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The introduction of an aminoethyl side chain into cyclopenta-
dienyl compounds of many d-block elements leads to inter-
esting changes in structure and reactivity compared to the
parent species: (i) A hemilabile bonding situation is observed
in complexes with low-valent transition-metal centers; (ii)
amino-group coordination to an adjacent metal or nonmetal
center creates novel types of bimetallic compounds; (iii) com-

plexes with a tethered ammoniumethyl group often show
good solubility in protic solvents, relevant with regard to or-
ganometallic chemistry in water. These features together
with others are described in this review, which informs about
the synthesis and properties of this new type of transition-
metal complexes.

Introduction

Undoubtedly, the cyclopentadienyl group, CsHs (Cp), is
one of the most important ligands in organometallic chem-
istry.!'! In the last decade, an increasing number of new
ring-substituted cyclopentadienyl fragments has appeared
in the literature. Variations in the Cp-ligand periphery often
result in dramatic changes in physical and chemical proper-
ties of the corresponding compounds. These changes can be
attributed to electronic and steric effects caused by the par-

tial or full replacement of the hydrogen atoms by other
groups. !

The chemistry of Cp complexes containing a donor-func-
tionalized side chain is a rapidly growing area that is
currently  being explored by several research
groups. BIMBIOITIBIOT This review concentrates on com-
plexes of d-block elements containing aminoethyl-substi-
tuted Cp ligands. The first complexes of this type were in-
troduced by Green et al. in 1983; the dimethylamino func-
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tion was attached to a functionalized Cp ring only in the
last step of the synthesis.[’# The first synthesis of an amino-
ethyl-functionalized cyclopentadiene was described by
Wang and co-workers in 1991. They prepared complexes
with the (dimethylaminoethyl)cyclopentadienyl ligands Cp!
and Cp" (Figure 1)."1 Our laboratory contributed to this
new field with compounds bearing the ligands Cp"™ and
Cp" (Figure 1).! Cyclopentadienyl ligands CpY and CpV!
with pyrrolidyl and piperidyl functions as pendant groups
were introduced by Herrmann and co-workers (Figure
1).18 The chiral dimethylaminoethyl-functionalized cyclo-
pentadienyl ligand CpY!"! was described by van der Zeijden
only recently (Figure 1).[8°180 The cyclopentadienyl ligand
CpY™ with only one methyl substituent at the nitrogen
atom was also introduced by Wang and co-workers.[®"
Tyler and Avey synthesized complexes with the Cp™ ligand
which contains the parent amino function. "
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Apart from the general interest in novel ligand systems,
we are investigating aminoethyl-functionalized Cp ligands
for the following reasons (see Figure 2):

— The nitrogen atom of the aminoethyl group can coor-
dinate to a metal center and block a vacant coordination
site (see Figure 2a, d). Otherwise highly reactive intermedi-
ates or reaction products will be stabilized by this interac-
tion, thus allowing unprecedented structures and chemical
properties. Interesting bonding situations are expected as a
function of the formal oxidation state of the respective met-
al. As documented by many examples, a cyclopentadienyl
ligand stabilizes transition metals in high as well as in low
oxidation states. On the other hand, the amino group fa-
vours coordination to metals in a high oxidation state
(hard—hard interactions according to Pearson’s concept).
To metals in a low oxidation state, only weak interactions
are anticipated, which might be strenghtened by the chelate
effect; in this case, the aminoethyl-functionalized Cp ligand
should behave as a hemilabile ligand. To metals in a high
oxidation state, rather strong interactions are expected,
which might allow the isolation of compounds even with
cationic (aminoethyl)cyclopentadienyl units. In general, a
ligated amino group will render the central atom much
more electron-rich.

— The hemilabile bonding situation will allow an easy
ligand exchange, as described in Figure 2g. The reversible
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coordination to a reactive metal center is of special interest
in connection with catalytic processes; it seems possible to
stabilize a highly reactive, electronically and sterically un-
saturated intermediate by weakly occupying the vacant co-
ordination site, until the actual substrate coordinates and
replaces the amino group. Such processes might increase the
lifetime and also the selectivity of the catalyst. A versatile
catalyst design is conceivable by modifying the aminoethyl
group.

— The amino function can coordinate to an adjacent
electron-deficient metal (or nonmetal) center (Figure 2b, e).
The resulting homo- or hetero-bimetallic complexes might
be stabilized by different kinds of additional interaction;
synergetic effects are expected.

— The amino group allows an interaction with Lewis or
Broensted acidic surfaces (see Figure 2c, f); this effect is
of special interest with regard to the heterogenisation of
homogenous catalysts.

— Pendant amino or ammonium groups might have dras-
tical consequences concerning the solubility of respective
complexes. The development of an organometallic chemis-
try in water!'% can be promoted by the application of pro-
tonated or alkylated (arylated) aminoethyl-functionalized
Cp compounds (see Figure 2h, 1).

