

(Scheme 4). The compound 3d reacted with acetonein asimilar
manner, however the corresponding intermediates were less
stable and were completely converted into the isopropoxide
complex.1” Compounds 3c,d catalytically dimerisetBuC=CH to
the head—tail dimer 2-tert-butyl-5,5-dimethylhex-1-en-3-yne.
As support for a catalytic mechanism, it was found that the
reaction of 3c with tBuC=CH gave ethylene by 3-H transfer and
the cationic vinyl compound [{(iPr),ATI}AICH=CH-
tBu][B(CsFs)4], which further reacted with tBuC=CH to yield
the  dimeric  akynyl complex  [{(iPr)ATI}Al(u-

C=CtBu)];[B(CsFs)4]> (Scheme 4).17 The crystal structure of
thedimeric alkynyl dication consists of two { (iPr),ATI} Al units
linked by two unsymmetrical o,m-bridges.

The treatment of [{(Me),ATI}Sn] with Gal and InCl led to
bis(aminotroponiminate)gallium(in) and -indium(in) com-
pounds of composition [{(M€),ATI},Gal] (4a) and [{(Me),-
ATI},InCl] (4b).18 Whereas most galium(ii) and indium(iir)
compounds are obtained either by an akane or hydrogen
elimination route, 4a,b were prepared by a redox reaction. The
metal atom in both structures adopts a trigona bipyramidal
geometry, with the halide atom occupying an equatoria site
(Fig. 2). The nitrogen atoms of each bidentate ligand occupy an
axial and an equatorial site. The NMR spectra of 4a,b are
similar with only minor differences in the chemical shifts,
suggesting closely related structures. The methyl groups of the
{(Me),ATI}— ligand are equivalent in the NMR spectra. This
indicates the possibility of highly fluxional complexes in
solution.

Very recently aminotroponiminate compounds of silicon,
germanium, tin and lead have been reviewed.14 Thus, these
compounds will be mentioned here only briefly. Tetravalent
group 14 compounds such as[{ (iPr),ATI} MMes] (M = Si, Sn)
were obtained by the reaction of MesMCl and la. In an
analogous way [{(Et),ATI}SnPhs] and [{(iPr),ATI}SiCl3]
were prepared from PhySnCl and SiCl,, respectively.14

The{(R),ATI}— ligand was also used to prepare a number of
low-valent group 14 complexes.1920 The synthesis of the
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Fig. 2 Crystal structure of 4a.

neutral germanium(n) chlorides [{(iPr),ATI}GeCl] (5a)
(Scheme 5) and [{ (Me),ATI}GeCl] (5b) was achieved by the
treatment of GeCl,#(1,4-dioxane) with 1a or {(Me),ATI}Li.1°
In 5a,b the germanium centre adopts a pyramidal geometry that
is fairly common in germanium(in) chemistry. In order to
generate the rare cationic germanium(n) compounds, the
chlorine atom in 5a,b was substituted by weakly co-ordinating
anions. The reaction of 5a with AgCF3SO; or [(15-CsHs)ZrCl 3]
led to the corresponding ionic complexes [{(iPr),ATI}-
Ge|]CF:S0O; (6a) and [{(iPr),ATI}Ge][(n>-CsHs)ZrCl,(u-
Cl)3ZrCly(n3-CsHs)] (6b) (Scheme 5) (Fig. 3). In 6b, weak
intermolecular Ge:--Cl contacts are observed. On the other
hand, no ionic species was obtained by the reaction of 5b with
NaBPh,. Instead the formation of a novel phenyl transfer
product of composition [{ (Me),ATI} GePheBPhs] was observed
in which the germanium atom adopts a tetrahedral geometry.
Although the NMR data of 6a,b show notable differences
relative to their neutral analogues, the solid-state structures
show only minor changes in the C;N.Ge moiety, whichisin all
cases essentially planar. The Ge-N bond distances of the cations
are not indicative of significant Ge-N m-bonding.

