
Cooperative Reactivity of Early ± Late Heterodinuclear Transition Metal
Complexes with Polar Organic Substrates

Lutz H. Gade,*[a] Harald Memmler,[a] Uta Kauper,[a] Andreas Schneider,[a] Sylvie Fabre,[a]

Izoldi Bezougli,[a] Matthias Lutz,[a] Christian Galka,[a] Ian J. Scowen,[b] and
Mary McPartlin[b]

Dedicated to Professor Jean-Marie Lehn on the occasion of his 60th birthday

Abstract: A comprehensive investiga-
tion into the cooperative reactivity of
two chemically complementary metal-
complex fragments in early ± late hetero-
dinuclear complexes has been carried
out. Reaction of the partially fluorinated
tripodal amidozirconium complexes [HC-
{SiMe2NR}3Zr(m-Cl)2Li(OEt2)2] (R� 2-
FC6H4: 2 a, 2,3,4-F3C6H4: 2 b) with
K[CpM(CO)2] (M�Fe, Ru) afforded
the stable metal ± metal bonded hetero-
dinuclear complexes [HC{SiMe2NR}3-
Zr-MCp(CO)2] (3 ± 6). Reaction of the
dinuclear complexes with methyl isoni-
trile as well as the heteroallenes CO2,
CS2, RNCO and RNCS led to insertion
into the polar metal ± metal bond. Two
of these complexes, [HC{SiMe2N(2-FC6-
H4)}3Zr(S2C)Fe(CO)2Cp] (9 a) and [HC-
{SiMe2N(2-FC2H4)}3Zr-(SCNPh)Fe(CO)2-
Cp] (12), have been structurally charac-
terized by a single crystal X-ray struc-
ture analysis, proving the structural sit-
uation of the inserted substrate as a
bridging ligand between the early and
late transition metal centre. The reac-
tivity towards organic carbonyl deriva-

tives proved to be varied. Reaction of
the heterobimetallic complexes with
benzyl and ethylbenzoate led to the
cleavage of the ester generating the
respective alkoxozirconium complexes
[HC{SiMe2N(2-FC6H4)}3ZrOR] (R�Ph-
CH2: 13 a, Et: 13 b) along with [CpFe-
{C(O)Ph}(CO)2], whereas the analogous
reaction with ethyl formate gave 13 b
along with [CpFeH(CO)2]; this latter
complex results from the instability of
the formyliron species initially formed.
Aryl aldehydes were found to react with
the Zr ± M complexes according to a
Cannizzaro disproportionation pattern
yielding the aroyliron and ruthenium
complexes along with the respective
benzoxyzirconium species. The transfer
of the aldehyde hydrogen atom in the
course of the reaction was established in
a deuteriation experiment. [HC{SiMe2-

N(2-FC6H4)}3Zr-M(CO)2Cp] reacted
with lactones to give the ring-opened
species containing an alkoxozirconium
and an acyliron or acylruthenium frag-
ment; the latter binds to the early
transition metal centre through the acyl
oxygen atom, as evidenced from the
unusuallly low-field shifted 13C NMR
resonances of the RC(O)M units. Ke-
tones containing a-CH units react with
the ZrÿFe complexes cooperatively to
yield the aldol coupling products coor-
dinated to the zirconium complex frag-
ment along with the hydridoiron com-
pound [CpFeH(CO)2], whereas 1,2-di-
phenylcyclopropenone underwent an
oxygen transfer from the keto group to
a CO ligand to give a linking CO2 unit
and a cyclopropenylidene ligand coordi-
nated to the iron fragment in [HC-
{Si(CH3)2N(2,3,4-F3C6H2)}3Zr(m-O2C)-
Fe(CO){C3Ph2}Cp] (19). The atom
transfer was established by 17O and 13C
labelling studies. Similar oxygen-transfer
processes were observed in the reactions
with pyridine N-oxide, dimethylsulfox-
ide and methylphenylsulfoxide.

Keywords: aldol reactions ´ Canniz-
zaro reactions ´ metal ± metal inter-
actions ´ oxygen-transfer reactions ´
transition metals

Introduction

Early ± late heterodinuclear complexes in which the two metal
centres are fixed at close proximity to each other have been
studied with the aim of establishing cooperative reactivity

between the electronically very different reactive sites.[1±3] In
particular, dinuclear complexes in which the two metal atoms
are directly bonded to each other may display this pattern of
reactivity upon cleavage of the metal ± metal bond and
interaction of the substrate with the two complex fragments.[4]

In this case, the metal ± metal bond ªmasksº the two
coordinatively and electronically unsaturated complex frag-
ments, which are liberated upon its dissociation. In the
simplest case such heterodinuclear complexes will react as
pairs of metal electrophiles and nucleophiles. Cooperative
reactivity is thus particularly likely with polar substrates. In
this case the electropositive early transition metal centre may
react with the more Lewis basic part of the substrate, while the
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nucleophilic late transition metal complex fragment will
attack the more Lewis acidic part of the substrate molecule.[5]

In many cases it is difficult to establish whether the cission of
the metal ± metal bond precedes the transformation of the
substrate or whether it occurs at a later stage. At least for
simple transformations it was hoped to gain insight into the
early reaction steps in the interaction of the substrate with the
complex.[6]

We have previously established a series of early ± late
heterobimetallic complexes which contain unsupported, high-
ly polar metal ± metal bonds.[7±9] In particular, the use of
tripodal amido ligands for the stabilization of the early
transition metal centre has resulted in systems of unprece-
dented stability.[7, 8] Apart from the kinetic stabilization due to
steric shielding of the metal ± metal bond by the ligand
periphery, the coordination of the amido tripod to a high-
valent metal generates a fairly rigid cage structure, in which
the geometry of the early transition metal complex fragment
is fixed in such a way that geometric ªrelaxationº upon
cleavage of the metal ± metal bond is suppressed. This
situation is responsible for an additional thermodynamic
stabilization of the dinuclear compounds.[10]

Some preliminary studies into their reactive behaviour have
been carried out indicating the general pattern described
above.[11, 12] In this paper we give a comprehensive account of
the reactive behaviour of such heterodinuclear complexes
towards a wide variety of organic substrates most of which
contain unsaturated functional groups. The assumptions
related to the cooperative reactive potential of the comple-
mentary metal complex fragmentsÐfrequently raised in the
pastÐwere thus put to an experimental test. To this end, it
proved necessary to employ amido ligand systems that contain
partially fluorinated aryl groups as peripheral N-substituents.
These were found to confer the additional stability upon the
molecules necessary for their systematic investigation.

Results and Discussion

Synthesis of the heterodinuclear complexes stabilised by
partially fluorinated tripodal amido ligands : We previously
found that the key to success in the stabilization of unsup-
ported early ± late heterodinuclear complexes is the appro-
priate choice of the ligand system in the early transition metal
complex fragment. Of the tripodal amido ligands studied by
us, those containing peripheral N-bound 2-fluorophenyl
groups were found to confer greatest stability upon these
systems.[13, 14] Whether this is due to the influence which the
substituents have on the electronic properties of the amido N-
donor functions or a consequence of the participation of the
fluorophenyl groups in the coordination to the metal cannot
be generally distinguished. In the heterodinuclear complexes
described in this work the previously reported ligand system
derived from HC{SiMe2N(2-FC6H4)}3 (1 a)[13] has been em-
ployed as well as the novel trifluorinated compound HC{Si-
Me2N(2,3,4-F3C6H2)}3 (1 b), which was synthesized by an
analogous route. Stabilization of early transition metal amido
complexes by fluorinated aryl substituents has also been
reported by Schrock and co-workers, who synthesized a series

of pentafluorophenyl-substituted amido compounds.15 How-
ever, the completely fluorinated analogue of 1 a and 1 b is not
accessible by the established synthetic route for this type of
ligand.

The starting materials for the ZrÿFe and ZrÿRu hetero-
dinuclear complexes were the chlorozirconium complexes
[HC{SiMe2NR}3Zr(m-Cl)2Li(OEt2)2] (R� 2-FC6H4: 2 a, 2,3,4-
F3C6H4: 2 b). Whereas the identity and structure of compound
2 a was established in an earlier study,[13] the more highly
fluorinated complex 2 b was structurally characterized in this
study in order to compare the role which the peripheral
fluorine atoms play in both compounds. Its molecular
structure is displayed in Figure 1; the principal bond lengths
and angles are given in the legend.

Figure 1. Molecular structure of the chlorozirconium complex 2 b. Princi-
pal bond lengths [�] and angles [8]: Zr(1)ÿCl(1) 2.575(2), Zr(1)ÿCl(2)
2.592(2), Li(1)ÿCl(1) 2.328(19), Li(1)ÿCl(2) 2.351(19), Cl(1)-Zr(1)-Cl(2)
81.73(8), Cl(1)-Zr(1)-Cl(2) 91.1(6), O(1S)-Li(1)-O(2S) 107.3(9).

As in the monofluorophenyl analogue 2 a, the coordination
at the central zirconium atom may be described as highly
distorted octahedral with three amido-nitrogen atoms in facial
sites [ZrÿN 2.052(6) ± 2.119(6) �], two bridging chloro li-
gands [Zr-Cl(1) 2.575(2) and ZrÿCl(2) 2.529(2) �] and with
the sixth site being occupied by the ortho-fluorine atom of one
of the phenyl groups. The Zr ´´´ F(3) bond lengths of
2.647(5) � is slightly longer than the corresponding bond
length of 2.535(5) � observed in 2 a and that of 2.511(2) � in
the related compound [MeSi{SiMe2N(2-FC6H4)}3Zr(m-
Cl)2Li(OEt2)2];[13, 14, 16] however, considerable bonding char-
acter is indicated by the extent to which the phenyl ring is
forced over to allow this chelate ring formation, giving a N(3)-
C(31)-C(36) intra-chelate angle of 114.6(4)8 compared with
125.3(4)8 for N(3)-C(31)-C(32).

Upon reaction of 2 a and 2 b with K[MCp(CO)2] in toluene,
the heterobimetallic complexes [HC{SiMe2NR}3Zr-MCp-
(CO)2] (3 ± 6) are formed (Scheme 1), which may be isolated



FULL PAPER L. H. Gade et al.

� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0604-0694 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 4694

Scheme 1. Synthesis of the heterobimetallic complexes 3 ± 6.

directly from the reaction mixture as yellow microcrystalline
solids. The resonance pattern in the 1H, 13C, 29Si and 19F NMR
spectra recorded at 295 K are consistent with an effective
local C3v symmetry of the amidozirconium fragment; this
indicates rapid internal rotation around the ZrÿM bonds in
theses molecules. The fomation of the metal ± metal bond is
typically reflected in the considerable shift of the n(CO) bands
to higher wavenumbers relative to the alkali metal carbon-
ylates (Table 1).[7, 8] The formation of the dinuclear com-
pounds occurs sufficiently selectively to allow their in situ
generation in some of the reactions described below.

Insertion of unsaturated polar substrates into the metal ±
metal bonds : The simplest pattern of reactivity observed for
the ZrÿM heterodinuclear compounds is the insertion of an
unsaturated polar substrate into the metal ± metal bonds. The
first such reaction was reported in a study by Culter and co-
workers,[17] who showed that Casey�s ZrÿM heterobimetallic
complexes insert CO2 into their metal ± metal bond, while
Bergman et al. studied the reactions of an imido-bridged
IrÿZr complex with CO2, CS2 and MeNCS, the last two
undergoing fragmentation in the course of the reaction.[18] We
have previously reported the insertion of isonitriles into the
polar metal ± metal bond of early ± late heterobimetallic
complexes that are related to those reported in this paper.[8]

Reaction of 3 and 6 with methyl isonitrile leads to similar
types of products, [HC{SiMe2N(2-FC6H4)}3Zr(h2-C(�NMe)-
FeCp(CO)2] (7 a) and [HC{SiMe2N(2,3,4-F3C6H2)}3Zr(h2-C-
(�NMe)RuCp(CO)2] (7 b) (see Scheme 3 later). However,
these are thermally unstable and could only be characterized

NMR spectrocopically in solution below 260 K. The charac-
teristic 13C NMR chemical shift of the resonance attributable
to the carbon atom inserted between the two metals (7 a : d�
280.8; 7 b : d� 275.9), and the clean set of resonances
attributable to the relevant molecular fragments indicate its
selective formation.

More stable insertion products were obtained in the
reactions of 3 and 4 with X�C�Y heteroallenes. Reaction of
these ZrÿM complexes with one molar equivalent of CO2,
CS2, phenyl isocyanate, phenyl isothiocyanate or methyl
isothiocyanate yielded the insertion products 8 ± 12 shown in
Scheme 2. The formulations and structural proposals of the

Scheme 2. Insertion of polar unsaturated organic substrates into the polar
metal ± metal bonds.

reaction products are supported by the analytical data as well
as the 1H, 13C, 29Si, 19F NMR and infrared spectrocopic data.

Their most remarkable spectroscopic feature is the
13C NMR shift of the heteroallene carbon resonances
[d (13C) 8 240.7, 9 a 334.0, 9 b 320.6, 10 a 236.1, 10 b 221.0,
11 a 241.4, 11 b 226.5, 12 248.9]. Of these the position of the
signal attribitable to the 13CS2 carbon in 9 a and 9 b is observed
at remarkably low field (d� 334.0 and 320.6, respectively), a
situation which indicates a par-
tial carbenoid character of the
inserted carbon disulfide (best
represented by a zwitterionic
resonance structure of the di-
nuclear complex with the neg-
ative charge at Zr and the
positive charge at M).

Of principal mechanistic in-
terest is the question whether
the interaction of the two com-

Table 1. Infrared carbonyl stretching frequencies of the ZrÿM heterodi-
nuclear complexes reported in this work.

n(CO) (nsym, nas) [cmÿ1]

ZrÿFe
K[FeCp(CO)2][a] 1866, 1772
3 1972, 1917
5 1976, 1921
ZrÿRu
K[RuCp(CO)2] [a] 1896, 1811
4 1992, 1936
6 1985, 1925

[a] Data from ref. [25].
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plex fragments with the substrates occurs separately, that is,
after dissociation in solution, or cooperatively. The fact that
no significant enhancementÐbut rather a decreaseÐof the
reaction rate of the insertion of MeNCS is observed when the
reaction is carried out and monitored by 19F NMR spectro-
scopy in [D6]THF instead of [D8]toluene supports the notion
that solvated ionic intermediates do not seem to determine
the pathway of the conversion.[11] Secondly, the significantly
greater reaction rate of the oxygen-containing heteroallenes
(CO2 and PhNCO) and the absence of detectable intermedi-
ates suggests that the conversion is strongly influenced by the
interaction of the donor atom in the substrate with the
heterodinuclear complex. Morover, the availability of two
structurally related zirconium complex fragments and the two
{MCp(CO)} units enabled us to carry out the crossover
experiment depicted in Scheme 3.

Reaction of a mixture of equimolar amounts of [HC{Si-
Me2N(2-FC6H4)}3Zr-FeCp(CO)2] (3) and [HC{SiMe2N(2,3,4-
F3C6H2)}3Zr-RuCp(CO)2] (6) with MeNC at 260 K led
exclusively to the complexes 7 a and 7 b. The absence of any
crossover products implies that the interaction of both
complex fragments with the substrate must occur within the
solvent cage of the heterodinuclear complex. The combined
evidence obtained in these studies has led us to propose
the mechanism for the insertion reaction depicted in
Scheme 4.