— Amino or ammonium groups in the side chain might
exert electronic and steric effects and thus might induce
changes in the chemistry compared to that of the parent
compounds. Electronic and steric effects can be altered by
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variation of the substitution pattern at the cyclopentadienyl
as well as at the amino fragment.

— The presence of N—H bonds in the side chain (Figure
1, compounds CpY™, Cp'™) allows further functionali-
zation of the amino group by substitution reactions.

— The presence of protonated amino groups (Figure 2h,
i; R” = H) in principal permits proton-transfer reactions
and thus opens new synthetic pathways.

This listing of effects unequivocally explains the current
interest in aminoethyl-functionalized Cp complexes. In the
following, we present a complete survey of d-block element
complexes containing aminoethyl-functionalized cyclopen-
tadienyl systems. Synthetic and structural aspects as well as
important properties of these compounds are described
with special emphasis to the effects of the tethered amino-
ethyl function.

Titanium and Zirconium Complexes

We started our efforts in this field synthesizing titanium
compounds with the Cp' and the Cp" ligand. The ti-
tanium(IIT) complexes Cp,TiCl (1) (Figure 3) and
Cp"",TiCl (2) were prepared by the reaction of Cp'Li and
Cp'™Li, respectively, with TiCl;.P™ A single-crystal X-ray
structure analysis of 1 revealed a pseudo-tetrahedral coordi-
nation sphere and thus the interaction of only one of the
two amino groups with the titanium center.®™ The struc-
ture of 2 containing the bulkier diisopropylaminoethyl-
functionalized cyclopentadienyl ligand Cp™ is still un-
known.” The extreme air sensitivity of 2 compared to 1
indicates the non-coordinating nature of the amino func-
tion. The organo derivatives Cp',TiR (3: R = Me; 4: R =
Bz) could be synthesized by simple substitution reac-
tions.®™ Only very recently, the titanium(III) compound
[(Me,NCH,CH,)Me,Cs][CsH;]TiCl with an intramolecular
amino-group coordination was synthesized and structur-
ally characterized.[®a2

In metallocene dichlorides of the type Cp',MCl, (5: M =
Ti; 6: M = Zr) (Figure 3), the intramolecular interaction of
the amino group turns out to be rather weak. Intermolecu-
lar interaction finally dominates due to the formation of
insoluble coordination polymers; the structures of these
species are still unknown.!®4P™l The corresponding di-
methyl-substituted compounds Cp',MMe, (7: M = Ti; 8:
M = Zr) are highly reactive and were therefore only charac-
terized by 'H-NMR spectroscopy.

The metallocene dichlorides Cp™,MCl, (9: M = Ti; 10:
M = Zr) (Figure 3) could be characterized completely. 4
A single-crystal X-ray structure analysis of the titanium
species 9 reveals a monomeric structure with no intramo-
lecular coordination of the diisopropylamino functions to
the metal center. The non-coordinating nature in 9 and 10
can be attributed to steric effects of the isopropyl substitu-
ents.

The dialkylaminoethyl functions in this type of metallo-
cene complexes dramatically change the physical as well as
the chemical properties. In contrast to the parent complexes
Cp,MCl,, both types Cp',MCl, and Cp'"',MCl, are ex-
tremely air- and moisture-sensitive. This is due to the effect
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of the amino groups which facilitate the hydrolysis by en-
hancing the concentration of the attacking OH™ nucleo-
philes and by trapping the arising hydrogen chloride.

The methyl-substituted metallocenes Cp",MMe, (11:
M = Ti; 12: M = Zr) (Figure 3) could be formed straight-
forwardly by the reaction of the corresponding metallocene
dichlorides with methyllithium.®d The titanium derivative
11 exhibits a remarkable thermal stability. In contrast to
the temperature- and light-sensitive complex Cp,TiMe,, for
which an autocatalytic, “catastrophic” decomposition is re-
ported'], 11 is stable for several days under inert gas at
room temperature. To explain this phenomenon, we pro-
pose a protecting effect of the NiPr, group, which prohibits
an a-elimination decomposition. Until now, an intramol-
ecular coordination could not be proved unequivocally.

The metallocene dichlorides 5, 6, 9 and 10 could be con-
verted quantitatively into the corresponding hydrochlorides
Cp',MCl, X 2 HCI (13, 14) and Cp"',MCl, X 2 HCI (15,
16) (Figure 3).°4 In these compounds the protonated am-
ino groups lead to drastic changes in the physical and
chemical properties as compared to those of the non-pro-
tonated species. The hydrochlorides show an excellent solu-
bility and stability in polar solvents such as chloroform or
acetonitrile. Furthermore, solvolysis of the M—CI bonds in
protic solvents such as methanol or even water is prevented.
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This is due to the effect of the ammonium groups which
function as Broensted acids and reduce the concentration
of the attacking OH™ nucleophiles, which are responsible
for the hydrolytic process. Because of their exceptional sta-
bility, the hydrochlorides possess a long shelf life. Further-
more, they are useful starting materials for the synthesis of
catalytically relevant species. For example, the metallocene
dichloride dihydrochlorides 15 and 16 could be transformed
with four equivalents of methyllithium into the dimethyl
compounds 11 and 12 (Scheme 1).1°4) 1t is remarkable that
a quantitative retransformation of the dimethyl compounds
11 and 12 back to the hydrochlorides 15 and 16 could be
achieved by reaction with four equivalents of HCI in meth-
anolic solution. No decomposition products were observed.