The co-ordination chemistry of tin(i1) is comparable to
germanium(i1). The reaction of 1a with SnCl; led to a three co-
ordinated tin(i1) compound of composition [{(iPr),ATI} SnCl]
(7).20 The lead compound [{ (iPr).ATI} PbCI] was obtained in
an analogous way from PbCl,.14 The tin centre in 7 adopts a
pyramidal geometry in the solid state. As seen in the
germanium(in) compound weak intermolecular Sn---Cl inter-
actions are observed. Further reaction of 7 with [(n®-
CsHs)ZrCl3) led to the ionic compound [{ (iPr),ATI} Sn][(n3-
CsHs)ZrClx(us-Cl3)ZrCl(m5-CsHs)] (8). Inthe solid state, there
aretwo weak interactions between thetin atom of the cation and
two terminal chloride atoms of the anion. In solution the 119Sn
NMR data of 8 suggests the presence of two co-ordinate tin(ir)
species. The crystal structural features of the C;N,Sn moiety in

Fig. 3 Crystal structure of 6b.

7 and 8 are very similar. Based on the observed bond distances,
the mt-electrons of the C;N,Sn ring system appear to be mostly
delocalised over nitrogen and carbon atoms.

2.3 Transition metal complexes

All recent publications on aminotroponiminate transition metal
complexes deal with early transition metals such as group 3, 4
and the lanthanide elements, whereas the chemistry of the late
transition metals was aready developed in the 1960s6 As
already mentioned, the active study of early transition metal
chemistry has started since it was realised that { (R),ATI}— can
be used as cyclopentadieny! alternatives.1.12.13

In order to investigate the co-ordination behaviour of the
{(iPr),ATI}— ligand on yttrium and the lanthanide metals,
compounds with one, two, or three ligands attached to the metal
centre were synthesised (Scheme 6). Since an incorporation of
LiCl into the metal complexes is often observed in lanthanide
chemistry?! the potassium compound 1b was observed to be an
ideal transfer reagent for the ligand anion. The homoleptic
compounds [{(iPr),ATI}sLn] (9) (Ln = Y, La, Sm) were
obtained by transmetallation of 1b with anhydrous lanthanide
trichlorides/triiodides in a 3: 1 molar ratio (Scheme 6).13 The
NMR spectra of 9 show a diastereotopic splitting of the
isopropyl CH3 signals, which is caused by A and A enantio-
mers, confirming octahedral co-ordination around the metal
centre. Reaction of 1b with anhydrous yttrium trichloride in a
2.2:1 molar ratio or with tris(2,6-di-tbutyl phenoxo)yttrium(in)
in a 2:1 molar ratio led to [{(iPr),ATI},YCI] (10a)22 and
[{(iPr),ATI} o Y{O(2,6-tBu,CeHz)}]  (10b),13  respectively
(Scheme 6). Treatment of 1b with an excess of anhydrous
yttrium trichloride in THF (Scheme 6) afforded the correspond-
ing yttrium chloro complex [{(iPr),ATI}Y Clx(THF),]» (11).13
In the solid-state structure of 11, the steric influence of the
ligand {(iPr),ATI}— is clearly not sufficient to block all co-
ordination sites on the yttrium atom (Fig. 4). Therefore, a
dimerisation via two chloro-bridges takes place. Co-ordination

1a + GeClye(1,4-dioxane)

l- LiCl
N\ @
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of two equivalents of THF completes the seven-membered co-
ordination sphere around the yttrium atom. Interestingly, the
{(iPr),ATI}— ligand is attached asymmetrically to the metal
centre. Due to the asymmetric attachment, the C;N,Y moiety is
dlightly distorted.13

Transmetallation of the yttrium chloro complexes 10a and 11
with KN(SiMe3), in toluene, afforded the corresponding
yttrium amido complexes [{ (iPr)-ATI} Y N(SIMe3);] (12) and
[{(PNATI}Y{N(SiMe3)2} 2] (13) as yellow crystalline solids
(Schemes 7 and 8).22 The solid-state structure of 13 was
established by single crystal X-ray diffraction (Fig. 5). The
structure reveals a distorted tetrahedral arrangement of the
ligands around the centre metal. Thus for the yttrium atom the
rare co-ordination of four is observed. The compound 12
exhibits a dynamic behaviour in solution which is caused by a
rearrangement between a pseudo square-pyramidal and a
pseudo trigonal-bipyramidal co-ordination sphere around the
yttrium atom.

