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Anionic transition metal complexes are important organome-
tallic reagents in organic synthesis.1 However, it is only very
recently that the formation of anionic early transition metallocene
complexes of the type [Cp2Zr(R1)(R2)(R3)]- with R1, R2, R3 )
alkyl, alkenyl, alkynyl have been postulated as key intermediates
in a number of reactions.2 Thus, the ate complexA3 has been
spectroscopically identified in a novel class of carbon-carbon
bond-forming reactions. Mechanistic studies have implicated the
anionic cyclic complexesB4 and C5 as intermediates in zir-
conocene-catalyzed carbomagnesiation and hydrogenation reac-
tions while a form such asD6 is claimed to take part in tandem
insertion of metal carbenoids and electrophiles into zirconacycles.

All of these ate complexes appear to be extremely unstable, and
to the best of our knowledge none of them has been isolated in

pure form.7 Herein, we report an unprecedented formal [3+ 2]
cycloaddition reaction8 between a 2-phosphino-1-zirconaindene
(4) and alkyne derivatives leading tostable18-electron zirconate
complexes in which all atoms directly bonded to zirconium are
carbon atoms.9 We also describe the first X-ray crystal structure
of such a complex.
We recently developed the preparation of 2-phosphino-1-

zirconaindenes (3)10 from treatment of zirconabenzyne (1) gener-
ated in situ at 80°C from the corresponding zirconocene complex
[Cp2ZrPh2] and alkynylphosphines2. Addition of methylpropi-
olate (1 equiv) to a solution of4 in toluene at room temperature
gave in 70% isolated yield the stable complex5a as one
regioisomer (see Scheme 1).11 From its elemental analysis and
mass spectrum (m/e ) 592, M+) compound5a appears to have
a correct composition for a formally 1/1 adduct of the two starting
reagents [4‚MeCO2CCH]. The31P NMR spectrum of5adisplays
a singlet at 33.4 ppm. The1H NMR spectrum exhibits (beside
the signals corresponding to the protons of the aromatic rings)
two doublets atδ 6.86 (2JHP ) 40.5 Hz) and 8.27 (3JHP ) 29.6
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Hz) ppm integrating each for one proton; Cp groups and CO2Me
resonances appear as one singlet atδ 6.00 and 3.72 ppm,
respectively. 13C NMR indicates that the carbon atoms coming
from the alkynyl moiety of the starting methylpropiolate are
coupled with the phosphorus atom of the complex: two doublets
are detected at 122.8 (1JCP ) 118.6 Hz) and 222.3 (2JCP ) 51.6
Hz) ppm. The marked deshielded chemical shift observed for
the latter carbon strongly suggests that this carbon is directly
linked to the zirconium atom. All other observed signals are
typical of the zirconaindene framework.10,12 However, since the
spectral characterization did not yield unequivocal assignment of
a structure for5a, X-ray diffraction analysis was performed (see
Figure 1).13 The zirconium atom is coordinated to twoη5-Cp
(Cp ) cyclopentadienyl) ligands and three different sp2-carbon
atoms arranged around the central metal in a pseudo tetrahedral
geometry. All atoms involved in the composition of the metal-

lapolycycle lie in the same plane that bisects the Cp2Zr fragment.
The bond lengths and angles around P(1) are consistent with a
four-coordinate cyclic phosphonium salt.14 The truly outstanding
structural features of5a are (a) the large C(11)-Zr(1)-C(20)
angle value of 140.22 (2)° and (b) the unusual long Zr-C-(sp2)
bond lengths [Zr(1)-C(11) 2.407(2) Å, Zr(1)-C(18) 2.371(2)
Å, Zr(1)-C(20) 2.446(2) Å]. This unprecedented large angle is
due to the necessity of achieving good orbital overlap with the
single acceptor 1a1 orbital available in4 for bonding of a fifth
ligand, as well as the resolving of the steric requirements of the
ligands. The Zr-C-(sp2) bond lengths in5a are halfway from
typical neutral Cp2Zr(IV)-C σ bonds and Zr-C distances in Cp2-
Zr(IV)-olefin π-type interaction.15 The long Zr-C-(sp2) bond
lengths in the complex5a are consistent with the calculations16

which predict that filling of the metal-based LUMO (through the
sp2-carbon atom coming from the acetylenic substrate in this case)
will result in lengthening of the remaining metal-ligand bonds
compared to those in 16-electron Cp2ML2 complexes. This
illustrates the effect of the zirconium atom achieving an 18-
electron configuration which suggests that the metal-ligand
bonding situation in5a is best described as consisting of three
different σ-bonds. The Zr-C(17) and Zr-C(19) distances are
about 0.8 Å (or 32%) longer than the averaged Zr-C(η5-Cp)
distance [Zr-C(η5-Cp) 2.526 (3) Å], this suggests that no
π-interaction is involved between the different atoms of the
metallapolycycle and the metal. Both the carbonyl and methoxy
oxygen atoms of the carboxylic function are turned away from
the zirconium center. Therefore, X-ray data clearly confirm the
zwitterionic character of5a.
Under the same experimental conditions,5bwas formed after

treatment of dimethylacetylene dicarboxylate with4. Zirconate
complex5b displays the same spectroscopic features with those
observed for5a.11
In marked contrast with transient species already postulated

in previous reactions (vide supra), these 18-electron zirconate
complexes are very stable and can be stored under inert
atmosphere over months as powders or weeks in solution.
Extension of this methodology for the preparation of other

stable zirconate species, mechanistic studies on the novel [3+
2] cycloaddition reaction leading to zwitterionic complexes5a,b,
and studies of the chemical properties and reactivity of these
complexes are currently under active investigation.
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Figure 1. CAMERON view of the structure of5a. Selected bond lengths
(Å) and angles (deg): Zr(1)-C(11), 2.407(2); Zr(1)-C(18), 2.371(2);
Zr(1)-C(20), 2.446(2); C(19)-C(20), 1.346(4); P(1)-C(19), 1.760(2);
P(1)-C(18), 1.748(2); C(11)-Zr(1)-C(20) 140.22(2); C(18)-Zr(1)-
C(20) 71.71(8).
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