Scheme 1
c1®
® . .
N(H)'Pry NiPry
- \
—Cl 4 Melj —Me
M eLi M
~ _> ~~
i e Qo
4 HCI
[ .
N(H)'Prp N'Pro
c1®
15,16 M=Ti,Zr 11,12

The mixed bent-sandwich complex Cp™'CpSTiCl, (17)
(Cp® = CpSiMe;) containing only one (diisopropylaminoe-
thyl)cyclopentadienyl ligand could be obtained by treating
a solution of the halfsandwich complex CpSTiCl; with one
equivalent of Cp''Li (Figure 3).° The corresponding sub-
stituted derivatives Cp"'CpSTiR, [R = Me (18); PhO (19)]
(Figure 3) as well as the hydrochloride Cp™CpSTiCl, X
HCI (20) can be synthesized in analogy to the symmetric
titanocene complexes as described above.’d Only very re-
cently, other titanocene derivatives with the Cp! ligand
were synthesized and structurally characterized. They all
show a non-coordinating amino group, but intermediate
ligation was postulated to explain the observed reaction
products. 82l

The metallocene dichlorides as well as the hydrochlorides
containing the Cp' ligand are catalyst precursors for the
polymerization of ethylene; the productivities of the catalyst
systems are comparable to those of the parent metallocene
derivatives. *47 Furthermore, high catalytic activity in the
dehydrocoupling of phenylsilane is observed for the methyl-
and phenoxy-substituted derivatives.?4 The poly(phenyl-
silanes) obtained exhibit analytical data similar to those
prepared with the parent catalyst system.

After the reaction, the catalytic species or its decompo-
sition products generally remain in the polymer (leave-in
catalysts) or are destroyed during the separation process
and thus cannot be employed again. In our case, the influ-
ence of the diisopropylaminoethyl side chain provides suf-
ficient stability to allow for efficient recycling of the pre-

666

catalysts by a simple extraction procedure with methanol
and aqueous HCI, as shown in Scheme 2 for complex 20.P]

Scheme 2
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Enders et al. described the reaction of the polymeric ti-
tanocene Cp',TiCl, (5) with two equivalents of
LiC=CSiMe; to afford the temperature-sensitive, mono-
meric bis(alkynyl)titanocene derivative Cp', Ti(C=CSiMes),
(21) (Figure 3).13 The reaction of 21 with AgCl and
Cu(SC¢H4CH,NMe,),, respectively, yielded the heterobi-
metallic titanium-silver and titanium-copper complexes
[CpLTi(C=CSiMe;),][AgCl] (22) and [Cp',Ti(C=CSi-
Me;),|[Cu(SC¢H4CH,NMe»),] (23); a coordination of the
N functions to the metal centers could not be observed. 8%

Further mixed aminoethyl-functionalized zirconocene
complexes have been prepared by Tanaka et al.[3!
Cp(IndCH,CH,NMe,)ZrCl, (24) and Cp*
(IndCH,CH,NMe,)ZrCl, (25) (Ind = CyHy Cp* =
CsMes) (Figure 4) could be obtained by the reaction of the
appropriately substituted indenyllithium with Cp*ZrCls
and CpZrCl; B NMR spectroscopy did not reveal any in-
dication of an amino-group coordination. These complexes,
activated with 2 equiv. of nBuLi, catalyze the dehydrocoup-
ling polymerization of phenylsilane to afford high-molecu-
lar-weight poly(phenylsilanes). 2°Si-NMR  spectroscopy
indicates that the microstructure of the resulting polymers
is predominantly syndiotactic.[8!

Figure 4
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In the context of our studies of metallocene complexes
with early transition metals we focussed our efforts also on
the synthesis of ansa-zirconocenes. There is considerable
interest in the preparation of ansa-zirconocenes as precur-
sors for olefin polymerization catalysts;!'?! the bridging unit
as well as the substituents of both Cp rings greatly influence
the activity and the stereoselectivity of the polymerization
reaction.

Very recently, we synthesized the compounds
[(C3Hg)CMe,(CsH3;CH,CH,;NMe,)|ZrCl, (26) and
[(Cy3Hg)CMe,(CsH;CH,CH,NiPr,)]ZrCl, (27), which are
the first examples of dialkylaminoethyl-functionalized ansa-
zirconocenes (Figure 4).1¥ Single-crystal X-ray analyses re-
veal the monomeric structure of these complexes. The
amino groups are not coordinating to the zirconium center.
The dialkyaminoethyl-functionalized side chains in B-posi-
tion to the C; bridge might be essential for affecting the
stereoselectivity in the polymerization of propylene. The di-
methyl derivatives 28 and 29 (Figure 4) were obtained in
high yields by the reaction of 26 and 27, respectively, with
two equivalents of methyllithium.*! Complexes 28 and 29
are highly moisture-sensitive, orange-yellow oils with a
good solubility in nonpolar aprotic solvents such as tolu-
ene. Examinations of these complexes with respect to their
potential use in catalytic reactions are in progress.