In a first step, the polar unsaturated substrate coordinates
to the zirconium centre in a Lewis acid/base type interaction.
This increase in the coordination number at the zirconium
leads to a polarization and concomitant labilization of the
metal ± metal bond that is cleaved. This is followed by the
insertion of the substrate between the two metal centres
according to a pattern of complementary polarity [the
nucleophilic late transition metal fragment attacking the
electrophilic carbon atom of the substrate and the electro-

Scheme 4. Proposed mechanism for the insertion of isocyanides and
heteroallenes into the polar metal ± metal bonds.

negative donor function(s) of the substrate coordinating to
the Zr centre]. We have recently shown that this type of

reactivity strongly depends on
the nucleophilic properties of
the late transition metal frag-
ment.[6] In a related system,
substitution of the Fe or Ru
carbonyl complex units by the
less nucleophilic {Co(CO)4}
fragment led exclusively to het-
erolytic (i.e. , ionic) cleavage of
the metal ± metal bond. We
have also shown that for certain
substrates the insertion step
may be reversible. This has
been observed in the reaction
of [MeSi{SiMe2N(p-Tol)}3Zr-
RuCp(CO)2] with tBuNC.[6]

The latter does not insert into
the metal ± metal bonds of 3 ± 6,
and it is only the absence of
1J(14N,13C) coupling in the oth-
erwise unchanged 13C NMR
spectrum of the isonitrile in
the presence of 3 ± 6 that indi-

cates a weak and reversible interaction with the metal
complex, most likely of the kind postulated in Scheme 4.

In order to determine the coordination mode of the XCY
ligand (X�O, S; Y�O, S, NR) to the early and late transition
metal centres as a result of the insertion into the metal ± metal
bond, single-crystal X-ray structure analyses of 9 a and 12
were carried out. Despite relatively weak diffraction from the
available samples the principal structural features of both 9 a
and 12 were clearly established (Figure 2).

Although there was considerable disorder of the tripodal
ligand framework in the crystal of 12 it is clear that the overall
coordination of the zirconium atom in both 9 a and 12 bears a
striking resemblence to that found in the dichloride 2 b (vide
supra) and in the dichloro starting material 2 a. As in the
dichlorides, the tripodal ligands in the insertion products 9 a
and 12 both effectively occupy four coordination sites of the
zirconium atom, with three facial nitrogen donors and an
interaction from the ortho-fluoro atom of a peripheral phenyl
ring at the fourth site (Table 2). The Zr ´´´ F(3) bond length of

Scheme 3. Cross-over experiment of the insertion of methyl isocyanide into the metal ± metal bonds of
complexes 3 and 6. No cross-over products indicating the exchange of complex fragments were detected.
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Figure 2. Top: molecular structure of the CS2 insertion product 9a.
Principal bond lengths [�] and angles [8]: ZrÿS(1) 2.632(4), ZrÿS(2)
2.643(3), S(1)ÿC(40) 1.717(10), S(2)ÿC(40) 1.708(10), FeÿC(40) 1.934(11),
FeÿC(8) 1.773(12), FeÿC(9) 1.785(11), S(1)-Zr-S(2) 66.88(10), C(8)-Fe-
C(9) 94.2(6), S(1)-C(40)-S(2) 116.1(7); Bottom: molecular structure of the
PhNCS insertion product 12. Principal bond lengths [�] and angles [8]:
ZrÿS(1) 2.571(5), ZrÿN(4) 2.282(13), C(40)ÿN(4) 1.307(22), C(40)ÿS(1)
1.745(17), FeÿC(40) 1.952(17), N(4)-Zr-S(1) 62.7(3), C(8)-Fe-C(9) 87(1),
N(4)-C(40)-S(1) 112(1).

2.560(7) � in 9 a is very similar to that of 2.535(5) �
previously found in the dichloro starting material 2 a,[13] and
although in 12 this distance is rather longer [Zr ´´´ F(3)
2.70(1) �], being closer to that in 2 b [2.647 �], the inter-
action appears bonding in both insertion compounds. As in 2 b
(vide supra), the coordinating fluorophenyl ring is apparently
being forced over to facilitate chelation [N(3)-C(31)-C(32)
125.1(8) and 124(1)8, and N(3)-C(31-C(36) 114.8(8) and
116(1)8 in 9 a and 12, respectively]. In both dichlorides, and

in the insertion product 9 a, the zirconium ± nitrogen bond
within the five membered chelate ring is the longest [ZrÿN(3):
2.125 (2 a), 2.119(6) (2 b) and 2.124(8) � (9 a)] and that trans
to the coordinating fluorine atom is the shortest [ZrÿN(1):
2.040(7) (2 a), 2.056(6) (2 b) and 2.060(8) (9 a)]. The short-
ening of the ZrÿN(1) bond in each of these compounds is
consistent with enhanced p donation from the amide donor
trans to the highly electronegative fluoro atom. Although
these trends also appear to be present in 12, the relatively high
esd�s caused by the extensive disorder of the tripod mean that
the differences are of low significance. The persistence of the
fluoro ± ziconium interaction, from its presence in the starting
material 2 a to that in the heterodinuclear insertion products
9 a and 12, demonstrates the importance of the ªactiveº ligand
periphery in these compounds.

The central structural unit in 9 a is the bent CS2 fragment
[S(1)-C(41)-S(2) 116.1(7)8] that links the two metal centres.
Both of the S atoms bond directly to the zirconium [ZrÿS(1)
2.632(4), ZrÿS(2) 2.643(3) �]. The NCS heteroallene, linear
in the free isothiocyanate, is bent in 12 [N(4)-C(2)-S(1)
112(1)8] and bridges the metals in a manner similar to that
found in the CS2 analogue 9 a. Whereas the CÿS bond length
of 1.745(17) � lies in the range of a CÿS single bond, the
carbon ± nitrogen bond [1.307(22) �] retains considerable
double bond character.[19]

Reactions of the heterodinuclear complexes with esters and
aldehydes : The reactions described in the previous section
lead to stable products of insertions into the polar metal ±
metal bond. Substrates, such as carboxylic esters, which have
predetermined points of cleavage in their molecular structure
or, such as aldehydes and ketones, offer alternative reaction

Table 2. Comparison of selected bond lengths [�] and angles [8] for the
tripodal ligand coordination in 2b, 9 a, 12 and the previously reported
structure 2a.

2a[a] 2b 9 a 12

ZrÿN(1) 2.040(7) 2.052(6) 2.060(8) 2.053(12)
ZrÿN(2) 2.072(7) 2.084(6) 2.101(8) 2.093(13)
ZrÿN(3) 2.125(6) 2.119(6) 2.124(8) 2.105(11)
Zr ´´ ´ F(3) 2.535(5) 2.647(5) 2.554(7) 2.703(11)
Si(1)ÿN(1) 1.755(7) 1.768(7) 1.734(8) 1.753(14)
Si(2)ÿN(2) 1.740(7) 1.773(6) 1.756(9) 1.742(14)
Si(3)ÿN(3) 1.741(7) 1.769(6) 1.758(8) 1.763(12)
N(1)ÿC(11) 1.43(1) 1.420(7) 1.449(9) 1.41(2)
N(2)ÿC(21) 1.44(1) 1.420(7) 1.435(10) 1.43(2)
N(3)ÿC(31) 1.39(1) 1.416(7) 1.422(9) 1.43(2)

N(1)-Zr-N(2) 98.4(3) 100.4(2) 102.9(3) 100.4(5)
N(1)-Zr-N(3) 101.8(3) 102.7(2) 103.7(3) 103.3(5)
N(2)-Zr-N(3) 95.1(3) 95.7(2) 101.7(3) 100.0(5)
Zr-N(1)-Si(1) 117.4(4) 116.2(3) 114.5(4) 114.2(7)
Zr-N(2)-Si(2) 115.2(3) 113.2(3) 110.1(5) 111.6(6)
Zr-N(3)-Si(3) 116.1(3) 114.3(3) 111.6(4) 112.9(6)
Zr-N(1)-C(11) 124.5(6) 122.3(5) 121.7(6) 125.3(9)
Zr-N(2)-C(21) 128.1(6) 128.9(4) 130.4(7) 126.2(9)
Zr-N(3)-C(31) 120.5(6) 123.6(4) 123.6(6) 122.3(8)
Zr-F(3)-C(36) 108.7(5) 106.5(3) 109.7(6) 105.7(8)
Si(1)-N(1)-C(11) 116.0(6) 119.1(3) 123.3(7) 118(1)
Si(2)-N(2)-C(21) 115.9(6) 116.5(4) 118.7(6) 121(1)
Si(3)-N(3)-C(31) 123.4(6) 122.1(4) 124.8(7) 125(1)

[a] Re-numbered from ref. [13].
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pathways may undergo further
conversions as will be discussed
in this and the next section.

Reaction of the ZrÿFe com-
plex 3 with one molar equvalent
of PhC(O)OR (R�Et, CH2Ph)
immediately leads to the cleav-
age of the ester to give a 1:1
mixure of the alkoxyzirconium
complex [HC{SiMe2N(2-
FC6H4)}3Zr-OR] (R�CH2Ph:
13 a, Et: 13 b) and the known
benzoyliron complex [FeCp-
{C(O)Ph}(CO)2] (Scheme 5).
The identity of the compounds,
which could not be completely
separated, was confirmed by
comparison with the data ob-
tained of authentic samples,
which were synthesized by an
independent method. Whereas the iron complex is a known
compound,[20] 13 a and 13 b were prepared by reaction of 2 a
with one molar equivalent of the respective lithium alkoxide.

A similar reactive pattern is thought to be obtained even if
the acyl metal fragment is unstable and therefore may not be
detected. Upon reaction of 3 with ethylformate, immediate
formation of 13 a and [CpFeH(CO)2] is observed and infrared
spectroscopy indicates the presence of uncoordinated CO
(nÄ � 2144 cmÿ1). This is a consequence of the well-known
instablity of the formyl complex, which readily extrudes CO
to form the hydrido species.

The generation of complex 13 a and the benzoyliron
compound [FeCp{C(O)Ph}(CO)2] is also observed in the
reaction of 3 with two molar equivalents of benzaldehyde.
Upon carrying out this reaction in an NMR tube by slowly
adding the aldehyde to a solution of the ZrÿFe complex in
[D8]toluene, the stoichiometry could be established unambig-
uously. After addition of one equivalent of benzaldehyde only
half of the ZrÿFe complex was converted to the products,
which were identified by comparison of the spectrocopic data
with those of of a 1:1 sample mixture synthesized by the
independent route mentioned above (Scheme 6).

Moreover, from the series of NMR spectra the absence of a
detectible intermediate was established, which indicates their
short lived nature. Formally, the reaction products are those of
a Cannizzaro type disproportionation of an arylaldehyde.[21]

To establish the validity of this designation, the reaction was
carried out with deuteriated benzaldehyde C6H5CDO.[22] The
1H NMR spectrum of the reaction products displays the
identical set of resonances as that in the experiments with the
unlabelled compounds with the exception of the benzyl-CH2

signal at d� 4.66, which is completely absent. That the
hydrogen atom transfer only occurred between the benzylic
positions and does not involve other H atoms was additionally
confirmed by the presence of only one signal in the 2H NMR
(d� 4.6) spectrum assigned to the CD2 group.

Similar experiments carried out in NMR tubes in [D8]tol-
uene at temperatures below ÿ40 8C with benzaldehyde
derivatives substituted in the para position, with the aim of
detecting reaction intermediates, did not reveal resonance
sets other that those of the starting materials and the products
generated after successive addition of the aldehyde.[23] This is
testimony to the extreme rapidity of the hydrogen-atom
transfer. However, in view of the result of the deuteriation
experiment we propose the reaction mechanism displayed in
Scheme 7.

The first step in the reaction sequence is thought to be the
addition of an aldehyde molecule to the Lewis acidic early
transition metal centre, which is followed by its insertion into
the metal ± metal bond. The cleavage of the ZrÿFe bond
reduces the coordination number at zirconium, which in turn
facilitates the addition of the second molecule of benzalde-

hyde. The crucial reaction step
is the hydride-transfer step,
which follows and involves an
analoguous intermediate as
that proposed for the Canniz-
zaro or Tishchenkov dispropor-
tionations.[21] This gives the re-
action products through the
association equilibrium of 13 a
and the benzoyliron complex.

Both the cleavage of esters
and the disproportionation of
the arylaldehydes yield stoi-

Scheme 5. Cleavage of benzoic acid esters to give the benzoylison complex and the alkoxozirconium product.

Scheme 6. Cannizzaro type disproportionation of benzaldehyde and deuteriobenzaldehyde in the coordination
spheres of the two complementary metal centres.
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Scheme 7. Proposed mechanism for the hydride transfer in the arylalde-
hyde disproportionation reactions.

chiometric mixtures of two reaction products that are difficult
to identify unambiguously unless these two components are
accessible by independent synthetic routes. In order to avoid
this complication the reactions of the ZrÿFe and ZrÿRu
complexes 3 and 4 with the lactones cumarine and g-
butyrolactone were studied. In both cases selective lactone
cleavage was observed to give the reaction products [HC{Si-
Me2N(2-FC6H4)}3ZrOC6H4CH�CHC(O)MCp(CO)2] (M�
Fe: 14 a, Ru: 14 b) and [HC{SiMe2N(2-FC6H4)}3ZrO(CH2)3-
C(O)MCp(CO)2] (M�Fe: 15 a, Ru: 15 b), respectively
(Scheme 8).

The most remarkable spectroscopic feature of these com-
plexes, which formally may be viewed as products of an
insertion into the metal ± metal bond, is the 13C NMR
chemical shift of the signal attributed to the metallaacyl
carbon nuclei. For the iron complexes 14 a and 15 a, this
resonance is observed at d� 291.3 and 291.5, respectively,
while the corresponding signals of the Ru analogues 14 b
and 15 b are observed at d� 271.6 and 272.5, respectively.
These chemical shifts lie considerably outside the range
normally observed for acylmetal complexes of this type (M�
Fe: d� ca. 250, M�Ru: d� ca. 230)[24, 25] and are more akin to
the values found for carbene complexes.[25, 26] We therefore
propose an additional coordination of the acyl group to the
zirconium centres through the carbonyl oxygen atoms as is
indicated in Scheme 8. We previously formulated a similar O-
coordination to the early trans-
tion metal atom in a study of
the ring-opening reactions of
axially prochiral biaryl lactones
with heterodinuclear com-
plexes, a notion also based on
the unusual 13C NMR chemical
shift of the acyl carbon nu-
clei.[12] In this case, these com-
plexes were found to be unsta-
ble with respect to subsequent
decarbonylation. Such a reac-
tive behaviour was not ob-
served for compounds 14 a/b
and 15 a/b.

Reactions of the heterodinu-
clear complexes with ketones :
The reaction of the ZrÿFe di-

Scheme 8. Ring opening of lactones to give the metallacyclic complexes 14
and 15.

nuclear complex 5 with ketones leads to immediate aldol
coupling to give the corresponding zirconium complex, which
contains the aldol product ligated to the Zr centre. Simulta-
neously, an equimolar amount of the hydridoiron complex
[CpFe(CO)2H] is formed.[27] Upon addition of two molar
equivalents of actone, cyclopentanone or cyclohexanone to
compound 5 conversion occurs immediately to give the
complexes 16, 17 and 18, respectively (Scheme 9).

Since attempts to isolate the pure products were hampered
by their thermal lability and the difficulty of separating small
amounts of [CpFe(CO)2]2, which is generated via the hydri-
doiron half-sandwich complex, they were characterised by
NMR spectroscopy. The signal patterns assigned to the
coordinated tripodal ligand are consistent with a local
threefold symmetry indicating dynamic exchange of the
ªturnstileº type that we have observed for all fivefold
coordinate zirconium complexes to date. Whereas the aldol
ligand in 16 is achiral, the newly formed organic units in 17

Scheme 9. Aldol coupling of ketones induced by ZrÿFe complex 5.



Cooperative Reactivity 692 ± 708

Chem. Eur. J. 2000, 6, No. 4 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0604-0699 $ 17.50+.50/0 699

and 18 each contain one chiral centre. This is reflected in the
diastereotopic splitting of the 1H and 13C NMR resonances of
the SiMe2 groups and the chemical inequivalence of all the
CH2 proton and 13C NMR signals of the two condensed
carbocycles. The resonance of the quaternary C atom adjacent
to the alkoxo-O atom at d� 75.4, 88.5 and 81.1 in the 13C NMR
spectra of 16, 17, and 18, respectively, and the low-field
chemical shift of the Zr-bonded carbonyl function (16 : d 225.3
17: 236.3, 18 : 231.2) are particularly characteristic for this type
of metal coordinated aldol ligand.