The catalytic activity of the cyclopentadienyl-free complexes
12 and 13 for the hydroamination/cyclization of aminoalkynes
was investigated (Scheme 9). The catalytic hydroamination/
cyclization of aminoolefins and aminoalkynes has been pio-
neered by T. J Marks with a variety of lanthanocene
catalysts.2324 The reaction of the catalysts with dry, degassed
aminoakynes (catalyst: substrate = 1:50) proceeds regiospe-
cificaly (> 95%) to completion in benzene. On the other hand,
the catalytic activity of 12 isabout afactor five to seven slower
than for the established analogous lanthanocene catalysts.
Kinetic studies of both 12 and 13 indicate zero-order behaviour
in substrate over a tenfold concentration range and so a
mechanism for 12 close to the established one of [(n®-
CsMes),LNCH(SiMes),] was suggested.22.23

Reaction of 11 with potassium pentamethylcyclopentadienyl
yielded the corresponding dicyclopentadienyl complex
[{(iPNATI}Y (n5-CsMes),] (14a) (Scheme 10).25 14a has also
been obtained by the ‘classical’ route from the reaction of [(n>-
CsMes),Y (u-Cl),Li(OEty),] with 1b. The room temperature
NMR spectra point to a symmetrical co-ordination of the
{(iPr)2,ATI}— ligand in solution, which isin agreement with the
co-ordination observed in the solid state. In contrast to the

Fig. 4 Crysta structure of 11.

anionic dicyclopentadienyl diazadiene complex of lanthanum,
[(n*-CsMes).La(DAD)]~ {DAD = (Ph)N=C(Ph)C(Ph)=
N(Ph)}, 14a does not show a rapid dynamic exchange of the
chelating ligand in solution at room temperature. Whereas DAD
complexes show a rapid migration of the (n5-CsMes).M unit
from one side of the reduced DAD ligand to the other, the rigid
geometry of the {(iPr),ATI}— ligand prevents such a facile
movement of the (n3-CsMes),Y moiety. Thecrystal structure of
14a shows that the steric demand of the { (iPr),ATI}— ligand is
somewhat similar to that of the well-known cyclopentadienyl
group and diazadiene ligand. The structure reveals a pseudo-
tetrahedral arrangement of the ligands around the yttrium atom,
in which the C;N,Y moiety is significantly twisted.

The big[di-1,3-(trimethylsilyl)cyclopentadienyl] complex
[{(iP)ATI}Y{CsH3(SMes3)o} o] (14b) was prepared in a
similar way to 14a (Scheme 10).25 In contrast to 14a the H
NMR spectrum of 14b shows a dynamic behaviour in solution,
whichiscaused by rotation of the cyclopentadienyl group rather
than by migration of the { (iPr),ATI}— ligand.

{(Mey)ATI}— complexes of titanium were prepared by
reaction of [TiClx(NMey),] with two equivalents of
H{(Mex)ATI} toyield [{ (Me)ATI},TiCl,] (15) asaninsoluble
powder (Scheme 11). Reaction of 15 with Me;SIOTf (Tf =
triflate), MeMgBr, or PhMgBr yielded the corresponding
complexes [{(Me)ATI},Ti(OTf),], [{(Me)ATI}.TiMey)
(16), and [{(Me)ATI} TiPhy] (17), respectively (Scheme

s
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Fig. 5 Crystal structure of 13.

11).26 The mixed akyl—aryl complex [{(Me)ATI},Ti(Me)Ph]
was prepared by treating 15 sequentially with MeMgBr and
PhMgBr. The mono-alkyl complex [{(Mey)ATI} Ti(Cl)CHo-
SiMe;] was obtained by reaction of 15 and one equivalent of
MesSICH,MgCI (Scheme 11).27 The solid-state structures of
these akyl and aryl complexes were determined by single
crystal X-ray diffraction and confirmed the expected six-co-
ordinated titanium geometry. Attempts to prepare alkyl com-
plexes containing -hydrogen atoms resulted instead in titaniu-
m(i1) compounds. Thus, reaction of 15 with nBuLi resulted in
[{(Mey)ATI}sTi], whereas reaction of 15 with iBuMgBr gave
[{(Mex)ATI}4TixCly] (Scheme 11).27 Because of the modest
steric requirements of the [{ (Me))ATI} 5 Ti]2* fragment, five co-
ordinated titanium(iv) complexes were only generated with a
bulky o—2x donor ligand, [{(Mez)ATI}>Ti(N-2,6-iProCeHs)]
being a specific example, which was obtained by the reaction of
15 with two equivaents of Li(NH-2,6-iPr,CgHs) (Scheme 11).
Attempts to prepare the isoelectronic oxo analogue afforded
only dimeric [{ (Mey)ATI} 4Ti»0,)].27