Although group-4 metallocenes dominate the homo-
geneous Ziegler-Natta polymerizations of ethylene and pro-
pylene, also halfsandwich complexes are employed as pre-
cursors in many catalytic reactions. In this context, several
titanium and zirconium halfsandwich complexes containing
dialkylaminoethyl functionalized cyclopentadienyl ligands
were synthesized.

The compound Cp'TiCl; (30) is the first titanium half-
sandwich complex with an intramolecularly coordinating
amino function, as reported by Rausch and co-workers
(Figure 5).I’"1 The amino group affects significantly the
catalytic reactivity of 30 as compared to that of the parent
complex CpTiCls. The system 30/MAO (MAO: methylalu-
minoxane) shows a considerably lower activity towards
styrene and an impressively increased activity towards eth-
ylene and propylene. This is most likely due to the coordi-
nation behaviour of the amino group which influence the
coordination of the incoming monomer.[’™ Cyclopen-
tadienyl complexes of titanium with tethered pyrrolidinyl
and piperidinyl functions were introduced by Herrmann
and co-workers.®1 The titanium halfsandwich complexes
CpVTiCl; (31) and CpVITiCl; (32) were prepared by the
reaction of the silylated cyclopentadiene precursor with
TiCly. X-ray crystal-structure results confirm the intramol-
ecular nitrogen coordination to the titanium(IV) center
(Figure 5). Van der Zeijden designed the chiral dimethylam-
inoethyl-functionalized cyclopentadienyl titanium halfsand-
wich complex CpVTiCl; (33) by the reaction of the trimeth-
ylsilyl derivative Cp¥"'SiMe; with TiCl, (Figure 5).13U In the
titanium compound 33 the nitrogen side chain is only
weakly coordinated, NMR spectroscopy indicates a
fluxional coordination of the amino side arm. This is in
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contrast to Cp'TiCl; (30), where a rigid intramolecular co-
ordination is observed.

Figure 5
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In the halfsandwich complex Cp™'TiCl; (34), synthesized
by our group, " the amino group is obviously not strongly
coordinating intramolecularly to the titanium center (Fig-
ure 5); however, a weak intermolecular coordination was
observed. The different coordination behaviour of 34 as
compared to 30—33 can be attributed to steric effects of
the bulkier isopropyl substituents at the amino function.
Complex 34 reacted with one equivalent of HCI under pro-
tonation of the amino group to give the monomeric hydro-
chloride Cp™TiCl; X HCI (35), which shows excellent solu-
bility in polar solvents (Figure 5).[°%! Similar O-brigded di-
mers [Cp'TiCI,O X 2HCI (36)!"" and [CpY"TiCl,O0 X
2HCI (37)81 were obtained by the reaction of the halfsand-
wich complexes 30 and 33, respectively, with traces of water.

In the trichlorozirconium complex Cp'ZrCl; X THF (38)
an intramolecular coordination of the amino group takes
place. (Figure 5). The monomeric structure of the THF ad-
duct was proved by a single-crystal X-ray structure investi-
gation.®™ Van der Zeijden also synthesized the chiral zir-
conium species CpY"ZrCl; (39) (Figure 5).181 In contrast

667



MICROREVIEW

P. Jutzi, T. Redeker

to the corresponding titanium species CpV'TiCl; (33), the
amino group is firmly coordinated to the metal center.
Moreover, 39 still behaves as a moderate Lewis acid and
catalyzes the Diels-Alder reaction of methacroleine with
cyclopentadiene, but without measurable enantiomeric ex-
cess. 81

The zirconium compound [Cp™ZrCls], (40) (Figure 5)
containing the bulkier diisopropylaminoethyl group forms
a coordination polymer, comparable to the situation found
for the analogous titanium species 34.1°*! Compound 40 re-
acted with one equivalent of HCI under protonation of the
amino group to give the monomeric air- and moisture-
stable hydrochloride 41, which crystallized with two ad-
ditional methanol molecules in the coordination sphere of
the zirconium atom (Figure 5).°"] The reaction of 41 with
water, which involves exchange of the donor ligands, led to
the formation of the air- and water-stable hydrochloride 42
(Figure 5).0u

The extremely high air and moisture sensitivity of all de-
scribed neutral halfsandwich complexes is worth men-
tioning. In contrast, the halfsandwich complexes with a
protonated amino function are stable against air and moist-
ure and soluble in protic solvents such as methanol. These
properties of the protonated sandwich and halfsandwich
compounds may be of special interest with regard to or-
ganometallic chemistry in water.