The hydridoiron complex generated in these conversions is
thought to be formed in a first reaction step following the
insertion of the carbonyl group into the metal ± metal bond.
This yields an extremely reactive metal-bound enolate which
in turn rapidly undergoes aldol coupling with a second
molecule of ketone to give compounds 16 ± 18.

The aldol-type coupling reactions described above require
the presence of a-CH protons in the substrates. In order to
assess the reactivity of the heterodinuclear compounds
towards ketones without a-protons we studied the reactions
of complex 5 with benzophenone and 1,2-diphenylcyclopro-
penone. Whereas the former underwent an immediate redox-
chemical process generating [CpFe(CO)2]2 and a mixture of
unidentifiable Zr-species, the reaction with 1,2-diphenylcy-
clopropenone proceeded cleanly to yield a single product,
which was isolated as a yellow microcrystalline solid. The 1H,
13C and 29Si NMR spectra are consistent with an effective
threefold symmetry of the tripod-amidozirconium fragment,
while the diastereotopic splitting of the SiMe2 resonances in
the 1H and 13C NMR spectra indicates the formation of a
chiral centre at the late transition metal fragment. The
infrared spectrum displays only a single n(CO) band at
1953 cmÿ1 establishing the presence of only one Fe-bonded
carbonyl ligand. The 13C carbonyl NMR resonance is ob-
served at remarkably low field (d� 219.3); however, more
importantly, two additional signals of equal intensity are
found at even lower field, d� 221.1 and 259.0. Moreover, the
resonance of the carbonyl function in 1,2-diphenylcyclopro-
penone (d� 156.4) disappears and the signal of the C�C
olefin unit in the cyclopropene ring is shifted from d� 146.7 to
179.5. These data are consistent with a molecular structure of
the reaction product [HC{Si(CH3)2N(2,3,4-F3C6H2)}3Zr(m2-
O2C)Fe(CO){C3Ph2}Cp] (19) as shown in Scheme 10.

Similar to our previously reported deoxygenation of sulf-
oxides that yield reaction products which contain a m-CO2

Scheme 10. Oxygen transfer from 1,2-diphenylcyclopropenone to an iron-
bonded CO ligand in 5.

ligand linking the early with the late transition metal centre,[28]

oxygen transfer from the cyclopropenone substrate to a
carbonyl ligand has occurred to generate a m-CO2 unit and an
iron-bound carbene ligand, which is characterized by the
13C NMR resonance at d� 259.0. The transformation of one of
the CO ligands could be established by carrying out the
reaction with a 13CO-enriched sample (10%) of 5 that yielded
the labelled m-CO2 unit, while the oxygen transfer was proved
by reaction with 30 % 17O-enriched 1,2-diphenylcycloprope-
none [d(17O)� 224, reference dioxane].[29] The chemical shift
of the product signal of d(17O)� 365 in the labelled complex
19 is indicative of an 17O nucleus in a metallacarboxy
environment.[30] Attempts to study the kinetics of this reaction
and thus gain additional insight concerning its mechanism
were precluded by the extreme rapidity of the conversion and
the air and moisture sensitivity of the compounds involved.
However, given the results of the 13C and 17O labeling studies,
we propose the reaction mechanism for this transformation
displayed in Scheme 11.

Scheme 11. Proposed mechanism for the deoxygenation of 1,2-diphenyl-
cyclopropenone.

By analogy with the mechanism of the simple insertion
reactions into the polar metal ± metal bonds, the formation of
a Lewis acid ± base adduct (A) is thought to be the first step, in
which the carbonyl group of the substrate is additionally
polarized and the ZrÿFe bond labilized. The metal ± metal
bond is subsequently cleaved and the nucleophilic iron
fragment attacks the electrophilic CO-carbon atom of the
cyclopropenone to give intermediate B. Intramolecular nu-
cleophilic attack of the activated oxygen function at a
carbonyl ligand and rearrangement, possibly via a carbene
intermediate (C), yields the reaction product. It should be
pointed out that both the product and the proposed reaction
pathway are entirely analogous to the results previously
established by us for the reaction of similar heterodinuclear
complexes with sulfoxides.[8b, 28] The nature of the functional
groups in sulfoxides and and
cyclopropenones is very similar
in that the element ± oxygen
unit has strong zwitterionic
character, the functional group
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being additionally polarized and the bond multiplicity re-
duced.

The conversion leading to 19 appears to be a clear example
of cooperative reactivity of the two complementary metal-
complex fragments joined in the heterobimetallic complexes.
In order to gain additional information regarding the im-
portance of this combination of reactive metal fragments for
the observed reaction pathway, 1,2-diphenylcyclopropenone
was treated with K[MCp(CO)2] (M�Fe, Ru) only. In both
cases, immediate conversion was observed and, after salt
metathesis with [NBu4]Br, the salts [NBu4][CpM{C(O)-
C(Ph)C(Ph)C(O)}CO] (M�Fe: 20 a, Ru: 20 b) were iso-
lated (Scheme 12). While the formulation of the reaction

Scheme 12. Reaction of [MCp(CO)2]ÿ (M�Fe, Ru) with 1,2-diphenylcy-
clopropenone to yield the metallacyclopenta-2,5-diones.

products was based on the elemental analysis, the infrared
spectra of both compounds, 20 a and 20 b, display a single
n(CO) band at 1883 and 1896 cmÿ1, respectively, the position
of which is characteristic of monoanionic CpM-carbonyl
complexes. In the 13CNMR spectrum two low-field resonances
are observed at d� 224.7 (208.5) assigned to the CO ligand
and at d� 276.0 (260.1). Since an unambiguous assignment of
the molecular structure of both complexes was not possible
based on these data, a single-crystal X-ray structure analysis
of compound 20 a was carried out. Two views of its molecular
structure are shown in Figure 3; the principal bond lengths
and interbond angles are given in the legend.

The metallacyclopenta-2,5-dione ring constitutes the struc-
tural centre piece of the organometallic anion. This cyclic unit
is not planar but was found to adopt an envelope conforma-
tion in which the plane spanned by C(1), C(2), C(3) and C(4)
is tilted by 17.68 with respect to the plane defined by C(1),
Fe(1) and C(4). The Fe(1)ÿC(1) and Fe(1)ÿC(4) bond lengths
[1.905(5) and 1.899(6) �, respectively] lie within the range
expected for acyliron units and the CÿC bond lengths within
the metallacycle are consistent with their formulation as
single bonds [C(1)ÿC(2) 1.524(7), C(1)ÿC(4) 1.528(7) �] and
a central double bond [C(2)ÿC(3) 1.344(7) �].

A very similar reaction product has been reported by
Hoffmann and Weiss, who isolated tetracarbonyl-ferra-3-
cyclopenten-2,5-dione from the reaction of [Fe3(CO)12] with
acetylene.[31] Related compounds were also studied by Lie-
beskind et al. who generated the metallacyclopentene-2,5-

Figure 3. Top: molecular structure of [Bu4][CpFe{C(O)C(Ph)C(Ph)C(O)}-
CO] (20a). Principal bond lengths [�] and angles [8]: Fe(1)ÿC(1) 1.905(5),
Fe(1)ÿC(4) 1.899(6), Fe(1)ÿC(5) 1.718(7), C(1)ÿC(2) 1.524(7), C(2)ÿC(3)
1.344(7), C(3)ÿC(4) 1.528(7), C(1)ÿO(1) 1.241(6), C(4)ÿO(2) 1.232(6),
C(1)-Fe(1)-C(4) 82.4(2), Fe(1)-C(1)-C(2) 114.4(4), C(1)-C(2)-C(3)
112.1(4), C(2)-C(3)-C(4) 112.6(5), Fe(1)-C(4)-C(3) 114.3(4). Bottom: view
parallel to the metallacycle ring planes showing the envelope conforma-
tion.

dione units by reaction of cyclobutanediones with low-valent
cobalt and rhodium complexes.[32]

Addition of the chlorozirconium complex 2 b to a solution
of 20 a did not convert the anion to the oxygen-transfer
product 19, which resulted from the reaction of the cyclo-
propenone with the ZrÿFe heterodinuclear complex 5.
Instead, a complicated mixture of products was obtained in
which 19 could not be identified even as a minor component.
This finding highlights the importance of both the nucleo-
philic and electrophilic metal centres in the oxygen transfer
and conversion of a carbonyl ligand to a bridging CO2 unit.

Oxygen transfer to CO in reactions of the heterobimetallic
complexes with pyridine N-oxide and sulfoxides : Bergman
and co-workers recently reported the rapid transfer of oxygen
and sulfur from organic molecules to the ZrÿIr bond of
[Cp2Zr(-N-tBu)IrCp*] to yield products in which the metal ±
metal bond is cleaved and a bridging oxo or sulfido ligand
formed linking the two metal centres.[18] While no sulfur-
transfer reactions involving the ZrÿM complexes studied in
this work were observed, the heterodinuclear compounds
were found to effect oxygen transfer from element oxides to
the metal-bonded carbonyl ligands as already indicated by the
reaction of the cyclopropenone with 5. We therefore decided
to study the reactions with amine N-oxides and sulfoxides.

Whereas the reaction of 3 ± 6 with trimethylamine N-oxide
led to unspecific degradation of the complexes, reaction of 5
with pyridine N-oxide yielded the CO2-linked complex
[HC{SiMe2N(2,3,4-F3C6H2)}Zr(-O2C)FeCp(CO)(py)] (21)
(Scheme 13).
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Scheme 13. Deoxygenation of pyridine N-oxide.

As in the case of 19, the generation of a chiral iron centre is
reflected in the diastereotopic splitting of the SiMe2 reso-
nances [d(1H)� 0.47, 0.54; d(13C)� 4.3, 4.7]. The 13C NMR
signal of the remaining carbonyl ligand is observed at d�
221.7, while the linking m-CO2 ligand is characterized by the
resonance at d� 250.1. It is probably owing to the high
oxidizing power of the pyridine N-oxide that some nonspecific
degradation is observed which is manifested in the generation
of a small amount of [Fe2Cp2(CO)4].

We have very recently reported oxygen-atom transfer from
sulfoxides to carbonyl ligands in ZrÿRu heterdinuclear com-
plexes that are related to 4 and 6.[28] Reaction of complexes 4
and 6 with one molar equivalent of Me(R')SO yields the CO2-
linked species [HC{SiMe2N(R)}Zr(-O2C)RuCp(CO){S(R')-
Me}] (R� 2-FC6H4, R'�Me 22 a ; R� 2-FC6H4, R'�Ph
22 b ; R� 2,3,4-F3C6H2, R'�Me 23 a ; R� 2,3,4-F3C6H2, R'�
Ph 23 b) (Scheme 14). Addition of a second molar equivalent
of the sulfoxide yields the Lewis acid ± base products species
[HC{SiMe2N(R)}{Me(R)SO-kO}Zr(-O2C)RuCp(CO){S(R')-
Me}] (24 a/b, 25 a/b) in which one molecule of sulfoxide is
thought to coordinate to the zirconium centre through the
oxygen atom. An closely related example of such a species
was recently characterized by X-ray crystallography the
structure of which could therefore be unambiguously estab-
lished.[28]

As in the reaction of 5 with 1,2-diphenylcyclopropenone
discussed above, the oxygen transfer from the sulfoxide to the

carbonyl ligand, which is converted to the m-CO2 unit, was
proved by using 13C enriched 6. In addition we carried out the
reaction of 6 with 30 % 17O-enriched methylphenylsulfoxide
[d(17O)�ÿ0.1, reference: dioxane]. The chemical shift of the
product signal of d� 343 in the labelled complex 23 b is again
indicative of an 17O nucleus in a metallacarboxylato environ-
ment.[30]

Conclusion

The instability of most early ± late heterobimetallic complexes
that have been synthesized and studied to date has prohibited
a systematic study into their reactivity and the testing of the
claim of cooperative reactivity. In this study we have shown
that the use of amido tripod ligands and thus the integration of
the early transition metal centre into a rigid molecular cage,
along with the introduction of a partially fluorinated ligand
periphery, has allowed the investigation of a wide range of
reactions involving the polar metal ± metal bonds. These range
from simple insertions into the metal ± metal bond to cascades
of elementary reactions leading to substrate coupling as in the
case of the aldol condensation of ketones to atom-transfer
reactions, such as those observed in the Cannizzaro dispro-
portionation of aryl aldehydes, and the oxygen transfer
involving various element oxides.

In all these cases not only the selectivity of the conversions
(as established by monitoring the reactions by NMR spec-
troscopy) is remarkable but the rapidity with which their occur.
Even at very low temperatures aldol coupling or the oxygen
transfer to the carbonyl ligands takes place instantaneously
and lies outside the regime of conventional kinetic methods.

The role of the early transition metal centre in all these cases
appears to be that of polarizing the substrate and thus
activating it for nucleophilic attack by the late transition metal
complex fragment. The role of the late transition metal
fragment is that of a nucleophile in the initial reaction step.
Subsequently it may (formally) function as a base, as observed
in the aldol chemistry, or as bearer of the oxygen-atom
acceptor ligands CO, as found in the reactions with element
oxides. Finally, in all the cases we studied, the highly polar
metal ± metal bond provides the readily and preferentially

cleaved interface between the
two complementary reactive
complex fragments.

Experimental Section

All manipulations were performed
under an inert gas atmosphere of dried
argon in standard (Schlenk) glassware,
which was flame dried with a Bunsen
burner prior to use. Solvents were
dried according to standard proce-
dures and saturated with Ar. The
deuterated solvents used for the
NMR spectroscopic measurements
were degassed by three successive
ªfreeze-pump-thawº cycles and dried
over 4 � molecular sieves.

Scheme 14. Oxygen transfer from sulfoxides to CO within the coordination sphere of ZrÿRu heterodinuclear
complexes.
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The 1H, 13C, 29Si, 19F and 17O NMR spectra were recorded on a Bruker
AC200 spectrometer equipped with a B-VT-2000 variable temperature unit
(at 200.13, 50.32, 39.76, 188.31 and 27.1 MHz, respectively) with tetrame-
thylsilane, CFCl3 and dioxane (17O) as references. Infrared spectra were
recorded on Perkin ± Elmer 1420 and Bruker IRS 25 FT-spectrometers.
Elemental analyses were carried out in the microanalytical laboratory of
the chemistry deptartment at Würzburg. The ligand precursor [HC{Si-
Me2NH(2-FC6H4)}3] (1 a) and the complexes [HC{SiMe2N(2-
FC6H4)}3ZrCl2Li(OEt2)2] (2a) and [HC{SiMe2N(2-FC6H4)}3Zr-FeCp(CO)2]
(3) were prepared as reported previously by us.[13] The salts of the transition
metal carbonylates K[CpFe(CO)2] and K[CpRu(CO)2] as well as 1,1-
dichloro-2,3-diphenylcyclopropene were synthesized by literature meth-
ods.[25, 33] 13C-enriched K[CpRu(CO)2] was prepared from 10 % enriched
[Ru3(CO)12],[34] which in turn was prepared according to a literature
procedure.[35] All other chemicals used as starting materials were obtained
commercially and used without further purification.