Since it was known that zirconium and hafnium troponcor-
onand dialkyl complexesreact with CO to form stable n2-ketone
complexes, which add to chalcone, cyclohexenone and cyclo-

< 2K(CaMey)

hexyl phenyl ketone to yield unsymmetrical zirconium dio-
lates,28 compound 16 was similarly treated with CO. However,
it was not possible to characterise any metal complexes. On the
other hand the reaction of 16 or 17 with aldehydes or ketones
and CO yielded unsymmetrical diolate complexesof the genera

formula [{(Me)ATI},Ti(n-OCR,CRIR20)] (18) (Scheme
12). The formulation of 18 as a diolate complex was confirmed
by single crystal X-ray crystallography. The free vicinal diols
could be isolated by treatment of 18 with 3 M agueous HCI.
Thus, the titanium system does not require any additives and
yields diolates from alkyl complexes. The unique nature of the
{(R)-,ATI}— ligand system for this carbonyl coupling is further
demonstrated by the fact that neither the {salenTi} nor {(n®-
CsHs),Ti} fragments will likely mediate this reaction.26
Reaction of 16 with phenyl acetylene and CO cleanly
afforded the oxametallacyclopentene complex [{(Me)ATI} o

Ti(n2-OCMe,CH=CPh)]. The spectroscopic data of this com-
plex are consistent with alkyne insertion where the phenyl
group is directed away from the two methyl groups of the
acetone m2-unit.2° In contrast, reaction of isocyanides with 16
yielded imines. The formation of imines suggested that
reduction to afford a low-valent titanium species had
occurred. Trapping of this intermediate with benzaldehyde
or benzil afforded the titanium diolate [{(Mey)ATI},-

Ti(n2-OCHPhCHPhO)] or enediolate complex [{(Me)ATI} -

Ti(n2-OCPh=CPhO)], respectively (Scheme 13). The addi-
tion of two equivalents of benzophenone and tBuCN to a
solution of 16 afforded the diolate complex [{(Mey)ATI} »-

Ti(n2-OCPh,CPh,0)].Whenoneequival entof benzophenoneand
either one equivalent of acetone or N-tosylbenzaldimine were

added to the intermediate [{ (Mex)ATI} »Ti(n1>-OCMe,CPh,0)]

and  [{(Mey)ATI},Ti(n2-OCPh,CHPhN(SO,Tol)],  respec-
tively, were obtained (Scheme 13). The titanium thiolato-
akoxide complex [{(Me)ATI},Ti(n2-OCMe,CPh,S)] was
prepared by use of thiobenzophenone and acetone (Scheme
13).29

Inorder touse{(R),ATI} — ascyclopentadienyl alternativein
group 4 chemistry, zirconium and hafnium complexes of
composition [{(iPr),ATI},MCl;] (M = Zr (19a), Hf (19b))
were prepared (Scheme 14).12 These compounds were obtained
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Scheme 13

by the reaction of 1la with MCl, (M = Zr, Hf). The crystal a distorted octahedral geometry in which the chlorine atoms
structures of 19a,b are almost isostructural (Fig. 6). The sixfold occupy cis co-ordination sites. As seen in 11 and 14a, the
co-ordinated metal centres of the monomeric complexes adopt heterobicyclic C;NoM framework in 19a,b shows a notable
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deviation from planar structure. The similaritiesin the structural
parameters of 19a,b and [(15-CsHs),ZrCl,] are even closer than
those found between [(n®-CsHs)2ZrCl,] and amidinates. The
amidinate ligands have been noted to have steric properties
similar to those of the cyclopentadienyl ligand.34 The simple
room temperature NMR spectra of 19a,b suggest that they have
stereochemical non-rigid structures in solution. The solid-state
structures, if retained in solution, should lead to diastereotopic
pairs of ligand signals, which were not observed in the NMR.
The synthesis of the dialkyl derivative [{(iPr)>ATI},Zr(CH,-
SiMes),] was achieved by treating [Zr(CH.SIMes),4] with two
equivalents of the neutral ligand H{ (iPr),ATI}. Asindicated by
the NMR spectra, the molecule appears to be fairly symmet-
ric.