Vanadium, Chromium and Molybdenum Complexes

Only recently Enders and co-workers? described the
synthesis of the first dimethylaminoethyl-functionalized
vanadocene and chromocene derivatives. The reaction of
two equivalents of the metallated Cp' ligand with in-situ
prepared VCI, and CrCl,, repectively, afforded the para-
magnetic vanadocene and chromocene compounds Cp',M
[M =V (43); M = Cr (44)]. The paramagnetic behaviour
(spin-only value) is comparable to that of the parent com-
plexes Cp,Cr and Cp,V. NMR data did not reveal any co-
ordination of the N functions.

The first dimethylaminoethyl-functionalized bis(cyclo-
pentadienyl)molybdenum complex was already synthesized
by Green et al. in 1983.174] The functionalized molybdenum
complex [Mo(CsH4CH,CH,I),I,] (45) (Scheme 3) reacted
with dimethylamine and subsequently with ammonium
hexafluorophosphate to give the ionic compound
[Mo(Cp')(CsH,CH,CH>NMe,H)H**[PF¢] "5 (46) with the
dimethylamino group intramolecularly coordinating to the
molybdenum center. The structure of 46 as proposed on the
basis of '"H-NMR data is shown in Scheme 3.

Only very recently, the synthesis of halfsandwich com-
plexes of chromium (type 46a—d, Figure 5a) with an intra-
moleculary coordinating amino group was reported. These
compounds were obtained as deep blue species by the reac-
tion of Cr(THF);Cl; with the corresponding cyclopen-
tadienyl alkali metal salts. In the mixture with MAO
(MAO: methylaluminoxane), highly effective catalysts for
olefin polymerisation are formed. Surprisingly, full catalytic
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activity is already reached in a molar Al/Cr ratio of
45—-300:1.1%1

Figure 5a
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Wang and co-workers!”l synthesized various molyb-
denum halfsandwich complexes in which the pendant di-
methylaminoethyl group is coordinating intramolecularly to
the metal center. Reaction of Mo(CO), with Cp'Li and sub-
sequently with iodine led to the tricarbonyl complex Cp'-
Mo(CO)slI (47), which was transformed into the dicarbonyl
compound Cp'™™Mo(CO),I (48) (Scheme 4) by irradiation.
Treatment of 48 with silver tetrafluoroborate led to the
ionic molybdenum complex 49 (Scheme 4).I1 An intramo-
lecular coordination of the amino group takes place in 48
as well as in 49,11

Scheme 3
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The dimethylaminoethyl-functionalized cyclopentadi-

enylmolybdenum  complex  (C¢Ho)Cp™o(CO),  (50)
(Scheme 5) was prepared by adding Cp'Li to (C¢Hg)Mo-
(CO),(CH5CN),Br.I’8l Reaction of 50 with trityl hexa-
fluorophosphate  provided the ionic  compound
[(C¢Hg)Cp™o(CO),] " [PFg]~ (51) by hydride abstraction

(Scheme 5). Treatment of 51 with trimethylamine N-oxide

] Note added in proof: P. Jolly, K. Tonas, G. P. 1. Verkovnic, Ger-
man Patent 19630580 A1, 1998.
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Scheme 6

removed carbon monoxide to give [(CsHg)(CsH4CH>-
CH,NMe,)Mo(CO)|*[PFg]~ (52). (Scheme 5). A single-
crystal X-ray structure analysis of 52 confirmes the intra-
molecularly coordinating dimethylamino group and the exo
conformation of the cyclohexadiene ligand.[”¢ Cationic di-
enylmolybdenum complexes are pertinent substrates for or-
ganic syntheses. Complexes of type 52 are particularly inter-
esting because the electrophilicity is weakened as a result of
amine coordination. Furthermore, the metal center is now
chiral.

The dinuclear molydenum complex [Cp"YMo(CO),], (53)
was synthesized by our group.®®! The structure analysis re-
vealed that the side chains do not coordinate to the central
metal atoms and lie on opposite sides of the Mo—Mo ax-
is. K]

Avey and Tyler described the synthesis of the ammonio-
ethyl-functionalized dimeric molybdenum complexes
Cp™X,Mo,5(CO)s X 2 HX (54: X = NO;; 55: X = PFy)
by reaction of Cp™Na with Mo(CO)4 and by subsequent