Preparation of HC{SiMe2NH(2,3,4-F3C6H2)}3 (1 b): A solution of HC(Si-
Me2Br)3 (9.33 g, 21.84 mmol) in diethyl ether (100 mL) was added slowly to
a stirred solution of 2,3,4-trifluoroanilin (9.63 g, 65.50 mmol) and triethyl-
amine (10 mL, 72.14 mmol) in diethyl ether (250 mL), which was cooled at
0 8C. The reaction mixture subsequently stirred at room temperature for
14 h. After separation of the triethylammonium bromide by filtration
through a G3 frit and removal of the solvent and excess triethylamine from
the filtrate in vacuo, the white solid residue was redissolved in diethyl ether
and stored at ÿ30 8C. Compound 1 b was obtained as a colourless
crystalline solid, which was isolated by filtration and dried in vacuo. Yield:
6.97 g (51 %); m.p. 111 8C; 1H NMR (C6D6, 295 K): d� 0.12 (s, SiMe2), 0.38
(s, HC(SiMe2)3), 3.53 (d, 3JFH� 3.0 Hz, NH), 5.97 ± 6.39 (m, 2,3,4-F3C6H2);
{1H}13C NMR (C6D6, 295 K): d� 2.3 (s, SiMe2), 5.6 (s, HC(SiMe2)3), 109.9
(s, C6, F3-C6H2), 111.2 (d, 2JFC� 17.4 Hz, C5, 2,3,4-F3C6H2), 132.7 (d, 2JFC�
6.8 Hz, C1, 2,3,4-F3C6H2), 141.1 (m, C3, 2,3,4-F3C6H2), 142.1 (m, C4, 2,3,4-
F3C6H2), 144.2 (m, C2, 2,3,4-F3C6H2); {1H} 19F NMR (C6D6, 295 K): d�
ÿ159.9 (t, 3JFF� 18.8 Hz, F3, 2,3,4-F3C6H2), ÿ154.2 (d, 3JFF� 18.8 Hz, F4,
2,3,4-F3C6H2), ÿ148.8 (d, 3JFF� 21.1 Hz, F22,3,4-F3C6H2); {1H}29Si NMR
(C6D6, 295 K): d� 3.4; IR (toluene): nÄ � 3394 (m), 2959 (m), 2925 (m), 2850
(m), 1514 (s), 1274 cmÿ1 (s); C25H28F9N3Si3 (625.76): calcd C 47.99, H 4.47, N
6.71; found C 47.59, H 4.76, N 6.43.

Preparation of [HC{SiMe2N(2,3,4-F3C6H2)}3ZrCl2Li(OEt2)2] (2b): n-Butyl
lithium (1.15 mL) was added to a pre-cooled solution of 1 b (600 mg,
0.96 mmol) in diethyl ether (30 mL), and the reaction mixture was stirred
until the temperature had reachedÿ50 8C. At this point the temperature of
the solution was reduced to ÿ78 8C and ZrCl4 (224 mg, 0.96 mmol) was
added. The reaction mixture was warmed up to room temperature within
10 h. The orange-brown solution obtained was filtered through a G3 frit to
remove the LiCl and, after reducing the volume in vacuo, 2 b was isolated as
a white crystalline solid atÿ30 8C. Yield: 442 mg (48.7 %); 1H NMR (C6D6,
295 K): d�ÿ0.33 (s, HC(SiMe2)3), 0.34 (s, SiMe2), 0.71 (t, (CH3CH2O)2),
3.13 (q, (CH3CH2O)2), 6.41 ± 6.56 (m, 2,3,4-F3C6H2); {1H}13C NMR (C6D6,
295 K): d� 3.7 (SiMe2), 4.0 (HC(SiMe2)3), 110.8 ± 119.4 (C6,5, 2,3,4-F3C6H2),
138.7 (C1, 2,3,4-F3C6H2), 140.5 (C3, 2,3,4-F3C6H2), 146.3 ± 146.7 (C2,4, 2,3,4-
F3C6H2); {1H}19F NMR (C6D6, 295 K): d�ÿ161.1 (t, 3JFF� 22.3 Hz, F3,
2,3,4-F3C6H2), ÿ145.3 (d, 3JFF� 21.1 Hz, F4, 2,3,4-F3C6H2), ÿ142.2 (d,
3JFF� 22.3 Hz, F2, 2,3,4-F3C6H2); {1H}29Si NMR (C6D6, 295 K): d� 3.1; IR
(toluene): nÄ � 1495 (s), 1251 (s), 1031 (s), 982 (s), 827 (s), 681 cmÿ1 (s);
C33H36F9Cl2LiN3O2Si3Zr (940.05): calcd C 42.16, H 4.82, N 4.47; found C
41.73, H 4.71, N 4.19.

Preparation of [HC{SiMe2N(2-FC6H4)}3Zr-MCp(CO)2] (3, 4): Toluene
(30 mL) was added to a mixture of solid 2a (500 mg, 0.602 mmol) and
K[MCp(CO)2] (0.610 mmol). The reaction mixture was placed in an
ultrasound bath for about 1 h until the complete conversion to the
heterodinuclear complex was established by 1H NMR spectroscopy. The
yellow-orange solution obtained was filtered and after reducing the volume
in vacuo 3 and 4 were isolated as yellow-orange crystalline solids atÿ30 8C.
The isolation and characterisation of 3 has been reported previously.[13]

[HC{SiMe2N(2-FC6H4)}3Zr-RuCp(CO)2] (4): Yield: 134 mg (27 %); m.p.
64 8C (decomp); 1H NMR (C6D6, 295 K): d�ÿ0.60 (s, HC(SiMe2)3), 0.37
(s, SiMe2), 4.22 (s, C5H5), 6.71 ± 7.43 (m, 2-FC6H4); {1H}13C NMR (C6D6,
295 K): d� 3.4 (HC(SiMe2)3), 4.8 (SiMe2), 86.0 (s, C5H5), 116.0 (d, 2JFC�
22.2 Hz, C3, 2-FC6H4), 123.6 (d, 3JFC� 7.1 Hz, C4, 2-FC6H4), 124.9, 127.5
(C5,6, 2-FC6H4), 136.8 (d, 2JFC� 13.9 Hz, C1, 2-FC6H4), 157.9 (d, 1JFC�
239.3 Hz, C2, 2-FC6H4), 201.8 (CO); {1H}19F NMR (C6D6, 295 K): d�

ÿ120.5; {1H}29Si NMR (C6D6, 295 K): d� 1.4; IR (toluene): nÄ(CO)� 1992,
1936 cmÿ1; C32H36F3N3O2RuSi3Zr (827.02): calcd C 46.43, H 4.39, N 5.08;
found: C 46.23, H 4.55, N 5.21.

Preparation of [HC{SiMe2N(2,3,4-F3C6H2)}3Zr-MCp(CO)2] (5, 6): Toluene
(30 mL) was added to a mixture of solid 2b (500 mg, 0.532 mmol) and
K[MCp(CO)2] (0.610 mmol). The reaction mixture was placed in an
ultrasonic bath for 1 h. The yellow-orange solution obtained was filtered
and after reducing the volume in vacuo, 5 and 6 were isolated as yellow-
orange crystalline solids at ÿ30 8C.

[HC{SiMe2N(2,3,4-F3C6H2)}3Zr-FeCp(CO)2] (5): Yield: 214 mg (25 %);
m.p. 65 8C (decomp); 1H NMR (C6D6, 295 K): d�ÿ0.78 (s, HC(SiMe2)3),
0.24 (s, SiMe2), 6.49 ± 6.89 (m, 2,3,4-F3C6H2); {1H}13C NMR (C6D6, 295 K):
d� 0.9 (HC(SiMe2)3), 3.6 (SiMe2), 83.4 (C5H5), 111.4 (d, 2JFC� 17.1 Hz, C5,
2,3,4-F3C6H2), 122.5 (C6, 2,3,4-F3C6H2), 134.7 (d, 2JFC� 10.6 Hz, C1, 2,3,4-
F3C6H2), 141.2 (dt, 1JFC� 252.5 Hz, 2JFC� 16.1 Hz, C3, 2,3,4-F3C6H2), 146.9
(dd, 1JFC� 251.0 Hz, 2JFC� 9.1 Hz, C2, 2,3,4-F3C6H2), 147.6 (dd, 1JFC�
241.0 Hz, 2JFC� 9.0 Hz, C4, 2,3,4-F3C6H2), 211.0 (CO); {1H}19F NMR
(C6D6, 295 K): d�ÿ158.7 (t, 3JFF� 23.5 Hz, F3, 2,3,4-F3C6H2), ÿ140.9 (d,
3JFF� 21.1 Hz, F4, 2,3,4-F3C6H2), ÿ140.5 (d, 3JFF� 23.5 Hz, F2, 2,3,4-
F3C6H2); {1H}29Si NMR (C6D6, 295 K): d� 2.6; IR (toluene): nÄ(CO)�
1976, 1921 cmÿ1; C32H30F9FeN3O2Si3Zr (889.05): calcd C 43.19, H 3.74, N
4.72; found C 42.81, H 3.60, N 4.53.

[HC{SiMe2N(2,3,4-F3C6H2)}3Zr-RuCp(CO)2] (6): Yield: 210 mg (42 %);
1H NMR (C6D6, 295 K): d�ÿ0.75 (s, HC(SiMe2)3), 0.23 (s, SiMe2), 4.01 (s,
C5H5), 6.45 ± 6.95 (m, 2,3,4-F3C6H2); {1H}13C NMR (C6D6 295 K): d� 1.46
(s, HC(SiMe2)3), 3.99 (s SiMe2), 86.43 (s, C5H5), 112.0 (dd, C5, 2JFC�
16.7 Hz, 3JFC� 3.6 Hz, 2,3,4-F3C6H2), 122.5 (dd, C6, 3JFC� 5.7 Hz, 3JFC�
2.8 Hz, 2,3,4-F3C6H2), 134.2 (dd, 2JFC� 11.4 Hz, 3JFC� 2.2 Hz, C1, 2,3,4-
F3C6H2), 141.5 (td, 1JFC� 251.6 Hz, 2JFC� 16.01 Hz, C3, 2,3,4-F3C6H2), 147.0
(ddd, 1JFC� 242.5 Hz, 2JFC� 9.15 Hz, 3JFC� 2.3 Hz, C4, 2,3,4-F3C6H2), 147.8
(ddd, 1JFC� 242.5 Hz, 2JFC� 11.4 Hz, 3JFC� 2.2 Hz, C2, 2,3,4-F3C6H2),
201.16 (s, CO); {1H}19F NMR (C6D6, 295 K): d�ÿ158.72 (t, 3JFF�
22.6 Hz, F3), ÿ141.11 (d, 3JFF� 22.6 Hz), ÿ140.59 (d, 3JFF� 22.6 Hz, F2);
{1H}29Si NMR (C6D6, 295 K): d� 1.57; IR (toluene): nÄ(CO)� 1985,
1925 cmÿ1; C32H30F9N3O2RuSi3Zr (936.15): calcd C 41.04, H 3.23, N 4.49;
found C 40.79, H 3.04, N 4.21.

Spectroscopic characterization of [HC{SiMe2N(2-FC6H4)3}Zr{h2-
C(�NMe)-FeCp(CO)2}] (7 a) and [HC{SiMe2N(2-FC6H4)3}Zr{h2-
C(�NMe)-FeCp(CO)2}] (7b): MeNC (2.35 mg) was added to a solution
of 3 (50 mg, 0.0574 mmol) or 6 in [D8]toluene (0.5 mL) which was
precooled at ÿ70 8C. According to the NMR spectral data, compounds
7a and 7 b are formed at ÿ10 8C and decompose at about 10 8C. This
prevented the isolation of 7a and 7b at room temperature and, hence,
characterisation of the compounds by infrared spectroscopy.

[HC{SiMe2N(2-FC6H4)3}Zr{h2-C(�NMe)-FeCp(CO)2}] (7a): 1H NMR
([D8]toluene, 263 K): d�ÿ0.19 (s, HC(SiMe2)3), 0.48 (s, SiMe2), 3.13 (s,
H3CNC), 4.04 (s, C5H5), 6.60 ± 7.04 (m, 2-FC6H4); {1H}13C NMR ([D8]tol-
uene, 253 K): d� 1.8 (HC(SiMe2)3), 4.2 (SiMe2), 42.2 (H3CNC), 88.8
(C5H5), 114.9 (d, 2JFC� 22.6 Hz, C3, 2-FC6H4), 120.4, 124.0, 125.3 (C4±6,
2-FC6H4), 141.5 (d, 2JFC� 12.7 Hz, C1, 2-FC6H4), 157.4 (d, 1JFC� 236.0 Hz,
C2, 2-FC6H4), 214.3 (CO), 280.8 (CNMe).

[HC{SiMe2N(2,3,4-FC6H4)3}Zr{h2-C(�NMe)-RuCp(CO)2}] (7 b): 1H NMR
(C6D6, 295 K): d�ÿ0.18 (s, HC(SiMe2)3), 0.42 (s, SiMe2), 2.96 (s, H3CNC),
4.59 (s, C5H5), 6.42 ± 6.49 (m, 2,3,4-F3C6H2); {1H}13C NMR (C6D6, 295 K):
d�ÿ1.7 (HC(SiMe2)3), 4.5 (SiMe2), 44.5 (s, H3CNC), 91.8 (s, C5H5), 111.5
(dd, C5, 2,3,4-F3C6H2), 118.6 (dd, C6, 2,3,4-F3C6H2), 139.1 (dd, C1, 2,3,4-
F3C6H2), 143.6 (m, C3, 2,3,4-F3C6H2), 148.5 (td, C2, 4, 2,3,4-F3C6H2), 201.1 (s,
CO), 275.9 (s, CNMe); {1H}19F NMR (C6D6, 295 K): d�ÿ159.9 (t, 3JFF�
22.3 Hz, F3), ÿ146.1 (d, 3JFF� 22.9 Hz, F4), ÿ145.07 (d, 3JFF� 22.3 Hz, F2).

Cross-over experiment generating 7 a and 7 b : [D8]Toluene (1 mL) was
added to a mixture of solid 3 (36 mg, 0.043mmol) and 6 (33.3 mg,
0.043 mmol) in an NMR tube and the solution was cooled to ÿ10 8C.
MeNC (3.6 mL, 0.085 mmol) was added with a microliter syringe and an
NMR spectrum of the sample was obtained at ÿ10 8C. According to the
NMR data 7a and 7b were formed, but no signals corresponding to cross-
over products were observed.

General procedure for the synthesis of the insertion products 8 ± 12 :
Toluene (20 mL) was added with the aid of a cannula to a mixture of
solid HC{SiMe2N(2-FC6H4)}3ZrCl2Li(OEt2)2 (500 mg, 0.60 mmol) and
K[M(CO)2Cp] (0.60 mmol, M�Fe, Ru) and the reaction mixture was



Cooperative Reactivity 692 ± 708

Chem. Eur. J. 2000, 6, No. 4 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0604-0703 $ 17.50+.50/0 703

subsequently sonicated for 30 min. The formation of the heterobimetallic
complex was monitored by IR spectroscopy and conversion was quanti-
tative after 1 h. After addition of 0.60 mmol of the respective heteroallene
(in case of CO2 the gaseous substrate was bubbled through the solution for
ca. 30 s) the reaction mixture was stirred for 30 min (for all oxygen-
containing substrates) or 20 h (for all sulfur-containing substrates). The
yellow solution was then separated from the solid residues by transfering
through a cannula and concentrated to about 4 mL. The solution thus
obtained was stored at ÿ30 8C to yield the insertion products 8 ± 12 as
yellow microcrystalline solids. Single crystals of 9a and 12 a were obtained
by slowly cooling a concentrated solution in toluene/diethyl ether (1:1).

[HC{SiMe2N(2-FC6H4)}3Zr(m-O2C)Fe(CO)2Cp] (8): Yield: 45 %; m.p.
57 8C (dec); 1H NMR (C6D6, 295 K): d�ÿ0.27 (s, HC(SiMe2)3), 0.47 (s,
SiMe2), 3.80 (s, C5H5), 6.54 ± 6.93 (m, 2-FC6H4); {1H}13C NMR (C6D6,
295 K): d� 3.4 (HC(SiMe2)3), 3.9 (SiMe2), 85.8 (s, C5H5), 115.2 (d, 2JFC�
22.4 Hz, C3, 2-FC6H4), 121.2, 124.4, 125.7 (C4±6, 2-FC6H4), 139.2 (d, 2JFC�
13.6 Hz, C1, 2-FC6H4), 158.1 (d, 1JFC� 234.3 Hz, C2, 2-FC6H4), 212.1 (CO),
240.7 (CO2); {1H}29Si NMR (C6D6, 295 K): d� 0.5; IR (toluene): nÄ(CO)�
2000, 1945 cmÿ1; C33H36F3FeN3O4Si3Zr (826.99): calcd C 47.93, H 4.39,
N 5.08; found C 47.66, H 4.65, N 5.16.