Fig. 6 Crystal structure of 19a.

3 Complexes of mono-bridged bis
(aminotroponiminate)s

3.1 Ligand synthesis

Mono-bridged aminotroponiminates can be obtained by a
three-step procedure starting from tropolone. The first two
steps, the preparation of 2-alkylaminotropone, are the same as
for the preparation of H{(R),ATI} (Scheme 2). The third step
involves the alkylation of 2-alkylaminotropone with RzO<BF,
(R = Me or Et) followed by trestment with excess of a
diaminoalkyl reagent to obtain the desired mono-bridged
ligand. Recently, by using this method, two mono-bridged
aminotroponiminates were prepared. These are the n-propyl-
and the (R R)-1,2-diaminocyclohexane-bridged bis(aminotro-
ponimine)s (H{ (iPr)TP} and Hx{ (MeATI).Cy}, respectively)
(Scheme 15).30.31

3.2 Main group metal complexes

The main group chemistry of bridged bis(aminotroponimine)s
is till limited to group 1 and 13 complexes. Reaction of
Hx{(iPr)TP} with a potassium hydride suspension in THF
affordsthe dipotassium salt Kx{ (iPr) TP} (20) asan orange solid
(Scheme 16).3° 20 was characterised by spectroscopic methods
but not by single crystal X-ray diffraction. The spectroscopic
data show that 20 was obtained solvent free.

The bimetallic aluminium complexes [(RANA{(iP)TP}] (R
= Me(21a), Et (21b), iBu (21c)) were synthesised by reactions

342 Chem. Soc. Rev., 2000, 29, 335-345

O A

|1 Ha{(MeATI),Cy}

(R,R)-1,2-diaminocyclohexane
mono-(+)-tatrate/ K,CO,

R';0BF4/ NEt;

O
X
II\JH

R HN  NH,
R = Me, iPr
;,
NH HN
O
A /\ H{(i Pr)TP}
Scheme 15
(Y
NH HN 2KH _
O 0% @i X0
N N
AN A A2

Scheme 16

of the neutral ligand Hx{(iPr)TP} with the corresponding
dialkyl aluminium hydrides R,AIH in hexane (Scheme 17).32
The solid-state structures of 2la and 21c (Fig. 7) were
investigated by single crystal X-ray diffraction. In contrast to
most other known structures in which the {(iPr)TP}2— ligand
co-ordinates in a chelating fashion (see below), 21a—c show a
metal bridging co-ordination mode. In the solid state, the four
co-ordinated aluminium centres adopt a distorted tetrahedral
geometry which is comparable to 2a,b. In contrast to 21a, in
which thetwo metal centres are located in a cisoid arrangement,
in 21c thetwo metal centres are found in transoid conformation
in the solid state. Thisis mainly caused by the increased steric
demand of the iBu substituents of the aluminium atoms.

In a sraghtforward synthesis, the complexes
{@{iP)TPMCI] (M = Ga(22a), In (22b)) can be obtained by
transmetallation of 20 with the metal trichloridesinal:1 molar
ratio in THF (Scheme 18).33 The co-ordination polyhedron 22b
isbest described in terms of adistorted tetragonal pyramid with
the chlorine atom in the apex (Fig. 8). The two seven-membered
rings of the {(iPr)TP}2—-ligand in 22b are approximately 20°
twisted with respect to each other.

Transmetallation of 22b with MeLi, LiCH,SiMe; or KOtBu
led to the corresponding alkyl and alkoxide complexes of the
general formula [{(iP)TP}I-R] (R = Me, CH,SiMe;s,
OtBuU).