o
2Mo(CO) NH A oxidation of the anion [Cp™*Mo(CO);]~ (56) with Fe(NOj3);
Xy o ! - 9 H,O in water. The exchange of the anion in 54 with
2C 4 ® Mo, i
p-Na R \CBCO NH,PF, afforded 55 (Scheme 6).I" It is noteworthy that
in contrast to 55, which is soluble in common organic sol-
vents like THF, complex 54 is soluble and stable in aque-
56 ous solution.
Interestingly, the photochemistry of 55 differs from that
° of the parent complex Cp*;Mo,(CO)s (57) (Cp* =
x© c0Co X CsH;Me). Mechanistic work established that the different
a) Fe(NO3)3 » 9H,0_ ® 0C) M/ Y 18 reactivities can be ascribed to a supramolecular effect of the
b) NH.PFe HzN ° JO\\ o tentacle ligand.["! Irradition of either dimer complex led to
\A% c photolytic cleavage of the metal—metal bond. The photo-
generated 17-electron radical complexes then reacted with
a) 54 X=NOz THF (the solvent) to form 19-electron adducts; dispro-
b) 55 X=PFg portionation then followed. The initial products were
[Cp*Mo(CO)z(THF)|*, [Cp*Mo(CO);]~ and
Scheme 7
—
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0C—~Mo—Mo hv/THE 02 Mo®
\@ OC/éo\OO OCE/O\CJHF oc~ \coco
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Scheme 8
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(Scheme 7). In the case of the dimer 57, a facile back reac-
tion of these products ensued, and the net result was no
reaction, even in the presence of an excess of
[C¢HsCH,CH,NH5] "[PF¢] .71 In the case of the tentacle
dimer Cp™X,Mo(CO)s X 2 HPF; (55), proton transfer from
the ammonium group to the anion yielded Cp'*Mo(CO);H
X HPF4 (58) and [Cp™*Mo(CO)sTHF]"[PF¢]~ (59), and
then facile coordination of the free amine by displacing the
THEF ligand effectively blocked the back reaction by form-
ing [Cp™XMo(CO);]"[PF¢]~ (60) irreversibly.

The described cooperative interaction between the ten-
tacle ligands and the unstable initial products of dispro-

Scheme 9
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v
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portionation to yield stable products is regarded as an ex-
ample of supramolecular reactivity. "

Manganese and Rhenium Complexes

Wang et al.l’®! synthesized the manganese complex Cp¥'!-

Mn(CO); (61) by treating Mn(CO)sBr with CpV"ILi
(Scheme 8). Irradiation of 61 removed carbon monoxide
and gave rise to an intramolecular amine-group ligation to
provide complex 62 (Scheme 8).U7¢l Deprotonation of 62
with NaN(SiMe;), and subsequent addition of allyl bro-
mide led to the alkylation product 63 (Scheme 8). The X-
ray analysis clearly shows that allylation occurred at the
nitrogen atom and not at the manganese center.” The se-
quence 62 — 63 is an example of further amino-group func-
tionalization in complexes with aminoethyl-substituted Cp
ligands still containing N—H functions.

The first rhenium complexes containing an N-func-
tionalized cyclopentadienyl ligand and further interesting
reaction sequences were reported by Wang et al.[® The
lithium salts Cp'Li and CpY™Li were shown to react with
Re(CO)sBr to provide the halfsandwich complexes Cp'-
Re(CO); (64) and CpY'"Re(CO); (65) (Scheme 9). Ir-
radiation of 64 and 65 afforded the complexes Cp'Re(CO),
(66) and CpY"Re(CO), (67), respectively, in which the
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amino group is bound intramolecularly to the rhenium
center (Scheme 9).13484 Oxidation of 66 with 3-chloro-
peroxybenzoic acid (MCPBA) provided the complex
Cp'Re(CO)(CO») (68) (Scheme 9), the first example of a
mononuclear CO, complex in rhenium chemistry. The
structure of 68 is confirmed by X-ray crystallography.®"
Reaction of 65 with two equivalents of NOBF, gave the
nitrosylrhenium complex [Cp'Re(NO)(CO),]"[BFs]~ X
NOBF, (69),34 which was treated with NBS to afford the
bromo complex Cp'ReBr(NO)(CO) (70) (Scheme 9). Re-
moval of the bromide ion with AgBF, resulted in amino-
group coordination to give the ionic complex
[Cp'Re(CO)NO)]T[BF,]~ (71) (Scheme 9). The X-ray dif-
fraction study of the corresponding tetraphenylborate
[Cp'Re(CO)NO)] T [BPhy]~ (72) confirms the amino-group
coordination. ¢l Reaction of the rhenium complex 71 with
alkylating reagents occurred at the carbonyl carbon atom
to provide acyl complexes. For instance, the reaction with
methylmagnesium chloride led to the acyl derivative Cp'R-
e(NO)(COMe) (73) in which the amino group is still coordi-
nating (Scheme 9).®% It is worth mentioning that the corre-
sponding triphenylphoshane complex did not react with
alkylmetal reagents to provide acyl complexes. Obviously,
the influence of the amino function is necessary for this
synthetic pathway.

