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Crystal and Molecular Structure of
Tetra(cyclopentadienyl)zirconium

Sir:

The chemistry of cyclopentadienyl derivatives of the early
transition metals has come under close scrutiny over the past
several years. One of the most perplexing problems has con-
cerned the structures of (CsHs)4Zr and (CsHs)4Hf. "H NMR
investigation! revealed only a single sharp resonance down to
—150 °C, but IR spectral studies indicated that the local
symmetry of the metal atom was less than tetrahedral.! Inan
effort to clarify the nature of the zirconium-ring bonding,
Kulishov et al. described the x-ray crystallographically de-
termined structure of (CsHs)4Zr in 1970.2 There were repu-
tedly three rings bound in an 5° fashion, and one held by an '
linkage. Unfortunately, the quality of the work was so low that
no credence could be given to the result.? In addition to the
obvious crystallographic difficulties, questions concerning two
other points were raised. (1) Zirconium and hafnium or-
ganometallic compounds are invariably isostructural,* but
(CsHs)4Zr (space group P2;2,2;)?> was unlike either
(CsHs)sHf (two n°-CsHjs, two n'-CsHs rings in space group
P42,m)5 or (CsHs)4Ti (two °-CsHs, two n!-CsHs rings in
P6,22).% (2) The effective atomic number of zirconium would
be 20 for the reported structure. To avoid this electronic
anomaly Calderon, Cotton, DeBoer, and Takats® proposed that
(CsHs)4Zr contains one n'-CsHs ring, one n°-CsHs ring, and
two rings tilted in such a manner as to contribute 4 electrons
each. To resolve this controversy we have carried out an ac-
curate x-ray crystallographic study of (CsHs)s4Zr, and the
results are given herein. The structure consists of one n'-CsHs
ring, and three n°-CsHs rings which are bonded to the zirco-
nium atom at a much longer distance than that normally found
for a Zr-(n3-CsHs) interaction. The molecule is shown in
Figure 1.

Tetra(cyclopentadienyl)zirconium was prepared by the
reaction of (7°-CsHs),ZrCl, with NaCsHs in diethyl ether.
Crystals suitable for the x-ray diffraction study were grown
by the slow cooling of a toluene solution. A yellow-orange
crystal of the compound was sealed in a thin-walled glass
capillary. The space group is C2/c,” and the lattice parameters
are a = 13.332 (5), b = 9.065 (4), c = 25.684 (6) A; 8 =
103.40 (3)°; and pcaieda = 1.53 g cm™3 for Z = 8. Data collec-
tion® yielded 1461 observed reflections, and the least-squares
refinement produced a final agreement index of R = Z(|F,|
— |Fc|)/Z|F,| = 0.046. Hydrogen atoms were included, and
all nonhydrogen atoms were refined with anisotropic thermal
parameters.

In the three #n°-CsH;s groups the Zr-C bond distances show
significant variations from the mean of 2.58 (3) A.For R1 the
average is 2.56 (3) A and the range is 2.517 (10) to 2.583 (7)
A; for R2,2.59 (2) and 2.562 (6) to 2.619 (7) A,; for R3, 2.60,
and 2.556 (7) t0 2.634 (8) A. R2 and R3 are planar to within
0.008 A, but R1 (because of the carbon atom involved in the
Zr-C length of 2.517 (10) A) is only planar to 0.04 A. The
spread of Zr-C bond distances is large, but a similar range is
often seen in complexes with bulky cyclopentadienyl-like li-
gands. In (75-C9H7),Zr(CHs),,° the Zr-C(n°) lengths range
from 2.502 (6) to 2.622 (5) A. However, in compounds of the
general type (7°-CsHs)2ZrR, the range is more narrow, and
the mean Zr-C(»°) length is shorter even for very large o
bonded R groups: 2.513 (15) A in (9°-CsHs)yZr-
[CH(C¢Hs)2]2' 2515 (19) A in  (9°-CsHs)sZr-
[CH,C(CHj3)3];!t 2.524 (22) A in (5-CsHs),Zr-
[Csti(CH3)3]2;l] 2.543 (14) A in (9°-CsHs),Zr-
[CH(Si(CH3)3)2](CHs)."!

The n'-CsHjs ligand is bonded in a o fashion to the zirconium
atom. The Zr-C bond vector makes an angle of 49° with the
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Figure 1. Molecular structure of (n°-CsH5)3(n!-C<sHs)Zr with the atoms
represented as their 50% probability ellipsoids for thermal motion.

plane of the cyclopentadienyl ring. The Zr-C(n') length, 2.447
(6) A, is ~0.2 A longer than the Zr-C(alkyl) distances in
compounds such as (n°-CoH7)2Zr(CH3), (2.255 (5) A)® and
(n3-CsHs)>Zr[CH,Si(CH3)3]2 (2.280 (4) A),!! but is similar
to the 2.388 (12) A average in (7°-CsHs),Zr[CH(Cg¢Hs),]5.1°
It is possible therefore to describe the Zr-C(n!) bond as a ¢
bond in a very crowded environment. The parameters of the
cyclopentadienyl ligand itself conform closely to the expected
diene structure.®

Tetra(cyclopentadienyl)zirconium(IV) falls between the
two extremes exemplified by (7°-CsHs),Ti(n'-CsHs),® and
(n%-CsHs)4U.12 The 4+ ionic radii are given'3 as 0.68 A for
Ti**, 0.74 A for Zr**, and 0.93 A for U%*. Even though the
U4t jonic radius is 0.19 A larger than that of Zr#*, it is still not
possible to place four n°-CsHs groups around the uranium
atom at a normal bond distance. The U-C(n°) lengths average
2.81 A, whereas the equivalent separation is typically 2.73 A
in compounds of the type (n°-CsHs);UR.14

The angles which involve the centroids of the cyclopenta-
dienyl rings are similar to those found for (7°-CsHs)3UR. For
(73-CsH;s):UC=CC4Hs!> the centroid-U-centroid angles
average 117°, and those of the centroid-U-C(n'), 100°. For
(CsHs)4Zr the values are 115, 116, and 119° for the cen-
troid-Zr-centroid angles and 99, 99, and 101° for the cen-
troid-Zr-C(n') angles.