3.3 Transition metal complexes

All reports regarding mono-bridged aminotroponiminate transi-
tion metal complexes have dealt with early transition metals. In
group 3 and lanthanide chemistry the { (iPr)TP}2—-ligand was
used as an ansa-metallocene aternative.30

Transmetallation of 20 with anhydrous lanthanum trichloride
in a 3:2 molar ratio in THF afforded the corresponding
dinuclear lanthanum complex [{(iPr)TP}sLax(THF);] (23)



Fig. 7 Crystal structure of 21c.
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Fig. 8 Crystal structure of 22b.

(Scheme 19).30 23 is a dimeric complex in which the
{(iPr)TP}2— anion exhibits two different co-ordination modes
(Fig. 9). Two {(iPr)TP}2— units are co-ordinated as tetradentate
chelating ligand anions, whereas the third unit bridges the two
lanthanum centres. Both kinds of co-ordination were observed
earlier for ansa-metallocenes of the lanthanides.2 The structure
reveals a seven-membered co-ordination sphere of the ligands
around the lanthanum atom. Thus, one lanthanum atom is co-
ordinated by 1.5 { (iPr)TP}2— units and one THF molecule. As
observed for 11, the aminotroponi minate moieties are asymmet-
rically co-ordinated to the metal centre.

In order to obtain mono-substituted complexes of the lighter
lanthanide elements with {(iPr)TP}2—, 20 and anhydrous

\
N N
@ @ Ln = La (23)

O
—> < N \\&n(
N7 T\c | N

N O
20 A
Ln = La (24a)
Nd (24b)

N

~ /CI\\
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Ln = Er (26a)
Yb (26b)
Lu (26c)

Scheme 19
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Fig. 10 Crystal structure of 24a.

lanthanum and neodymium trichloride, respectively, in THF
were reacted inal:1 molar ratio to give, selectively, products
of composition [{(iPr)TP}LnCI(THF)], (Ln = La (24a), Nd
(24b)) (Scheme 19).3034 The NMR spectra of 24a indicate a
symmetrical co-ordination of the { (iPr)TP}2— anionin solution.
The crystal structures of 24a,b are isostructura (Fig. 10). The
compounds 24a,b are dimeric complexes in which two metal
atoms are symmetrically bridged by two u-chlorine atoms. The
{(iPr)TP}2— units are co-ordinated as tetradentate chelating
ligand anions. Additionally, on each metal atom one equivalent
of THF is co-ordinated. Thus, the structure reveals a sevenfold
co-ordination sphere of the ligands around the metal atoms. A
further reaction of 24a with LiCH(SiMez), or KN(SiMes), in
toluene yielded the alkyl or amide derivatives [{ (iPr) TP} LaE-
(SMe3),] (E = CH (25a), N (25b)) (Scheme 20).

N
N
2 CN/'f—E
N
r—

_SiMes

24a _2ME(SiMes),
“SiMeg

-2 MCI; - THF

E = CH, M = Li (25a)
E=N,M=K (25b)

Scheme 20

To study the co-ordination behaviour of the {(iPr)TP}2—-
dianion with the heavier lanthanides, which feature a smaller
ionic radius in oxidation state +3 compared to lanthanum and
neodymium, the reaction of 20 with anhydrous erbium,
ytterbium and lutetium trichlorideinal: 1.3 molar ratioin THF
was investigated. As products, compounds of composition
[{(iPNTP}LNCI]> (Ln = Er (26a), Yb (26b), Lu (26¢)) were
obtained (Scheme 19).3435 The solid-state structures were
established by single crystal X-ray diffraction (Fig. 11). Owing
to the similar ionic radiis of the central atoms of 26a—c the
crystal structures of all three compounds are isostructural. They
aredimeric complexesin which the metal centresare bridged by
two u-chlorine atoms resulting in asixfold co-ordination sphere
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of the ligands around the lanthanide atoms. Due to the smaller
ionic radii of erbium, ytterbium and lutetium compared to
neodymium and lanthanum, no additional co-ordination of THF
to the centre atom is observed.

\ \
\ N
LN / */' \_—~
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— b Y AN
--./ \ \

Fig. 11 Crystal structure of 26c.

