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The first chromium pentalene complexes have been characterized;
in these the ligand displays a hitherto-unknown bonding mode
whereby a dimeric [Cr(Cp*)]2(µ-OR) unit is bound (µ:η2:η2)- to
one face, and Cp*Cr is bound η5- to the other. The magnetic
properties of these compounds can be understood as the
superposition of those of a chromocene and an antiferromagneti-
cally coupled Cr−Cr bonded unit.

The pentalene ligand has been used to form organometallic
complexes featuring a wide range of coordination geometries;
contemporary interest has been invigorated by the discovery
that the ligand can bind by folding all eight carbon atoms
toward a single metal atom.1 Previous reports have described
dinuclear metal-pentalene species, where the ligand is
complexed to two metal atoms in anη5/η5-mode, as seen
for homoleptic, “double-sandwich” molecules2 and insyn-
or anti-pentalene bridged complexes.3 Binding of pentalene
that is fluxional between two and three metal fragments has
also been observed for a series of syn-trinuclear ruthenium
carbonyl cluster molecules.4 We report here the existence
of a new coordination mode whereby pentalene binds three
metal atoms in ananti-arrangement.

Reaction of Li2Pn‚xDME (Pn ) pentalene, C8H6; DME
) 1,2-dimethoxyethane) with one equivalent of [Cr(Cp*)-
(µ-Cl)]2 (Cp* ) η5-pentamethylcyclopentadienyl)5 afforded
a dark red, highly air-sensitive crystalline compound,1; a
single-crystal X-ray diffraction study6a revealed that1 was
not the anticipated bimetallic species (i.e. [Cr(Cp*)]2Pn),
but instead had the novel trimetallic constitution shown in
Figure 1.

1 is the first characterized chromium-pentalene complex.7

The structure shows it to be formed from two discrete metal-
containing units bridged by a planar pentalene group. One
unit consists of a (Cp*)CrII fragment boundη5- to one face
of the ligand; Cr(1) is coordinated by five carbons in the
pentalene ring (C(1)-C(3), C(7), C(8)) with bond lengths
in this chromocene part unexceptional forS ) 1 CrII

metallocene species.8 The other consists of a pentalene- and
methoxy-bridged [(Cp*)CrII]2 dimer on the opposite face. Cr-
(2) and Cr(3) lie further than 2.90 Å from the pentalene ring-
junction carbon atoms, and therefore this unit is coordinated
only by the three terminal atoms C(4)-C(6); this geometry
is similar to the “butterfly”-like arrangement of chromium
atoms in dinuclear (µ:η2:η2)-allyl complexes9 and in the
structures of tris(indenyl)dichromium chloride and bis-
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(indenyl)chromium (which is dimeric in the solid state),10

while the bridging alkoxy motif echoes that found for [Cr-
(Cp)(µ-OCMe3)]2 and related complexes.11 The eight-electron
pentalene ligand may thus be considered as binding to
Cr(1) as a five-electron donor cyclopentadienyl-like unit
while acting as a three-electron bridging-allyl-like fragment
toward Cr(2) and Cr(3). This clear separation by pentalene
into two distinct ligand modes in the same complex is
unprecedented. It may be noted, however, that intermediates
such as [(PnH)Fe(Pn)]- presumably contain (η5-Pn)-Fe
coordination along with a reactive, unbound allyl anion
center;12 hence1 may be viewed as the product of reaction
between a [(Cp*)Cr(Pn)]--like intermediate with [Cr(Cp*)-
(µ-X)] 2 (where X is potentially either Cl or OMe). Similar
reactivity of [Cr(Cp)(µ-OCMe3)]2 with nucleophiles to give
ligand-bridged, dichromium cluster-like species has previ-
ously been observed.13