Deprotonation of the N—H function in 67 with nBuLi
led to the ionic compound 74 (Scheme 10), which reacted
with electrophiles such as CH,=CHCH,Br at the nitrogen
center to provide the complex [CsH,CH,CH,N(Me)(CH,=
CHCH,)]Re(CO), (75) with to different substituents at the
nitrogen atom (Scheme 10).8% This is another example of
a further functionalization of an aminoethyl-substituted Cp
ligand. However, 74 reacted with electrophiles such as
BrCH,CN to give the alkylrhenium compound Cp'Re-
(CO),CH,CN (76) (Scheme 10). Thus, the regioselectivity
is dependent on the nature of the electrophile and can be
explained on the basis of the hard-soft acid-base prin-
ciple.®¥ Reaction of the neutral complex 66 with
BrCH,CN gave exclusively the alkylrhenium compound
[Cp'Re(CO),CH,CN]*[Br]™ (77).%% It is remarkable that
the parent rhenium complex CpRe(CO); does not react
with BrCH,CN. Thus, the electron donation of the amino
ligand is important to promote the reactivity towards car-
bon electrophiles.

Iron Complexes

Treatment of FeCl, in THF with two equivalents of the
lithiated ligand Cp'VLi yielded the dimethylaminoethyl-
functionalized ferrocene Cp'Y,Fe (78).1° The analogous
ferrocene Cp'sFe (79) could be synthesized in a similar
manner.!” Not unexpectedly, no amino-group coordi-
nation is observed; the 18-electron rule is obeyed in both
complexes by 1n°-Cp bonding. Reaction of Cp'VH with
Fe(CO)s led to the formation of the dimeric dicarbonyl(cy-
clopentadienyl)iron complex [Cp'VFe(CO),], (80). In this
compound, no intramolecular displacement of a CO ligand
by the amino groups could be initiated.*] However, the
cationic cyclopentadienyl iron halfsandwich complex
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[CpVFe(CO),]*[BF,4]~ (81), which was obtained by the re-
action of 80 with AgBF,, is stabilized by an intramolecular
coordination of the amino group (Scheme 11).°¢]

Scheme 11

0
oc c%w =
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co g

80 81

Cobalt, Rhodium and Iridium Complexes

Several halfsandwich complexes with the Cp'V ligand and
with the central atoms cobalt, rhodium and iridium were
obtained by classical synthetic routes.®®)°"l In compounds
of the type Cp'™VML, (M = Co, Rh, Ir; L = CO, C,H,)
with the metals in the oxidation state +1, amino-group co-
ordination is generally not observed. In compounds with
the metals in the oxidation state +3, coordination depends
on the further ligands present. The interplay between the
donor ligands and the metal center can be tuned to a cer-
tain extent. An irreversible displacement was observed in
the reaction of complexes of the type Cp'VMX, (82) (M =
Co, Rh, Ir; X = I; X, = C,0,) with stoichiometric amounts
of trimethylphosphane or fert-butyl isonitrile to afford
Cp'VM(L)X, (83). With carbon monoxide, the displace-
ment reaction leading to Cp'YM(CO)I, (84) is reversible
(Scheme 12).[90119h]

Scheme 12
<< L NMe2
blﬁ —> |
X \KNMEZ X/M\\L
X
82 83

1~ M=~ NMe, ~to “M<co
| |
82 84
M=Co,Rh,lr

Poilblanc et al. described the synthesis of the rhodium(T)
complex Cp'Rh(cod) (85) (Scheme 13) by reaction of
Cp'™Na with [Rh(cod)ClI],.B" Oxidation with iodine re-
sulted in the formation of the rhodium(IIl) complex
Cp'Rhl, (86) (Scheme 13) with a coordinating amino
group.

Scheme 13
NMe2
| ly
Rh 2, _Rh_
V2 | \I NMeZ
85 86
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The reaction of 85 with HCI afforded the corresponding
water-soluble hydrochloride Cp'Rh(cod) X HCI (87). It is
noteworthy that a reversible transformation to 85 could be
achieved by treating 87 with a slight excess of n-butyllith-
ium. The water-soluble rhodicinium complex Cp',RhCI X
2 HCI (88) was obtained by the reaction of the cyclopen-
tadiene Cp'H with Na;RhClg X 12 H,O.%. Generally, the
synthesis of this kind of compounds requires previous de-
protonation of the cyclopentadiene by an auxiliary base. In
case of the preparation of 88, the role of the auxiliary basic
reagent is probably adopted by the free amino group at-
tached to the cyclopentadiene. The solubility of 87 and 88
in water is interesting in the context of a screening for anti-
tumor activity. ¥

Nickel, Palladium and Platinum Complexes

We were successful in the preparation of the dimeric car-
bonylnickel(I) complex [Cp'VNi(CO)], (89) (Scheme 14) by
the reaction of Ni(CO), with Cp'"VLi and subsequent oxi-
dation with CuCl.”" The analogous complex [Cp'Ni(CO)],
(90) (Scheme 14) containing the Cp' ligand could be synthe-
sized by Fischer and co-workers by a synproportionation
of the nickelocene Cp',Ni (91) with Ni(CO),.BrIBoIErl Ag
expected, in both complexes no coordination of the pen-
dant dimethylamino groups is observed.