[HC{SiMe2N(2-FC6H4)}3Zr(m-S2C)Fe(CO)2Cp] (9a): Yield: 59%; m.p.
76 8C (decomp); 1H NMR (C6D6, 295 K): d�ÿ0.27 (s, HC(SiMe2)3), 0.46
(s, SiMe2), 3.72 (s, C5H5), 6.60 ± 7.10 (m, 2-FC6H4); {1H}13C NMR (C6D6,
295 K): d� 3.0 (HC(SiMe2)3), 4.1 (SiMe2), 87.8 (s, C5H5), 115.3 (d, 2JFC�
22.3 Hz, C3, 2-FC6H4), 121.9 (d, 3JFC� 7.6 Hz, C4, 2-FC6H4), 124.6, 126.6
(C5,6, 2-FC6H4), 139.0 (d, 2JFC� 13.6 Hz, C1, 2-FC6H4), 158.6 (d, 1JFC�
236.2 Hz, C2, 2-FC6H4), 212.1 (CO), 345.0 (CS2); {1H}19F NMR (C6D6,
295 K): d�ÿ121.8; {1H}29Si NMR (C6D6, 295 K): d� 0.9; IR (toluene):
nÄ(CO)� 2035, 1992 cmÿ1; C33H36F3FeN3O2S2Si3Zr (859.12): calcd C 46.21,
H 4.23, N 4.90; found C 46.01, H 3.97, N 4.88.

[HC{SiMe2N(2-FC6H4)}3Zr(m-S2C)Ru(CO)2Cp] (9b): Yield: 65 %; m.p.
67 8C (decomp); 1H NMR (C6D6, 295 K): d�ÿ0.26 (s, HC(SiMe2)3), 0.47
(s, SiMe2), 4.21 (s, C5H5), 6.60 ± 7.11 (m, 2-FC6H4); {1H}13C NMR (C6D6,
295 K): d� 3.0 (HC(SiMe2)3), 4.1 (SiMe2), 90.9 (s, C5H5), 115.3 (d, 2JFC�
22.6 Hz, C3, 2-FC6H4), 121.9 (d, 3JFC� 7.2 Hz, C4, 2-FC6H4), 123.6, 126.5
(C5,6, 2-FC6H4), 139.0 (d, 2JFC� 13.7 Hz, C1, 2-FC6H4), 157.7 (d, 1JFC�
236.6 Hz, C2, 2-FC6H4), 197.7 (CO), 320.6 (CS2); {1H}19F NMR (C6D6,
295 K): d�ÿ122.6; {1H}29Si NMR (C6D6, 295 K): d� 0.8; IR (toluene):
nÄ(CO)� 2044, 1990 cmÿ1; C33H36F3N3O2RuS2Si3Zr (904.35): calcd C 43.83,
H 4.01, N 4.65; found C 43.65, H 3.78, N 4.33.

[HC{SiMe2N(2-FC6H4)}3Zr(m-OCNPh)Fe(CO)2Cp] (10 a): Yield: 30 %;
m.p. 56 8C (decomp); 1H NMR (C6D6, 295 K): d�ÿ0.23 (s, HC(SiMe2)3),
0.45, 0.47 (s, SiMe2), 4.00 (s, C5H5), 6.56 ± 7.09 (m, 2-FC6H4, C6H5);
{1H}13C NMR (C6D6, 295 K): d� 2.4 (HC(SiMe2)3), 4.1, 4.3 (SiMe2), 85.0 (s,
C5H5), 115.0 (d, 2JFC� 22.7 Hz, C3, 2-FC6H4), 121.1, 123.6, 124.5 (C4±6,
2-FC6H4), 124.3, 124.7, 125.8 (C2±4, C6H5), 140.0 (d, 2JFC� 13.1 Hz, C1,
2-FC6H4), 147.7 (C1, C6H5), 158.2 (d, 1JFC� 235.6 Hz, C2, 2-FC6H4), 216.2
(CO), 236.1 (OCNPh); {1H}19F NMR (C6D6, 295 K): d�ÿ122.4; IR
(toluene): nÄ(CO)� 2025, 1972 cmÿ1; C39H41F3FeN4O3Si3Zr (902.10): calcd
C 51.93, H 4.58, N 6.21; found C 51.50, H 4.32, N 6.77.

[HC{SiMe2N(2-FC6H4)}3Zr(m-OCNPh)Ru(CO)2Cp] (10 b): Yield: 33 %
m.p. 65 8C; 1H NMR (C6D6, 295 K): d�ÿ0.21 (s, HC(SiMe2)3), 0.46, 0.49
(s, SiMe2), 4.47 (s, C5H5), 6.55 ± 6.92 (m, 2-FC6H4, C6H5); {1H}13C NMR
(C6D6, 295 K): d� 2.4 (HC(SiMe2)3), 4.1, 4.4 (SiMe2), 87.6 (s, C5H5), 115.0
(d, 2JFC� 22.5 Hz, C3, 2-FC6H4), 121.1, 123.7, 124.3, 124.5, 125.8, 126.3 (C4±6,
2-FC6H4, C2±4, C6H5), 139.9 (d, 2JFC� 13.4 Hz, C1, 2-FC6H4), 148.0 (C1,
C6H5), 158.3 (d, 1JFC� 235.5 Hz, C2, 2-FC6H4), 201.3 (CO), 221.0 (OCNPh);
{1H}19F NMR (C6D6, 295 K): d�ÿ123.0; {1H}29Si NMR (C6D6, 295 K): d�
0.0; IR (toluene): nÄ(CO)� 2018, 1954 cmÿ1; C39H41F3N4O3RuSi3Zr (947.33):
calcd C 49.45, H 4.36, N 5.91; found C 49.50, H 4.32, N 5.77.

[HC{SiMe2N(2-FC6H4)}3Zr(m-SCNMe)Fe(CO)2Cp] (11 a): Yield: 51 %;
m.p. 56 8C; 1H NMR (C6D6, 295 K): d�ÿ0.25 (s, HC(SiMe2)3), 0.50 (s,
SiMe2), 2.70 (s, H3CNCS), 3.73 (s, C5H5), 6.58 ± 6.97 (m, 2-FC6H4);
{1H}13C NMR (C6D6, 295 K): d� 2.7 (HC(SiMe2)3), 4.1 (SiMe2), 43.7 (s,
H3CNCS), 86.2 (s, C5H5), 115.0 (d, 2JFC� 22.5 Hz, C3, 2-FC6H4), 121.5 (d,
3JFC� 7.5 Hz, C4, 2-FC6H4), 124.6, 126.7 (C5,6, 2-FC6H4), 139.4 (d, 2JFC�
13.3 Hz, C1, 2-FC6H4), 158.2 (d, 1JFC� 236.0 Hz, C2, 2-FC6H4), 212.9 (CO),
241.4 (SCNMe); {1H}19F NMR (C6D6, 295 K): d�ÿ123.9; {1H}29Si NMR
(C6D6, 295 K): d�ÿ0.2; IR (toluene): nÄ(CO)� 2019, 1976 cmÿ1;

C34H39F3FeN4O2SSi3Zr (856.10): calcd C 47.65, H 4.59, N 6.54, S 3.74;
found C 47.50, H 4.32, N 6.77, S 3.74.

[HC{SiMe2N(2-FC6H4)}3Zr(m-SCNMe)Ru(CO)2Cp] (11 b): Yield: 48%
1H NMR (C6D6, 295 K): d�ÿ0.22 (s, HC(SiMe2)3), 0.48 (s, SiMe2), 2.58
(s, H3CNCS), 4.25 (s, C5H5), 6.64 ± 6.93 (m, 2-FC6H4); {1H}13C NMR (C6D6,
295 K): d� 2.7 (HC(SiMe2)3), 4.1 (SiMe2), 44.5 (s, H3CNCS), 89.0 (s, C5H5),
115.0 (d, 2JFC� 22.4 Hz, C3, 2-FC6H4), 121.5 (d, 3JFC� 7.7 Hz, C4, 2-FC6H4),
124.6, 126.7 (C5,6, 2-FC6H4), 139.4 (d, 2JFC� 13.5 Hz, C1, 2-FC6H4), 158.2 (d,
1JFC� 236.1 Hz, C2, 2-FC6H4), 198.4 (CO), 226.5 (SCNMe); {1H}19F NMR
(C6D6, 295 K): d�ÿ123.8; IR (toluene): nÄ(CO)� 2032, 1962 cmÿ1;
C34H39F3N4O2RuSSi3Zr (901.32): calcd C 45.31, H 4.36, N 6.21, S 3.55;
found C 44.99, H 4.56, N 5.89, S 3.41.

[HC{SiMe2N(2-FC6H4)}3Zr(m-SCNPh)Fe(CO)2Cp] (12): Yield: 34%
1H NMR (C6D6, 295 K): d�ÿ0.22 (s, HC(SiMe2)3), 0.45 (s, SiMe2), 3.70
(s, C5H5), 6.87 ± 6.97 (m, 2-FC6H4, C6H5); {1H}13C NMR (C6D6, 295 K): d�
3.3 (HC(SiMe2)3), 4.0 (SiMe2), 86.6 (s, C5H5), 115.4 (d, 2JFC� 22.5 Hz, C3,
2-FC6H4), 121.7 (d, 3JFC� 7.6 Hz, C4, 2-FC6H4), 124.3 (C5 of 2-FC6H4), 124.7,
(C2, C6H5), 125.0 (C4, C6H5), 127.4, (C6, 2-FC6H4), 128.1 (C3, C6H5), 139.5 (d,
2JFC� 13.5 Hz, C1, 2-FC6H4), 151.1 (C1, C6H5), 158.2 (d, 1JFC� 236.4 Hz, C2,
2-FC6H4), 212.5 (CO), 248.9 (SCNPh); {1H}19F NMR (C6D6, 295 K): d�
ÿ122.4; {1H}29Si NMR (C6D6, 295 K): d� 0.5; IR (toluene): nÄ(CO)� 2021,
1962 cmÿ1; C39H41F3FeN4O2SSi3Zr (918.17): calcd C 51.09, H 4.51, N 6.11;
found C 51.32, H 4.25, N 5.96.

Preparation of [HC{SiMe2N(2-FC6H4)}3ZrOR] (13 a, 13b): Pre-cooled
diethyl ether (15 mL) was added to a stirred mixture of 2 a (500 mg,
0.602 mmol) and LiOR (0.610 mmol, R�CH2Ph, Et) at ÿ78 8C and the
reaction mixture was subsequently warmed to room temperature over a
period of 14 h. The LiCl formed was filtered and the solvent of the filtrate
removed in vacuo. The residue was washed with 3 mL pentane and 13a and
13b were isolated as colourless microcrystalline solids.

[HC{SiMe2N(2-FC6H4)}3ZrOCH2Ph] (13 a): Yield: 49%; m.p. 79 8C (de-
comp); 1H NMR (C6D6, 295 K): d�ÿ0.36 (s, HC(SiMe2)3), 0.41 (s,
(SiMe2), 4.99 (q, OCH2C6H5), 6.47 ± 6.99 (m, 2-FC6H4, -OCH2C6H5);
{1H}13C NMR (C6D6, 295 K): d� 4.3 (SiMe2), 6.3 (HC(SiMe2)3), 72.9
(ÿOCH2C6H5), 114.3 (d, 2JFC� 22.1 Hz, C3, 2-FC6H4), 119.3 (C4, 2-FC6H4),
122.9 (C5, 2-FC6H4), 125.5 (C6, 2-FC6H4), 126.6 (C4', ÿOCH2C6H5), 126.7
(C2', ÿOCH2C6H5), 128.1 (C3', ÿOCH2C6H5), 140.1 (d, 2JFC� 12.1 Hz, C1,
2-FC6H4), 142.1 (C1', ÿOCH2C6H5), 8.4 (d, 1JFC� 231.4 Hz, C2, 2-FC6H4);
{1H}19F NMR (C6D6, 295 K): d�ÿ125.7; {1H}29Si NMR (C6D6, 295 K): d�
1.0; IR (benzene): nÄ � 1495 (m), 1485 (s), 1310 (s), 1288 (s), 1240 (m), 1090
(m), 930 (m), 895 (m), 825 (s), 805 (s), 740 cmÿ1 (m); C32H38F3N3OSi3Zr
(713.02): calcd C 53.86, H 5.33, N 5.89; found C 53.69, H 5.19, N 5.72.

[HC{SiMe2N(2-FC6H4)}3ZrOEt] (13 b): Yield: 33.8 %; m.p. 76 8C (de-
comp); 1H NMR (C6D6, 295 K): d�ÿ0.36 (s, HC(SiMe2)3), 0.41 (s,
(SiMe2), 0.79 (t, 3JHH� 7.0 Hz, OCH2CH3), 3.90 (q, OCH2CH3), 6.47 ± 6.91
(m, 2-FC6H4); {1H}13C NMR (C6D6, 295 K): d� 4.3 (SiMe2), 6.3
(HC(SiMe2)3), 18.9 (ÿOCH2CH3), 66.6 (ÿOCH2CH3), 114.2 (d, 2JFC�
21.1 Hz, C3, 2-FC6H4), 119.2 (C4, 2-FC6H4), 122.1 (C5, 2-FC6H4), 125.5
(C6, 2-FC6H4), 141.2 (d, 2JFC� 9 Hz, C1, 2-FC6H4), 158.5 (d, 1JFC� 231.4 Hz,
C2, 2-FC6H4); {1H}19F NMR (C6D6, 295 K): d�ÿ126.0; {1H}29Si NMR
(C6D6, 295 K): d� 0.8; IR (benzene): nÄ � 1505 (s), 1486 (s), 1314 (s), 1288
(s), 1244 (m), 1096 (m), 932 (m), 902 (m), 822 (s), 740 cmÿ1 (m);
C27H36F3N3OSi3Zr (651.02): calcd C 49.77, H 5.53, N 6.45; found C 49.34,
H 5.38, N 6.70.

Reaction of [HC{SiMe2N(2-FC6H4)}3Zr-FeCp(CO)2] (3) with PhC(O)OR
(R�CH2Ph, Et): PhC(O)OR (R�CH2Ph, Et; 0.0689 mmol) was added
using a microliter syringe to a solution of 3 (50 mg, 0.0689 mmol) in C6D6

(1 mL) in an NMR tube, which was sealed with a septum. An immediate
change of colour to a lighter yellow indicated the conversion of the starting
material. The 1H and 13C NMR spectra of the two samples displayed the
signal patterns and chemical shifts of the alkoxy complexes 13a and 13b,
respectively, along with the slightly shifted resonances of the acyliron
complex [C6H5COFeCp(CO)2]. Spectroscopic data of [C6H5COFeCp-
(CO)2] in the presence of 13a or 13b : 1H NMR (C6D6, 295 K): d� 4.15
(s, C5H5), 6.80 ± 8.06 (m, FeCOC6H5); {1H}13C NMR (C6D6, 295 K): d� 86.3
(C5H5), 126.9, 128.1, 130.3, 166.3 (C1'-C4' ,C6H5COFe), 214.8 (CO), 253.5
(C6H5COFe); IR (benzene): nÄ � 2008s, 1961s, 1612m cmÿ1.

Reaction of [HC{SiMe2N(2-FC6H4)}3Zr-FeCp(CO)2] (3) with HC(O)OEt :
HC(O)OEt (0.689 mmol) was added using a microliter syringe to a solution
of 3 (50 mg, 0.689 mmol) in C6D6 (1 mL) in an NMR tube, which was sealed
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with a septum. The 1H and 13C NMR spectra displayed the resonances of
compound 13b as well as [FeCpH(CO)2].