The final configuration of cyclopentadienyl complexes of
the early transition metals represents a balance between the
need to fill the coordination sphere and intramolecular steric
effects. The effective atomic number of the zirconium atom
in (CsHs)4Zr can be rationalized in a manner similar to that
used by Cotton for (CsHs)3:Mo(NO).'6 If the CsHs™ ring is
assumed to contribute 5 electrons to a zirconium atom when
bonded at a Zr-C(n°) length of 2.51 A, then it is reasonable
to view the contribution as somewhat less at a Zr-C(»n>) sep-
aration of 2.58 A. In the present case a count of 18 electrons
would be obtained if each n3-cyclopendadienyl carbon atom
adds ~0.9 electron to the metal.
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u-Carbonyl-u-hydrido-decacarbonyltriferric Acid,
HyFe3(CO)n
Sir:

We report the preparation, properties, and NMR studies
of HyFe3(CO),y, the first example of a metal carbonyl hydride
in which a proton is bonded to the oxygen of a carbon monoxide
ligand.

A compound formulated as H,Fe3(CO),, was first reported
by Hieber and Brendel in 1957 but was not completely char-
acterized.! Later Green made reference to unpublished results
by Davison and Wilkinson who found a single high-field hy-
dride resonance 14.9 ppm relative to Me4Si for both
H,Fe3(CO),; and HFe3(CO);,~.2 Attempts in our laboratory
to prepare H,Fe;(CO);, by Hieber and Brendel's method,
which involves treating an ether solution of Fe3(CQ),,2~ with
aqueous acid, yielded a solution having a high-field proton
resonance at 15.0 ppm relative to MesSi, which confirms
Davison and Wilkinson's observations. Infrared absorptions
were observed at 2062 (w), 2048 (vw), 2000 (vs), 1990 (s),
1953 (ms), 1942 (ms), 1750 (m). These frequencies correspond
to the HFe;(CO),,~ ion.

This ether solution also contains IR bands at ~3500 and
1640 cm~! and a weak broad 'H NMR signal around éy 6.7
ppm (Me4Si), which are in the range of H;O% or higher ag-
gregates.> Based on these data, the best formulation for the
material first reported by Hieber and Brendel is [H;O-
nH,0}[HFe3(CO),;]. Attempts to remove water by passing
ether-saturated oxygen-free N, through the red solution lead
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Figure 1, Low-temperature 13C NMR spectra of (A) [PPN][HFe3(COj11]
(—120°C), (B) HyFe;(CO);y (—100 °C), and (C) HFe3(CO)1o(COCH3)
(—100°C).

to reduction of the water content, but, before the water was
completely removed, decomposition occurred, as judged by a
sudden change in color and IR spectrum.

To prepare anhydrous H,Fe3(CO);;, a solution containing
0.036 mmol of [PPN][HFe;(CO);;} in 0.6 mL of dry and
air-free CD,Cl, was prepared and cooled to —90 °C (PPN,
bis(triphenylphosphine)iminium cation). To this cooled so-
lution 0.036 mmol of fluorosulfuric acid was added under ni-
trogen. The reaction proceeded rapidly to give a dark red-violet
solution, which decomposed around —30 °C to a compound
identified as Fe3(CO);; by color and infrared spectrum. NMR
evidence, which is described below, demonstrated that the
red-violet compound is H;Fe;(CO);; having an unusual
structure, 1.
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'H NMR spectra of HyFe3(CO);, in CD,Cl, were recorded
in the range of —80 to —30 °C. Unlike the results obtained for
[H30%nH,O][HFe;(CO),,~]. the hydridic proton is observed
at 6 —18.4 ppm. At —80 °C an additional proton signal is ob-
served at & 15.0 ppm, which shifts upfield to 6 13.8 ppm at —40
°C. These data are consistent with metal-bound (—18.4 ppm)
and oxygen-bound (15.0 ppm) protons in H,Fe3(CO);,. For
reference, the 'H NMR spectrum of HSO,F in CD,Cly/
Me,Siis found at 6 10.5 ppm at —80 °C and 10.1 ppm at —40
°C.

Further evidence for the nature of H,Fe;(CO);; was ob-
tained by a comparison of the 1*C NMR spectra of [PPN]-
[HFe3(CO)y11.° HyFe3(CO)yy, and HFe;3(CO),o(COCH;3)
(Figure 1, A, B, and C, respectively). A sample of [PPN]-
[HFe3(CO),,] enriched to ~10% !3CO per molecule was used
to generate anhydrous H,Fe3(CO),, in a CHFCl,/CD,Cl,
(3:1) mixture, and 13C NMR spectra were recorded in the
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