Scheme 14
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Cleavage of 90 with iodine gave the monomeric nickel
complex Cp'Nil (92) with a coordinating amino group
(Scheme 14). Bnl818p] The CO-free complex 92 might be an
interesting starting material for MOCVD studies. Attemps
to prepare the correseponding permethylated complex
Cp'VNil (93) failed.8 Cleavage of 89 with iodine in the
presence of PMe; afforded the monomeric nickel(Il) half-
sandwich complex Cp'VNi(PMes)I (94) (Scheme 14).0M
Complex 89 reacted with two equivalents HBF, under pro-
tonation of the amino groups to give the ionic, air stable
compound [Cp'VNi(CO)], X 2HBF, (95) (Scheme 14),
which shows excellent solubility and stability in polar sol-
vents such as nitromethane and acetonitrile.”"!
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The reaction of 92 with [(thf);Li{Si[Si(CH3)s]5}] finally
afforded the nickel halfsandwich complex 96 (Scheme 15).
This is the first example in which the amino function coor-
dinates to an element (silicon) directly attached to the cen-
tral metal. The structure of 96 is proven by a single-crystal
X-ray structure analysis. When 92 was treated with
[(thf)3Li{Si[Si(CHj3)s]5}] in the presence of PPhs, the “nor-
mal” substitution product Cp"VNi(PPh;)I (97) was obtained
(Scheme 15). [Bnl[8oll8p]

Scheme 15
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The reaction of 92 with PPh; and with low-valent indium
bromide in the presence of Nal afforded the complex p-
Cp'Ni(PPh;)Inl, (98) (Figure 16) with intramolecular coor-
dination of the dimethylamino group.®M[8l8pl Another
complex in which the amino group is coordinating to the
adjacent electron-deficient metal center is the heterobime-
tallic compound p-Cp'Ni(CO)GaCl, (99) (Figure 6) which
was obtained by the reaction of [Cp'™Ni(CO)], (90) with
Ga,Cly. [Brli8el8p] Both complexes 98 and 99 might be inter-
esting as MOCVD precursors for nickel-indium and nickel-
gallium alloy thin films.

Figure 6
NMej NMeo
Ni_ ¢ Ni_ v
PhsP” inly oc” GaCl,
98 99

In the chemistry of palladium only dimethylaminoethyl-
functionalized cyclopentadienyl complexes with the per-
methylated Cp'V ligand are known. Reaction of
[PA(CO)CI], with [Cp"VMgCl], gave the thermally labile di-
meric palladium complex (Cp"VPdCO), (100) in a mixture
with Cp!VH.P"l The synthesis of the palladium halfsand-
wich complex Cp'VPdC;H; (101) demonstrated that even in
complexes with the palladium metal in the +2 oxidation
state, the amino group could not compete with a m-allyl
ligand.®"! The preparation of the dimeric platinum(I) com-
plex [Cp™VPt(CO)], (102) failed.# However, the halfsand-
wich complex Cp"VPtMe; (103) with a Pt'Y metal center
was obtained in the reaction of [[PtMes], with Cp™Li
(Scheme 16).1°"! In this complex the 18-electron rule is ob-
eyed, and thus no coordination of the amino group is ex-

Eur. J. Inorg. Chem. 1998, 663—674



Aminoethyl-Functionalized Cyclopentadienyl Complexes of d-Block Elements

MICROREVIEW

pected. The reaction of 103 with one equivalent of HBF,
did not result in an elimination of methane and subsequent
amino coordination, but led to the formation of Cp'VPtMes
X HBF, (104) with a protonated amino group, which shows
an excellent solubility in polar solvents (Scheme 16).["
With two equivalents of HBF,4, however, elimination of
methane did occur, and 103 was transformed into the
fluoro-substituted compound Cp'VPt(F)Me, X HBF, (105)
(Scheme 16).00
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Conclusion

Similarly to the parent cyclopentadienyl ligand, amino-
ethyl-functionalized systems can be used as complexing
agents for almost any transition metal. There are several
good reasons to tether an amino group, as already pointed
out in more detail in the introduction; many of the potential
effects discussed have already been realized in very recent
investigations. The possibility to modify at the cyclopen-
tadienyl core as well as at the amino side group offers an
enormous synthetic flexibility. In complexes containing
(aminoethyl)cyclopentadienyl ligands, the following effects
are of special interest:

— A hemilabile bonding situation is typical of com-
pounds of low-valent transition metals. Amino-group coor-
dination stabilizes otherwise highly reactive intermediates
by a weak interaction (soft metal—hard ligand). The re-
versibility of this process should allow to control the reac-
tivity and also the catalytic properties of the relevant metal
complex in more detail.

— The amino group can bind to another metal (non-me-
tal) center and thus create or stabilize novel types of bimet-
allic complexes.

— Compounds with a tethered ammonium group often
show an exceptional stability against air and moisture and
a high solubility in protic solvents; this phenomenon is im-
portant with regard to organometallic chemistry in water.

These features, together with the others described in this
article, augur well for the development of a rich and inter-
esting future chemistry of aminoethyl-functionalized cyclo-
pentadienyl complexes of the transition metals.
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complished by Jiirgen Dahlhaus, Jiirgen Kleimeier, Marc Oliver
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