Reaction of [HC{SiMe2N(2-FC6H4)}3Zr-FeCp(CO)2] with PhCHO

a) NMR tube reaction : PhCHO (0.1378 mmol, 2 equivalents) was added
using a microliter syringe to a solution of 3 (50 mg, 0.0689 mmol) in C6D6

(1 mL) in an NMR tube which was sealed with a septum. During the course
of the addition of the reagent the conversion was monitored by 1H NMR
spectroscopy which was complete after 2 molar equivalents had reacted.
The 1H and 13C NMR spectra of the resulting sample were identical to those
obtained above for a mixture of 13a and 13b with traces of the acyliron
complex [C6H5COFeCp(CO)2]. Carrying out the same procedure with
PhCDO led to the same spectroscopic results, the only exception being the
missing resonance at d� 4.66 attributed to the benzoxy-methylene unit.

b) Schlenk tube reaction : The reaction was repeated in a Schlenk tube with
3 (200 mg, 0.276 mmol) dissolved in toluene (10 mL). After reaction with
PhCHO (7 mL, 0.55 mmol), the volume was reduced to about 3 mL, and
the sample was layered with 1 mL of pentane and stored atÿ30 8C. An off-
white solid precipitated along with a small amount of a dark red-brown
precipitate, which was identified as an impurity of [Fe2Cp2(CO)2]. The solid
zirconium complex, which could not be separated completely from the
residual iron product, was found to have identical 1H, 13C and 29Si NMR
spectroscopic properties as complex 13a prepared by the route outlined
above.

General Procedure for the preparation of [HC{SiMe2N(2-FC6H4)}3ZrOCx-
HyC(O)-MCp(CO)2] (14 a, 14 b, 15a, 15 b): Degassed toluene (15 mL) was
added to a solution of HC{SiMe2N(2-FC6H4)}3ZrCl2Li(OEt2) (500 mg,
0.602 mmol) and K[Fe(CO)2Cp] (130 mg, 0.602 mmol) and the reaction
mixture was placed in an ultrasonic bath for 1 h. The alkali metal chloride
precipitate was filtered through a G3 frit and the lactone (0.602 mmol of
cumarin or g-butyrolactone) was added to the clear solution. The reaction
mixture was stirred for 30 min and its volume was reduced in vacuo to
about 3 mL. Layering with pentane (20 mL) and storage at ÿ30 8C led to
the precipitation of the reaction products. After 12 h the solvent was
decanted and the precipitate dried in vacuo. Both complexes were isolated
as orange-red microcrystalline solids.

[HC{SiMe2N(2-FC6H4)}3ZrOC8H6C(O)FeCp(CO)2] (14 a): Yield: 41%,
m.p. 46 8C (decomp); 1H NMR (C6D6, 295 K): d�ÿ0.20 (s, HC(SiMe2)3),
0.55 (s, (SiMe2), 3.70 (s,C5H5), 4.79 (d, 3JHH� 12.8 Hz,
ÿOC6H4CHCHCOFe), 5.16 (d, 3JHH� 12.8 Hz, ÿOC6H4CHCHCOFe),
6.11 ± 7.24 (m, 2-FC6H4, ÿOC6H4CHCHCOFe); {1H}13C NMR (C6D6,
295 K): d� 4.2 (SiMe2), 6.0 (HC(SiMe2)3), 86.7 (s, C5H5), 115.1 (d, 2JFC�
22.5 Hz, C3, 2-FC6H4), 120.4 (C4, 2-FC6H4), 124.7 (C5, 2-FC6H4), 126.6 (C6,
2-FC6H4), 142.3 (d, 2JFC� 13.3 Hz, C1, 2-FC6H4), 158.5 (d, 1JFC� 234.1 Hz,
C2, 2-FC6H4), 115.9, 118.8, 121.3, 125.4, 128.7, 129.2, 145.0, 160.4
(ÿOC6H4CHCHCOFe), 212.0 (CO), 291.3 (ÿOC6H4CHCHCOFe);
{1H}19F NMR (C6D6, 295 K): d�ÿ122.3; {1H}29Si NMR (C6D6, 295 K):
d� 1.3; IR (benzene): nÄ(CO)� 2032, 1985 cmÿ1; C41H42F3FeN3O4Si3Zr
(927.20): calcd C 53.06, H 4.53, N 4.53; C 53.31, H 4.51, N 4.49.

[HC{SiMe2N(2-FC6H4)}3ZrOC8H6C(O)RuCp(CO)2] (14 b): Yield: 35%;
m.p. 51 8C (decomp); 1H NMR (C6D6, 295 K): d�ÿ0.19 (s, HC(SiMe2)3),
0.54 (s, (SiMe2), 4.24 (s,C5H5), 4.87 (d, 3JHH� 12.7 Hz,
ÿOC6H4CHCHCORu), 5.06 (d, 3JHH� 12.7 Hz, ÿOC6H4CHCHCORu),
6.11 ± 7.18 (m, 2-FC6H4 and ÿOC6H4CHCHCOFe); {1H}13C NMR (C6D6,
295 K): d� 4.2 (SiMe2), 6.2 (HC(SiMe2)3), 89.7 (s, C5H5), 115.1 (d, 2JFC�
22.1 Hz, C3, 2-FC6H4), 120.4 (C4, 2-FC6H4), 124.7 (C5, 2-FC6H4), 126.7 (C6,
2-FC6H4), 142.3 (d, 2JFC� 13.1 Hz, C1, 2-FC6H4), 158.6 (d, 1JFC� 234.2 Hz,
C2, 2-FC6H4), 117.0, 118.9, 121.2, 125.4, 128.8, 129.2, 145.3, 160.5
(ÿOC6H4CHCHCOFe), 214.1 (CO), 271.6 (ÿOC6H4CHCHCOFe);
{1H}19F NMR (C6D6, 295 K): d�ÿ122.6; {1H}29Si NMR (C6D6, 295 K):
d� 1.1; IR (benzene): nÄ � 2018, 1963, 1609 cmÿ1; C41H42F3N3O4RuSi3Zr
(972.4): calcd C 50.64, H 4.32, N 4.32; found C 50.42, H 4.21, N 4.13.

[HC{SiMe2N(2-FC6H4)}3ZrOC3H6C(O)FeCp(CO)2] (15 a): Yield: 29%
M.p. 45 8C (decomp); 1H NMR (C6D6, 295 K): d�ÿ0.23 (s, HC(SiMe2)3),
0.57 (s, (SiMe2), 0.95 (m, ÿOCH2CH2CH2COFe), 2.07 (m,
ÿOCH2CH2CH2COFe), 3.48 (q, ÿOCH2CH2CH2COFe), 3.97 (s, C5H5),
6.57 ± 7.20 (m, 2-FC6H4 ); {1H}13C NMR (C6D6, 295 K): d� 4.3 (SiMe2), 6.0
(HC(SiMe2)3), 27.5 (ÿCH2CH2CH2-COFe), 62,8 (ÿOCH2CH2CH2COFe),
70.5 (ÿOCH2CH2CH2COFe), 88.0 (C5H5), 114.8 (d, 2JFC� 22.1 Hz, C3,
2-FC6H4), 119.7 (C4, 2-FC6H4), 124.6 (C5, 2-FC6H4), 126.4 (C6, 2-FC6H4),
142.1 (d, 2JFC� 13.1 Hz, C1, 2-FC6H4), 158.2 (d, 1JFC� 244.0 Hz, C2,

2-FC6H4), 214.4 (CO), 291.5 (ÿOCH2CH2CH2COFe); {1H}19F NMR
(C6D6, 295 K): d�ÿ124.1; {1H}29Si NMR (C6D6, 295 K): d� 0.3; IR
(benzene): nÄ � 2024, 1976, 1600 cmÿ1; C36H42F3FeN3O4Si3Zr (867.17): calcd
C 49.82, H 4.84, N 4.84; found C 50.01, H 4.71, N 4.96.

[HC{SiMe2N(2-FC6H4)}3ZrOC3H6C(O)RuCp(CO)2] (15 b): Yield: 32%;
m.p. 48 8C (decomp); 1H NMR (C6D6, 295 K): d�ÿ0.22 (s, HC(SiMe2)3),
0.55 (s, (SiMe2), 1.02 (m, ÿOCH2CH2CH2COFe), 2.13 (m,
ÿOCH2CH2CH2COFe), 3.49 (q, ÿOCH2CH2CH2COFe), 4.52 (s, C5H5),
6.58 ± 7.17 (m, 2-FC6H4 ); {1H}13C NMR (C6D6, 295 K): d� 4.3 (SiMe2), 6.1
(HC(SiMe2)3), 26.9 (ZrCH2CH2CH2COFe), 62.9 (ZrOCH2CH2CH2COFe),
70.4 (ZrOCH2CH2CH2COFe), 91.2 (C5H5), 114.8 (d, 2JFC� 22.1 Hz, C3,
2-FC6H4), 119.7 (C4, 2-FC6H4), 124.5 (C5, 2-FC6H4), 126.4 (C6, 2-FC6H4),
142.1 (d, 2JFC� 12.1 Hz, C1, 2-FC6H4), 158.2 (d, 1JFC� 244.0 Hz, C2,
2-FC6H4), 214.2 (CO), 272.5 (ÿOCH2CH2CH2COFe); {1H}19F NMR
(C6D6, 295 K): d�ÿ123.8; {1H}29Si NMR (C6D6, 295 K): d� 0.0; IR
(benzene): nÄ � 2021, 1963, 1613 cmÿ1; C36H42F3N3O4RuSi3Zr (912.47): calcd
C 47.31, H 4.60, N 4.60; found C 46.91, H 4.81, N 4.34.

Reaction of [HC{SiMe2N(2,3,4-F3C6H2)}3Zr-FeCp(CO)2] with acetone,
cyclopentanone and cyclohexanone. Spectroscopic characterization of
16 ± 18 : Degassed toluene (10 mL) was added to a mixture of solid
[HC{SiMe2N(2,3,4-F3C6H2)}3ZrCl2Li(OEt2)2] (200 mg, 0.21 mmol) and
K[Fe(CO)2Cp] (45 mg, 0.24 mmol) and the reaction mixture was placed
in an ultrasonic bath for 1 h. The alkali metal chloride precipitate formed
was filtered through a G3 frit and the ketone (0.48 mmol of acetone,
cyclopentanone or cyclohexanone) was added to the clear solution. The
reaction mixture was stirred for 10 min and its volume was reduced in
vacuo to about 3 mL. Layering with pentane (5 mL) and storage at ÿ30 8C
led to the precipitation of the off-white reaction products, all of which
contained small impurities of [Fe2Cp2(CO)4] and could therefore not be
isolated in analytically pure form.

[HC{SiMe2N(2,3,4-F3C6H2)}3Zr(C6H11O2)] (16): 1H NMR (C6D6): d�
ÿ0.31 (s, 1H, HC(SiMe2)3), 0.41 (s, 18H, SiMe2), 0.43 (s, 6H, OÿCMe2),
1.10 (s, 3H, O�C(CH3)), 1.42 (s, 2H, O�CCH2), 6.3 ± 6.6 (m, 6H, 2,3,4-
F3C6H2); {1H}13C NMR (C6D6) d� 5.7 (HC(SiMe2)3), 4.6 (SiMe2), 29.9
(OÿCMe2), 32.7 (O�C(CH3)), 52.3 (O�CCH2), 75.4 (Zr-O-C), 111.0 (d,
2JFC� 18.8 Hz, C5, 2,3,4-F3C6H2), 119.0 (d, 3JFC� 5.28 Hz, C6, 2,3,4-F3C6H2),
138.7 (d, 3JFC� 7.14 Hz, C1, 2,3,4-F3C6H2), 141. (dd, 1JFC� 229.5 Hz, C3,
2,3,4-F3C6H2), 145.6 (dd, 1JFC� 243.3 Hz, C4, 2,3,4-F3C6H2), 146.7 (ddd,
1JFC� 247.2 Hz, C2, 2,3,4-F3C6H2), 225.3 (Zr-O�C); {1H}29Si NMR (C6D6):
d� 1.7 (SiMe2); {1H}19F NMR (C6D6): d�ÿ161.5 (t, JFF� 22.6 Hz, F3),
ÿ146.1 (d, JFF� 22.6 Hz, F4), ÿ145.5 (d, JFF� 22.6 Hz, F2).

[HC{SiMe2N(2,3,4-F3C6H2)}3Zr(C10H15O2)] (17): 1H NMR (C6D6): d�
ÿ0.32 (s, 1H, HC(SiMe2)3), 0.36, 0.46 (s, 18H, SiMe2), 0.3 ± 2.2 (m, 15H,
OC(C4H7)CO(C4H8)), 6.3 ± 6.6 (m, 6 H, 2,3,4-F3C6H2); {1H}13C NMR
(C6D6): d� 5.7 (HC(SiMe2)3), 3.6, 4.6 (SiMe2), 20.3, 20.1, 23.9, 25.7
(C7'±10'), 34.1 (C3'), 40.1 (C4'), 40.4 (C2'), 52.3 (O�CCH2), 88.5 (Zr-O-C),
110.1 (dd, 2JFC� 7.5 Hz, C5, 2,3,4-F3C6H2), 119.1 (d, 3JFC� 5.6 Hz, C6, 2,3,4-
F3C6H2), 138.5 (d, 3JFC� 9.8 Hz, C1, 2,3,4-F3C6H2), 140.9 (dd, 1JFC�
225.3 Hz, 2JFC� 9.8 Hz, C3, 2,3,4-F3C6H2), 145.7 (dd, 1JFC� 225.3 Hz,
2JFC� 9.8, C4, 2,3,4-F3C6H2), 146.3 (ddd, 1JFC� 237.0, 2JFC� 9.8 Hz, C2,
2,3,4-F3C6H2), 236.3 (Zr-O�C1'); {1H}29Si NMR (C6D6): d�ÿ11.7 (SiMe2);
{1H}19F NMR (C6D6): d�ÿ161.7 (t, JFF� 22.6, F3), ÿ146.4 (d, JFF� 22.6,
F4), ÿ146.0 (d, JFF� 22.6, F2).

[HC{SiMe2N(2,3,4-F3C6H2)}3Zr(C12H19O2)] (18): 1H NMR (C6D6): d�
ÿ0.28 (s, 1H, HC(SiMe2)3), 0.36, 0.45 (s, 18H, SiMe2), 0.3, 1.6 (m, 19H,
OC(C5H9)CO(C5H10)), 6.3 ± 6.6 (m, 6H, 2,3,4-F3C6H2); {1H}13C NMR
(C6D6): d� 5.6 (HC(SiMe2)3), 3.5, 4.3 (SiMe2), 20.6, 21.2, 21.7, 24.6
(C4',8'±12'), 32.7 (C3'), 37.3 (C5'), 40.7 (C2'), 59.9 (C6'), 81.1 (Zr-O-C7'), 111.0
(dd, 2JFC� 17.1 Hz, C5, 2,3,4-F3C6H2), 119.4 (d, 3JFC� 4.5 Hz, C6, 2,3,4-
F3C6H2), 138.7 (d, 3JFC� 12.6 Hz, C1, 2,3,4-F3C6H2), 141.0 (dd, 1JFC�
240.6 Hz, 2JFC� 8.5, C3, 2,3,4-F3C6H2), 146.7 (dd, 1JFC� 240.6 Hz, 2JFC�
8.6 Hz, C4, 2,3,4-F3C6H2), 146.5 (ddd, 1JFC� 236.0 Hz, 2JFC� 8.4, C2, 2,3,4-
F3C6H2), 231.2 (Zr-O�C); {1H}29Si NMR (C6D6): d� 1.9 (SiMe2); {1H}19F
NMR (C6D6): d�ÿ161.3 (t, JFF� 22.6 Hz, F3), ÿ146.2 (d, JFF� 22.6 Hz,
F4), ÿ145.3 (d, JFF� 22.6 Hz, F2).