To study the reactivity of 26¢c some selected derivatives were
synthesised by a substitution of the chlorine atom of 26c.35
Transmetallation of 26¢c with KN(SiMes),, LiCH,(SiMes),
NaBH,, and NaCsHs, respectively led to the corresponding
alkyl, amide, m3-borohydride and n5-cyclopentadienyl com-
plexes of composition [{(iP)TP}LU-R] (R = N(SiMes),,
CHy(SiMey), n3-BH4, 15-CsHs).35

By using the Co-symmetric {(MeATI).Cy}2—-ligand a
number of titanium complexes were accessible that cannot be
obtained using the {(Me;)ATI} —-ligand system (see above).
Thus, rare examples of thermally stable titanium diethyl and di-
n-butyl as well as n2-imine complexes were obtained.3!
Reaction of Hx{(MeATI),Cy} with [TiCly(NMey);] led to
[{(MeATI),Cy} TiCl;] (27) (Scheme 21). Reaction of 27 with
various akyl Grignard reagentsRMgCl (R = Me, Et, nBu, iBu,
CH»(SiMes)) gave the corresponding dialkyl complexes of
composition [{ (MeATI),Cy} TiR]. The co-ordination geome-
try of the methyl compound [{ (MeATI),Cy} TiMe;] (28) in the
solid stateis best described as askew trapezoidal bipyramidal in
contrast to the cis-octahedral geometry of the unlinked complex
16. Further reaction of 28 with tBuNC resulted in the n2-imine
complex [{(MeATI).Cy} Ti{n2-Me,CN(tBu)}] (29) (Scheme
22).31 The solid state structure of 29 is best described as square
pyramidal, with the four nitrogen atoms of the ligand compris-
ing the base of a square pyramid and the n2-imine ligand
occupying the axial position. The stabilising effect of the
{(MeATI),Cy}2—-ligand is seen by the differencein isocyanide
reactivity with the analogous compound 16. Thus, the reduced
titanium species formed by a reaction of 16 with tBuNC is
unstable towards loss of imine. The change in stability was
attributed in part to steric factors. Further reaction of 29
with Ph,CO gave the diolate complex [{(MeATI),Cy}-
Ti(n2-OCPh,CPh,0)].

Mono-bridged aminotroponiminate complexes of zirconium
and hafnium were obtained by a ligand degradation reaction of
zirconium or hafnium tropocoronand complexes. Thermal
decomposition of [M(CH,SIMes)(TC-4,4)] (M = Zr, Hf)
afforded a dimeric product in which one of the nitrogen—carbon
bonds of one of the alkyl linker chains was cleaved.8

4 Conclusions

It has been shown that aminotroponiminates and mono-bridged
bis(aminotroponiminate)s are versatile ligands in main group
and in transition metal (d- and 4f-elements) chemistry. In
contrast to the older work, which was mainly limited to
manganese(i1), iron (i), cobalt(in) and nickel (1) complexes,é the
recent work has focused on main group and early transition
elements. It has been shown by different research groups that
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aminotroponiminates can stabilise low-valent main group
metals and that they can be used in early transition metal
chemistry as cyclopentadienyl alternatives. A significant num-
ber of the new compounds have been characterised by single
crystal X-ray diffraction. Depending on the ionic radius of the
centre metal the heterobicyclic C;N,M framework of the
aminotroponiminate ligand shows either a symmetrical co-
ordination or anotable deviation from planar structure. Some of
the new complexes can be used in homogenous catalysis or for
synthetic purposes. In summary, it can be emphasised that the
aminotroponiminates offer a pathway to a rich co-ordination
chemistry, which includes application in catalysis and synthe-
Sis.

5 Acknowledgements

I am deeply grateful to my co-worker M. R. Birgstein who is
named on our joint publications cited in this review. Thiswork
was supported by the Deutsche Forschungsgemeinschaft (Hab-
ilitation- and Heisenberg-Stipendium) and the Fonds der
Chemischen Industrie (Liebig-Stipendium). Additionally, gen-
erous support from Prof. Dr. D. Fenske is gratefully acknow!-
edged.

6 References

1 G. J. P. Britovsek, V. C. Gibson and D. F. Wass, Angew. Chem., 1999,
111, 448-468; G. J. P. Britovsek, V. C. Gibson and D. F. Wass, Angew.
Chem.,, Int. Ed. Engl., 1999, 38, 428-447, and references therein.