Preparation of [HC{Si(CH3)2N(2,3,4-F3C6H2)}3Zr(m-O2C)Fe(CO)-
{C3Ph2}Cp] (19): Degassed benzene (20 mL) was added to a mixture of
solid [HC{SiMe2N(2,3,4-F3C6H2)}3ZrCl2Li(OEt2)2] (810 mg, 0.86 mmol)
and K[Fe(CO)2Cp] (190 mg, 0.86 mmol) and the reaction mixture was
treated in an ultrasonic bath for 1.5 h. The salts formed in the reaction were
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separated by centrifugation and the solvent of the centrifugate was
removed in vacuo. The residue was redissolved in toluene (3 mL) and 2,3-
diphenylcyclopropenone (180 mg) was added. This solution was stored at
ÿ80 8C for several days to yield 19 as a crystalline yellow solid. (Yield:
420 mg� 45 %). 1H NMR (C6D6): d�ÿ0.39 (s, 1 H, HC(SiMe2)3), 0.29, 0.35
(s, 18H, SiMe2), 4.51 (s, 5 H, C5H5), 6.28 ± 7.97 (m, 16 H, C6H2F3 and C6H5);
{1H}13C NMR (C6D6): d� 2.8 (s, HC(SiCH3)2), 4.0, 4.5 (s, SiMe2), 86.2 (s,
C5H5), 110.7 (dd, 2JFC� 11 Hz, 3JCF� 1 Hz, C6H2F3), 118.4 (dd, 2JCF� 5 Hz,
3JCF� 1 Hz, C6H2F3), 124.5 (s, C4', C6H5), 129.4 (C3*,5*, C6H5), 131.9 (s,
C2*,6*, C6H5), 133.4 (s, C2',6', C6H5), 135.4 (s, C1', C6H5), 136.6 (dd, JCF�
11 Hz, JCF� 5 Hz, C1', C6H2F3), 140.6 (dt, 1JFC� 249 Hz, 2JFC� 15 Hz, C3',
C6H2F3), 145.7 (dd, 1JFC� 233 Hz, 2JFC� 8 Hz, C2', C6H2F3N), 146.5 (dd,
1JFC� 241 Hz, 2JFC� 8 Hz, C2', C6H2F3N), 179.5 (s, C2�C2) 219.3 (s, CO),
224.1 (s, CO2), 259.0 (s, Fe�C1); {1H}17O NMR (C6D6, 27.1 MHz): d� 364.7
(br, Dn1/2� 50 Hz); {1H}19F NMR (C6D6, 183.3 MHz): d�ÿ160.5 (t, 3JFF�
22.1 Hz, F3), ÿ145.2 (d, 3JFF� 21.8 Hz, F2), ÿ144.7 (d, 3JFF� 21.8 Hz, F4);
{1H}29Si NMR (C6D6, 39.8 MHz): d� 0.3 (s, SiMe2); IR (benzene):
nÄ(CO)� 1953 cmÿ1; C47H40N3O3F9Si3FeZr (1097.17): calcd C 51.45, H 3.67,
N 3.83; C 51.78, H 3.81, N 3.54.

Synthesis of 17O-enriched 2,3-diphenylcyclopropenone : Solid 1,1-dichloro-
2,3-diphenylcyclopropene (0.9 g, 3.46 mmol) was treated with H2

17O
(100 mg, 35 % enriched) at ÿ78 8C and the mixture was subsequently
warmed to ambient temperature. The HCl which evolved was removed in
vacuo from time to time during this period. After stirring the mixture over
night and removal of the volatile components in vacuo, the residual
moisture adherent to the remaining solid was removed by azeotropic
distillation with C6H6. The 17O-enrichment in the white solid product (yield
quantitative) was determined by mass spectroscopy to be about 30%.
NMR spectroscopic data: 1H NMR (CDCl3): d� 7.49 ± 7.97 (m, 10H,
C6H5); {1H}13C NMR (CDCl3): d� 122.9 (s, C1', C6H5), 129.6 (s, C4', C6H5),
132.3 (s, C3',5', C6H5), 133.8 (s, C2',6', C6H5), 146.7 (s, C2,3), 156.4 (s, C1�O);
{1H}17O NMR (CDCl3, 27.1 MHz): d� 224 (br, Dn1/2� 590 Hz).

Synthesis of [N(nBu4)4][CpM{C(O)C(Ph)C(Ph)C(O)}CO] (M�Fe: 20a,
Ru: 20b): Pre-cooled THF (20 mL, ÿ100 8C) was added to a mixture of
solid K[MCp(CO)2] (2.78 mmol), 2,3-diphenylcyclopropenone (0.58 g,
2.78 mmol) and (n-Bu)4NBr (0.90 g, 2.78 mmol). The resulting dark brown
solution was slowly warmed to ambient temperature and then decanted
from the undissolved potassium salts. Storage at ÿ30 8C for several days
yielded large, red-orange crystals which were isolated after washing with
cold pentane (3 mL) and drying in vacuo. The crystals employed in the
diffraction study were obtained directly from the reaction mixture.

[N(nBu4)4][CpFe{C(O)C(Ph)C(Ph)C(O)}CO] (20 a): Yield: 1.18 g (67 %);
m.p. 36 8C (decomp); 1H NMR ([D8]THF): d�ÿ0.96 ÿ1.77 (m, 28 H, n-
(C4H9)4N), 3.20 (br, 8H, n-(C4H9)4N), 4.34 (s, 5 H, C5H5), 6.90 ± 6.99 (m,
10H, C6H5); {1H}13C NMR ([D8]THF): d� 15.7, 20.6, 25.4, 50.0 (n-
(C4H9)4N), 86.0 (s, C5H5), 126.0, 127.3, 131.0, 137.9 (C6H5), 166.1 (s, C�C)
224.7 (s, CO), 276.0 (s, FeCOC(Ph)C(Ph)CO); IR (THF): nÄ(CO)�
1883 cmÿ1; C38H51NO3Fe (625.67): calcd C 72.95, H 8.22, N 2.24; found C
72.45, H 7.53, N 1.99.

[N(nBu4)4][CpRu{C(O)C(Ph)C(Ph)C(O)}CO] (20 b): Yield: 1.34 g
(72 %),; m.p. 43 8C (decomp); 1H NMR ([D8]THF): d�ÿ0.95 ÿ1.75 (m,
28H, n-(C4H9)4N), 3.17 (br, 8H, n-(C4H9)4N), 5.04 (s, 5H, C5H5), 6.96 ± 7.11
(m, 10 H, C6H5); {1H}13C NMR ([D8]THF): d� 15.8, 20.6, 25.6, 50.2 (n-
(C4H9)4N), 86.5 (s, C5H5), 124.9, 125.9, 128.9, 135.6 (C6H5), 166.7 (s, C�C)
208.5 (s, CO), 260.1 (s, RuCOC(Ph)C(Ph)CO); IR (THF): nÄ(CO)�
1896 cmÿ1; C38H51NO3Ru (670.90): calcd C 68.03, H 7.66, N 2.09; found C
67.89, H 7.37, N 1.98.

Preparation of [HC{SiMe2N(2,3,4-F3C6H2)}3Zr(m-O2C)FeCp(CO)(py)] (21):
Toluene (10 mL) was added to a mixture of solid 2 b (200 mg, 0.21 mmol)
and K[Ru(CO)2Cp] (57 mg, 0.22 mmol) and the reaction mixture was
placed in an ultrasound bath for 1 h. The reaction mixture obtained was
filtered and one equivalent of pyridine N-oxide was added to the clear
yellow solution; this was cooled at ÿ20 8C, which resulted in an immediate
deepening of the colour to orange-red. The NMR spectra of the solution
indicated the complete conversion of the starting material to the reaction
product as well as the presence of a small quantity of [Fe2Cp2(CO)4]. Upon
concentration in vacuo to about 3 mL and storage at ÿ30 8C for several
days, the reaction products precipitated as an orange-red powder along
with dark red crystals of [Fe2Cp2(CO)4]. 1H NMR (C6D6, 295 K): d�ÿ0.17
(s, HC(SiMe2)), 0.47, 0.54 (s, SiMe2), 3.81 (s, C5H5), 6.25 ± 7.00 (m, C6H2F3

and C5H5N), 8.17 (d, JHH� 5.3 Hz, H2 und H6; C5H5N); {1H}13C NMR
(C6D6, 295 K): d� 2.4 (s, HC(SiCH3)2), 4.3, 4.7 (s, SiMe2) 83.8 (s, C5H5),
109.8 (d, JFC� 12 Hz, C6H2F3N), 119.3 (d, 2JFC� 8 Hz, C6', C6H2F3N), 122.8
(s, C2,4 C5H5N), 135.5 (s, C4, C5H5N), 139.8 (d, 2JFC� 12 Hz, C1', C6H2F3N),
141.3 (dt, 1JFC� 235 Hz, 2JFC� 12 Hz, C3', C6H2F3N), 144.9 (dd, 1JFC�
236 Hz, 2JFC� 8 Hz, C2', C6H2F3N), 146.3 (dd, 1JFC� 241 Hz, 2JFC� 8 Hz,
C4', C6H2F3N), 158.5 (s, C1,5, C5H5N), 221.7 (CO), 250.1 (CO2); {1H}19F NMR
(C6D6, 295 K): d�ÿ161.7 (t, 3JFF� 23 Hz, F3), ÿ146.2 (d, 3JFF� 21 Hz, F4),
ÿ140.8 (d, 3JFF� 21 Hz, F2).

General procedure for the preparation of [HC{SiMe2N(R)}3Zr(m-O2C)-
RuCp(CO)-{S(R''Me)}] (22, 23) (R� 2-FC6H4 or 2,3,4-FC6H2; R''�Me or
Ph): Benzene (10 mL) was added to a solution of 2 a or 2b (0.6 mmol) and
K[Ru(CO)2Cp] (156 mg, 0.6 mmol) and the reaction mixture was placed in
an ultrasound bath for 1 h. The reaction mixture obtained was filtered and
one equivalent of the sulfoxide was added to the clear yellow solution
which resulted in an immediate deepening of the colour to orange-yellow.
The NMR spectra of the solution indicated a complete and selective
conversion of the starting material to the respective products. Upon
concentration in vacuo to about 4 mL and storage at ÿ30 8C for several
days, small amounts of the reaction products precipitated as orange-yellow
powders. The low isolated yields are due to the high solubility of the
reaction products as well as slow decomposition in solution even at low
temperature.

[HC{SiMe2N(2-FC6H4)}3Zr(m-O2C)RuCp(CO){S(Me)2}] (22a): Yield: 24%;
m.p. 54 8C (decomp); 1H NMR (C6D6, 295 K): d�ÿ0.21 (s, HC(SiMe2)3),
0.48, 0.54 (s, SiMe2), 1.73 (br s, (CH3)2S), 4.37 (s, C5H5), 6.61 ± 6.96 (m,
2-FC6H4); {1H}13C NMR (C6D6, 295 K): d� 2.4 (HC(SiMe2)3), 4.1, 4.4
(SiMe2), 27.4 (br s, (CH3)2S), 86.4 (s, C5H5), 114.9 (d, 2JFC� 23.1 Hz, C3,
2-FC6H4), 121.0, 124.4, 126.4 (C4±6, 2-FC6H4), 139.9 (d, 2JFC� 13.5 Hz, C1,
2-FC6H4), 158.2 (d, 1JFC� 237.2 Hz, C2, 2-FC6H4), 204.3 (CO), 237.2 (CO2);
{1H}19F NMR (C6D6, 295 K): d�ÿ122.7; IR (toluene): nÄ(CO)� 1922 cmÿ1;
C34H42F3N3O3RuSSi3Zr (905.03): calcd C 45.08, H 4.68, N 4.64, S 3.53;
found C 45.34, H 4.98, N 4.23, S 3.87.

[HC{SiMe2N(2-FC6H4)}3Zr(m-O2C)RuCp(CO){S(Me)Ph}] (22 b): Yield:
19%; 1H NMR ([D8]toluene, 295 K): d�ÿ0.15 (s, 1H, HC(SiMe2)3),
0.50, 0.54 (s, 18H, SiMe2), 2.19 (s, 3H, CH3SC6H5), 4.30 (s; 5H, C5H5),
6.54 ± 7.26 (m, 16H, C6H4F und C6H5SMe).{1H}13C NMR ([D8]toluene,
295 K): d� 2.4 (s, HC(SiCH3)2), 4.2, 4.4 (s, SiMe2), 30.1 (s, H3CSC6H5), 86.9
(s, C5H5), 115.1 (d, 2JFC� 22 Hz, C3', C6H4FN), 121.0 (br, C4' C6H4FN), 124.2
(C5', C6H4FN), 127.3 (C6', C6H4FN), 128.7 (CH3SC6H5), 129.6 (CH3SC6H5),
137.4 (CH3SC6H5), 140.4 (d, 2JFC� 13 Hz, C1', C6H4FN), 140.9 (CH3SC6H5),
158.2 (d, 1JFC� 237 Hz, C2', C6H4FN), 204.5 (s, CO), 238.5 (CO2); {1H}19F
NMR (d8-Toluol, 376.4 MHz): d�ÿ120.0 (s, F2); {1H}29Si NMR ([D8]tol-
uene, 295 K): d� 0.4 (s, SiCH3); IR (toluene): nÄ(CO)� 1940 cmÿ1;
C39H44F3N3O3RuSSi3Zr (968.41): calcd C 48.37, H 4.58, N 4.34; found C
47.77, H 4.43, N 4.19.

[HC{SiMe2N(2,3,4-F3C6H2)}3Zr(m-O2C)RuCp(CO){S(Me)2}] (23 a): Yield:
35%; 1H NMR (C6D6, 295 K): d�ÿ0.25 (s, HC(SiMe2)3), 0.39, 0.52 (s,
SiMe2), 1.60 (s, (CH3)2SO), 1.73 (s, (CH3)2S) 4.43 (s, C5H5), 6.40 ± 7.0 (m,
2,3,4-F3C6H2); {1H}13C NMR (C6D6, 295 K): d� 5.17 (s, HC(SiMe2)3),
3.96 ± 4.73 (s SiMe2), 26.5 ± 30.0 (S(Me)2), 86.63 (s, C5H5), 206.23 (CO),
228.82 (CO2), 109.63 (dd, 2JFC� 16.77 Hz, 3JFC� 2.6 Hz, C5, 2,3,4-F3C6H2),
122.27 (d, 3JFC� 2.6 Hz, C6, 2,3,4-F3C6H2), 139.61 (dd, 2JFC� 152.03 Hz,
3JFC� 3.0 Hz, C1, 2,3,4-F3C6H2), 140.94 (dt, 1JFC� 247.6 Hz, 2JFC� 16.04 Hz,
C3, 2,3,4-F3C6H2), 146.0 (dd, 1JFC� 240.6 Hz, 2JFC� 10.02 Hz, C4, 2,3,4-
F3C6H2), 146.97 (ddd, 2JFC� 8 Hz, 3JFC� 4 Hz, C2, 2,3,4-F3C6H2); {1H}19F
NMR (C6D6, 295 K): d�ÿ161.87 (t, JFF� 22.7, F3), ÿ146.0 (d, JFF� 22.7,
F4), ÿ140.77 (d, JFF� 22.4 Hz, F2), 202.0 (br, CO), 239.0 (br, CO2); {1H}29Si
NMR (C6D6, 295 K): d� 1.07; IR (toluene): nÄ(CO)� 1930s, cmÿ1;
C34H36F9N3O3RuSSi3Zr (1014.28): calcd C 40.26, H 3.58, N 4.14; found C
40.54, H 3.32, N 4.03.