2 R. Kempe, Angew. Chem., 2000, 112, 478-504; R. Kempe, Angew.
Chem,, Int. Ed. Engl., 2000, 39, 468-493, and references therein.

3 F. T. Edelmann, Top. Curr. Chem., 1996, 179, 113-148, and references
therein.

4 F. T. Ededmann, Coord. Chem. Rev., 1994, 137, 403481, and
references therein.

5 M. Bartlett and G. J. Pelenik, J. Chem. Soc., Chem. Commun., 1970,
416.

6 R. H. Holm, Prog. Inorg. Chem., 1971, 14, 241-401, and references
therein.

7 G. M. Villecorta and S. J. Lippard, Pure Appl. Chem., 1986, 58,
1477-1484, and references therein.

8 M. J. Scott and S. J. Lippard, Inorg. Chim. Acta, 1997, 263, 287-299.

9 K. J Franz and S. J. Lippard, J. Am. Chem. Soc., 1998, 120,
9034-9040.

10 H. V. R. Dias, W. Jin and R. E. Ratcliff, Inorg. Chem., 1995, 34,
6100-6105.

11 W. R. Brasen, H. E. Holmquist and R. E. Benson, J. Am. Chem. Soc.,
1960, 82, 995-996.

12 H. V. R. Dias, W. Jin and Z. Wang, Inorg. Chem., 1996, 35,
6074-6079.

13 P. W. Roesky, Chem. Ber., 1997, 130, 859-862.

14 H. V. Dias, Z. Wang and W. Jin, Coord. Chem. Rev., 1998, 176,
67-86.

15 H. V. R. Diasand W. Jin, J. Chem. Cryst., 1997, 27, 353-358.

16 E. lhara, V. G. Young and R. F. Jordan, J. Am. Chem. Soc., 1998, 120,
8277-8278.

17 A.V.Korolev, I. A. Guzei and R. F. Jordan, J. Am. Chem. Soc., 1999,
121, 11605-11606.

18 H. V. R. Diasand W. Jin, Inorg. Chem., 1996, 35, 6546—6551.

19 H. V. R. Diasand W. Jin, J. Am. Chem. Soc., 1997, 119, 4650-4655.
H. V. R. Diasand W. Jin, J. Am. Chem. Soc., 1996, 118, 9123-9126.

21 F. T. Edelmann in: Comprehensive Organometallic Chemisty |1, ed.
E. W. Abdl, F. G. A. Stone and G. Wilkinson, Pergamon Press, Oxford,

1995, and references therein.

22 M. R. Birgstein, H. Berberich and P. W. Roesky, Organometallics,
1998, 17, 1452-1454.

23 Y. Liand T. J Marks, J. Am. Chem. Soc., 1996, 118, 9295-9306.

24 T. E. Miller and M. Béeller, Chem. Rev., 1998, 98, 675703, and
references therein.

25 P. W. Roesky, Eur. J. Inorg. Chem., 1998, 593-596.

26 D. P. Steinhuebel and S. J. Lippard, Organometallics, 1999, 18,
109-111.

27 D. P. Steinhuebel and S. J. Lippard, Inorg. Chem. 1999, 38,
6225-6233.

28 M. J. Scott and S. J. Lippard, J. Am. Chem. Soc., 1997, 119,
3411-3412.

29 D. P. Steinhuebel and S. J. Lippard, J. Am. Chem. Soc., 1999, 121,
11762-11772.

30 P. W. Roesky, Inorg. Chem., 1998, 37, 4009-4013.

31 D. P. Steinhuebel and S. J. Lippard, Organometallics, 1999, 18,
3959-3961.

32 S. Schulz, M. Nieger, H. Hupfer and P. W. Roesky, Eur. J. Inorg.
Chem., 2000, 1623-1626.

33 M. R. Burgstein, N. P. Euringer and P. W. Roesky, J. Chem. Soc.,
Dalton Trans., 2000, 1045-1048.

34 P. W. Roesky and M. R. Burgstein, Inorg. Chem., 1999, 38,
5629-5632.

35 P. W. Roesky, J. Organomet. Chem., 2000, 603, 161-166.

Chem. Soc. Rev., 2000, 29, 335-345 345