[HC{SiMe2N(2,3,4-F3C6H2)}3Zr(m-O2C)RuCp(CO){S(Me)Ph}] (23 b):
Yield: 29%; 1H NMR (C6D6, 295 K): d�ÿ0.19 (s, 1 H, HC(SiMe2)3),
0.44ÿ 0.50 (br, 18 H, SiMe2), 2.02 (s, 3H, CH3SC6H5), 4.38 (s, 5H, C5H5),
6.41 ± 7.33 (m, 11 H, C6H2F3 und C6H5SMe); {1H}13C NMR (C6D6, 295 K):
d� 2.4 (s, HC(SiMe2)3), 4.3 (s, SiMe2), 30.2 (s, CH3SC6H5), 87.3 (s, C5H5),
110.3 (d, 2JCF� 17 Hz, C1', C6H2F3), 125.0 (s, C6H5SCH3), 126.9 (s,
C6H5SCH3), 129.2 (s, C6H5SCH3), 129.5 (s, C6H5SCH3), 132.6 (br, C6',
C6H2F3), 138.1 (br, C5', C6H2F3), 140.9 (dt, 1JCF� 250 Hz, 2JCF� 14 Hz, C3',
C6H2F3), 146.1 (dd, 1JCF� 241 Hz, 2JCF� 11 Hz, C2', C6H2F3), 146.7 (d,
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1JCF� 246 Hz, C4', C6H2F3), 203.3 (br, CO), 237.8 (br, CO2); {1H}17O NMR
(C6D6, 295 K): d� 343.2 (br, Dn1/2� 50 Hz); {1H}29Si NMR (C6D6, 295 K):
d� 0.8 (s, SiMe2); IR (benzene): nÄ(CO)� 1948 cmÿ1; C39H38F9N3O3RuS-
Si3Zr (1076.35): calcd C 43.52, H 3.56, N 3.90; found C 42.89, H 3.53, N 4.02.

General Procedure for the preparation of [HC{SiMe2N(R)}3{OS(Me)R''}-
Zr(m-O2C)RuCp(CO){S(Me)R''}] (24, 25) (R� 2-FC6H4 or 2,3,4-FC6H2;
R''�Me or Ph): Benzene (15 mL) was added to a solution of 2a or 2b
(0.6 mmol) and K[Ru(CO)2Cp] (1.56 mg, 0.6 mmol), and the reaction
mixture was placed in an ultrasound bath for 1 h. The reaction mixture was
subsequently centrifuged and two equivalents of the sulfoxide were added
to the centrifugate. The NMR spectra of the solution indicated a complete
and selective conversion of the starting material to the respective products.
Upon concentration in vacuo to about 4 mL and storage at ÿ30 8C for
several days, small amounts of the reaction products precipitated as orange-
yellow microcrystalline solids. The low isolated yields are due to the high
solubility of the reaction products as well as slow decomposition in solution
even at low temperature.

[HC{SiMe2N(2-FC6H4)}3{OS(Me)2}Zr(m-O2C)RuCp(CO){S(Me)2}] (24 a):
Yield: 41 %; 1H NMR (C6D6, 295 K): d�ÿ0.12 (s, HC(SiMe2)3), 0.51 ± 0.66
(s, SiMe2), 1.51 (s, (CH3)2SO), 1.89 (s, (CH3)2S), 4.44 (s, C5H5), 6.40 ± 7.47
(m, 2-FC6H4); {1H}13C NMR (C6D6, 295 K): d� 2.50 (s, HC(SiMe2)3), 4.33 ±
5.06 (s SiMe2), 28.09 (S(Me)2), 37.56 (OS(Me)2), 86.70 (s, C5H5), 207.07
(CO), 227.07 (CO2), 115.20 (d, 2JFC� 12.88 Hz, C3, 2-FC6H4), 120.89, 123.59,
130.04 (C4±6, 2-FC6H4), 142.73 (d, 2JFC� 14.09 Hz, C1, 2-FC6H4), 158.34 (d,
1JFC� 240.67 Hz, C2, 2-FC6H4); {1H}19F NMR (C6D6, 295 K): d�ÿ119.86
(2-FC6H4); IR (toluene): nÄ(CO)� 1944 cmÿ1; C36H48F3N3O4RuS2Si3Zr
(984.47): calcd C 43.92, H 4.91, N 4.27; found C 43.68, H 4.63, N 3.97.

[HC{SiMe2N(2-FC6H4)}3{OS(Me)Ph}Zr(m-O2C)RuCp(CO){S(Me)Ph}]
(24 b): Yield: 37%; 1H NMR (C6D6, 295 K): d�ÿ0.08 (s, 1 H,
HC(SiMe2)3), 0.55, 0.63 (s, 18 H, SiMe2), 1.98 (s, 3 H, CH3SOC6H5), 2.42
(s, 3H, CH3SC6H5), 4.36 (s, 5 H, C5H5), 6.41 ± 7.36 (m, 22 H, C6H2F3,
C6H5SMe and C6H5SOCH3); {1H}13C NMR (C6D6, 295 K): d� 2.4 (s,
HC(SiCH3)2), 4.4, 4.7 (s, SiMe2), 30.2 (s, H3CSC6H5), 42.5 (br, H3CSOC6H5),
87.1 (s, C5H5), 115.3 (d, 2JFC� 22 Hz, C3, C6H4FN), 124.0 (s, CH3SC6H5),
129.5 (s, CH3SOC6H5), 130.2 (s, CH3SOC6H5), 130.8 (s, CH3SOC6H5), 141.8
(s, CH3SC6H5), 142.0 (s, CH3SC6H5), 142.1 (s, CH3SC6H5), 158.2 (d, 1JFC�
242 Hz, C2, C6H4FN), 206.5 (s, CO), 227.0 (s, CO2); {1H}19F NMR
([D8]toluene, 295 K): d�ÿ117.9 (s, F2); {1H}29Si NMR ([D8]toluene,
295 K): d� 0.3 (s, SiCH3); IR (toluene): nÄ(CO)� 1961 cmÿ1;
C46H52F3N3O4RuS2Si3Zr (1108.61): calcd C 49.84, H 4.73, N 3.79; found C
49.48, H 4.59, N 3.66.

[HC{SiMe2N(2,3,4-F3C6H2)}3{OS(Me)2}Zr(m-O2C)RuCp(CO){S(Me)2}]
(25 a): Yield: 42 %; 1H NMR (C6D6, 295 K): d�ÿ0.30 (s, HC(SiMe2)3),
0.38 (s, SiMe2), 1.60 (s, (CH3)2S), 4.37 (s, C5H5), 6.40 ± 6.60 (m, 2,3,4-
F3C6H2); {1H}13C NMR (C6D6, 295 K): d� 4.76 (s, HC(SiMe2)3), 4.20 (s
SiMe2), 28.0 (S(Me)2), 86.65 (s, C5H5), 200.08 (CO), 235.35 (CO2), 110.48 (d,
2JFC� 16.34 Hz, C5, 2,3,4-F3C6H2), 120.39 (C6, 2,3,4-F3C6H2), 138.10 (d,
2JFC� 15.0 Hz, C1, 2,3,4-F3C6H2), 140.89 (dt, 1JFC� 248.63 Hz, 2JFC�
16.10 Hz, C3, 2,3,4-F3C6H2), 146.16 (dd, 1JFC� 241.8 Hz, 2JFC� 9.8 Hz, C4,
2,3,4-F3C6H2), 146.78 (dd, 1JFC� 241.8 Hz, 2JFC� 7.84 Hz, C2, 2,3,4-F3C6H2);
{1H}19F NMR (C6D6, 295 K): d�ÿ161.32 (t, JFF� 22.4 Hz, F3), ÿ146.13 (d,
JFF� 22.6 Hz, F4), ÿ145.75 (d, JFF� 22.2 Hz, F2); {1H}29Si NMR (C6D6,
295 K): d�ÿ10.66; IR (toluene): nÄ(CO)� 1930 cmÿ1; C36H42F9N3O4RuS2-
Si3Zr (1092.42): calcd C 39.58, H 3.88, N 3.85; found C 39.78, H 3.67, N 3.94.

[HC{SiMe2N(2,3,4-F3C6H2)}3{OS(Me)Ph}Zr(m-O2C)RuCp(CO){S(Me)Ph}]
(25 b): Yield: 31%; 1H NMR (C6D6, 295 K): d�ÿ0.22 (s, 1 H,
HC(SiMe2)3), 0.49, 0.52 (s, 18 H, SiMe2), 1.89 (s, 3 H, CH3SOC6H5), 2.38
(s, 3H, CH3SC6H5), 4.34 (s, 5 H, C5H5), 6.41 ± 7.36 (m, 16 H, C6H2F3,
C6H5SMe and C6H5SOCH3); {1H}13C NMR (C6D6, 295 K): d� 2.4 (s,
HC(SiCH3)2), 4.5, 4.7 (s, SiMe2), 30.1 (s, H3CSC6H5), 41.1 (br, H3CSOC6H5),
87.7 (s, C5H5), 110.0 (dd, 2JCF� 17 Hz, 3JCF� 4 Hz, C1', C6H2F3), 122.6 (d,
3JCF� 5 Hz, C6', C6H2F3), 124.3 (s, C6H5SOCH3/C6H5SCH3), 125.3 (s,
C6H5SOCH3/C6H5SCH3), 127.1 (s, C6H5SOCH3/C6H5SCH3), 129.3 (s,
C6H5SOCH3/C6H5SCH3), 129.6 (s, C6H5SOCH3/C6H5SCH3), 129.9 (s,
C6H5SOCH3/C6H5SCH3), 131.8 (s, C6H5SOCH3/C6H5SCH3), 139.4 (dd,
2JFC� 12 Hz, 3JFC� 4 Hz, C5', C6H2F3), 141.2 (dt, 1JFC� 247 Hz, 2JFC�
17 Hz, C3', C6H2F3), 141.4 (s, C6H5SOCH3/C6H5SCH3), 146.3 (dd, 1JFC�
232 Hz, 2JFC� 8 Hz, C2', C6H2F3), 147.1 (ddd, 1JFC� 243 Hz, 2JFC� 8 Hz,
3JCF� 4 Hz, C4', C6H2F3), 206.3 (s, CO), 228.7 (s, CO2); {1H}17O NMR (C6D6,
27.1 MHz): d� 2.0 (br, Dn1/2� 300 Hz), 343.2 (br, Dn1/2� 50 Hz); {1H}19F

NMR (C6D6, 376.4 MHz): d�ÿ161.2 (t, 3JFF� 22 Hz, F3), ÿ145.8 (d,
3JFF� 21 Hz, F4), ÿ140.9 (d, 3JFF� 22 Hz, F2); {1H}29Si NMR (C6D6,
79.5 MHz): d� 0.8 (s, SiCH3); IR (benzene): nÄ(CO)� 1942 cmÿ1;
C46H46F9N3O4RuS2Si3Zr (1216.56): calcd C 45.42, H 3.81, N 3.45; found C
45.28, H 3.97, N 3.24.

Synthesis of 17O-enriched methylphenylsulfoxide : Thioanisol (0.94 g,
7.757 mmol) was dissolved in dichloromethane (2 mL) and pyridine
(0.5 mL). A mixture of H2

17O (0.15 mL, 35% enriched) and pyridine
(0.5 mL) were added to the stirred solution followed by bromine (1.33 g,
8.32 mmol). After having stirred for 1 h the solvents were removed in vacuo
and the residue was extracted with benzene (4� 15 mL). The benzene
extracts were combined and the solvent evaporated in vacuo. The residue
was then redissolved in diethyl ether (1 mL) and the sulfoxide xas
precipitated by addition of pentane (10 mL) to this solution. After
decanting, the crude 17O-enriched sulfoxide was purified by Kugelrohr
distillation. Yield 0.20 g (1.42 mmol, 19%). The simulation of the EI mass
spectrum of the material established an 17O-enrichment of about 30%;
1H NMR (CDCl3): d� 2.68 (s, 3H, CH3), 7.46 ± 7.63 (m, 5H, C6H5);
{1H}13C NMR (CDCl3): d� 43.9 (s, CH3), 123.5 (s, C2,6, C6H5), 129.3 (s, C3,5,
C6H5), 131.0 (s, C4, C6H5), 145.7 (s, C1, C6H5); {1H}17O NMR (CDCl3): d�
0.1 (br, Dn1/2� 270 Hz).

X-ray crystallographic studies of 2 b, 9 a, 12 and 20a.

Data collection for 2b, 9a, 12 and 20a : Crystals of 2 b, 9 a, 12 and 20 a were
mounted on quartz fibres in Lindemann capillaries under argon and in an
inert oil. X-ray intensity data were collected with graphite-monochromated
radiation on four-circle diffractometers (Siemens P4 for 2b and 9a, Phillips
PW1100 for 12, Enraf-Nonius CAD-4 for 20 a). Details of data collection,
refinement and crystal data are listed in Table 3. Lorentz polarisation and
absorption corrections were applied to the data of all the compounds.

Structure solution and refinement for 2b, 9a, 12 and 20a : For compounds
2b, 9a, and 20a the positions of most of the non-hydrogen atoms were
located by direct methods and for 12 the metal atoms were located from a
Patterson synthesis; for all structures the remaining non-hydrogen atoms
were revealed from subsequent difference-Fourier sytheses. All the
structures showed some disorder, which accounts for the relatively poor
diffraction at high angle. In 2 b, two conformations of the ethyl groups of
the two Et2O ligands were disordered throughout the crystal; each carbon
atom was resolved into two components of 0.5 site occupancy. In both
insertion products 9a and 12, marked anisotropy of the displacement
parameters of the phenyl carbon atoms provided evidence of some
unresolved disorder; in 9 a two pairs of maxima of electron density at
bonding distance from the ortho-carbon atoms C(12), C(16) and C(22),
C(26) were each interpreted as F-atoms of site of occupancies 0.90:0.10
corresponding to orientations of the phenyl rings, related by a rotation of
1808. A similar situation arose for the fluorine atoms F(1) and F(2) of 12 ;
here the two components for each atom were assigned site occupancies of
0.75:0.25 for F(1) and 0.5:0.5 for F(2). A second disorder was observed in
the structure of 12 ; two maxima were identified for each atom of the SiMe2

groups corresponding to a random distribution of two molecules with
opposite ªtwistº of the tripod framework in equivalent sites throughout the
crystal; the component silicon and carbon atoms were assigned site
occupancies of 0.75 and and 0.25, and the carbon atoms of the minor
component were not refined. The extensive disorder in this structure results
in relatively high esd�s for the metric parameters, but the overall structure
of this new insertion product is well established. In compound 20a two
conformations of the [N(nBu)4]� cation were randomly distributed
throughout the crystal; each carbon atom of the n-butyl groups of this
counterion was resolved into two components of site occupancies 0.667 and
0.333. For the structure of 12 refinement was based on F[36a] and for the
three other structures refinement was based on F 2.[36b] Phenyl rings were
constrained to idealised geometry (CÿH� 1.390 �). The hydrogen atoms
of the cyclopentadienyl rings in 9 a, 12, and 20a and of the phenyl rings in
20a were directly located from Fourier difference syntheses and were
included in structure factor calculation, but were not refined. All other
hydrogen atoms (except those of the minor component of the SiMe2

disorder in 12) were placed in calculated positions. Isotropic displacement
parameters were assigned to all hydrogen atoms, with a fixed at a value of
0.12 �2 in 12, and in the other three structures set equal to 1.2 Ueq of the
parent carbon atoms for the phenyl, cyclopentadienyl and methylene
groups and 1.5 Ueq for the methyl groups. Semi-empirical absorption
corrections[36b] using y-scans were applied to the data of 9 a, 12 and 20a, and
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after initial refinement with isotropic displacement parameters empirical
absorption corrections[37] were applied to the data of 2b. Chemically
equivalent bond lengths within the tripod frameworks of 2 b, 9a, and 12,
and those involving the components of disordered atoms in all structures,
were constrained to be equal within an esd of 0.02 �. All full-occupancy
non-hydrogen atoms (except the carbon atoms of 12), and the atoms of
0.667 occupancy in 20a, were assigned anisotropic displacement parame-
ters in the final cycles of full-matrix least-squares refinement; those of the
benzene solvate in 20a were contrained to be approximately equal.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-135460 2b,
CCDC-135461 9 a, CCDC-135462 12 and CCDC-135463 20a. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).
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