The formation of trimetallic1, rather than a bimetallic
species, was unexpected considering the reaction stoichi-
ometry; presumably steric repulsion between methyl groups

on the Cp* rings is too great to permit formation of a metal-
metal bondedsyn-bimetallic analogous tosyn-[Cr(Cp)]2(µ:
η5:η5-cyclooctatetraene)14 while a possibleanti-bimetallic is
perhaps too electron-poor for stability in the absence of such
a metal-metal bond. The trimetallic structure of1 allows a
greater electron count at each Cr atom to be achieved with
two distinct Cr coordination environments.1 is stable in
refluxing THF; prolonged heating does not result in ther-
molysis of the dimeric Cr unit to give a bimetallic species.
Attempted reaction of [Cr(Cp*)(µ-Cl)]2 with donor ligand-
free Li2Pn in THF does not produce a tractable product,
suggesting that the alkoxy group is necessary to stabilize
the structure and that the source of this bridging group is
DME. Accordingly, reaction of [Cr(Cp*)(µ-Cl)]2 with the
1,2-diethoxyethane adduct of Li2Pn, Li2Pn‚xDEE, gives dark
red, very air-sensitive crystals of2, the OEt-bridged analogue
of 1 (Figure 2). The coordination of the metal atoms by
pentalene in2 is essentially identical to that observed for
1.6b

The Cr(2)-Cr(3) distances found in1 and2 are signifi-
cantly shorter than in the dimeric starting material [Cr(Cp*)-
(µ-Cl)]2 (2.642(2) Å),15 despite the greater ligand bulk around
the central metal atoms, suggesting a stronger Cr-Cr bonding
interaction in1 and2.16 Similarly, the bonds in1 and2 are
shorter than in [Cr(Cp)(µ-OCMe3)]2 (2.651 Å, mean value);11

the considerably reduced Cr(2)-O-Cr(3) bond angles in
these complexes are also indicative of stronger metal-metal
bonding than in the bis(alkoxy) complex (∠Cr-O-Cr )
85.2°, mean value). A double bond would give every

(10) Heinemann, O.; Jolly, P. W.; Kruger, C.; Verhovnik, G. P. J.
Organometallics1996, 15, 5462-5463.

(11) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Rideout, D. C.Inorg.
Chem.1979, 18, 120-125.

(12) (a) Katz, T. J.; Rosenberger, M.J. Am. Chem. Soc.1963, 85, 2030-
2031. (b) Oelckers, B.; Cha´vez, I.; Manriquez, J. M.; Roma´n, E.
Organometallics1993, 12, 3396-3397.

(13) (a) Eremenko, I. L.; Pasynskii, A. A.; Rakitin, Y. V.; Ellert, O. G.;
Novotortsev, V. M.; Kalinnikov, V. T.; Shklover, V. E.; Struchkov,
Y. T. J. Organomet. Chem.1983, 256, 291-301. (b) Nefedov, S. E.;
Pasynskii, A. A.; Eremenko, I. L.; Orazsakhatov, B.; Ellert, O. G.;
Novotortsev, V. M.; Katser, S. B.; Antsyshkina, A. S.; Porai-Koshits,
M. A. J. Organomet. Chem.1988, 345, 97-104. (c) Nefedov, S. E.;
Pasynskii, A. A.; Eremenko, I. L.; Orazsakhatov, B.; Novotortsev, V.
M.; Ellert, O. G.; Shestakov, A. K.; Yanovsky, A. I.; Struchkov, Y.
T. J. Organomet. Chem.1990, 384, 279-293. (d) Nefedov, S. E.;
Pasynskii, A. A.; Eremenko, I. L.; Orazsakhatov, B.; Novotortsev, V.
M.; Ellert, O. G.; Yanovsky, A. I.; Struchkov, Y. T.J. Organomet.
Chem.1990, 384, 295-304. (e) Nefedov, S. E.; Pasynskii, A. A.;
Eremenko, I. L.; Orazsakhatov, B.; Ellert, O. G.; Novotortsev, V. M.;
Struchkov, Y. T.; Yanovsky, A. I.J. Organomet. Chem.1990, 385,
277-284.

(14) Elschenbroich, C.; Heck, J.; Massa, W.; Schmidt, R.Angew. Chem.,
Int. Ed. Engl.1983, 22, 330-331.

(15) Heintz, R. A.; Ostrander, R. L.; Rheingold, A. L.; Theopold, K. H.J.
Am. Chem. Soc.1994, 116, 11387-11396.

(16) Pasynskii, A. A.; Eremenko, I. L.; Orazsakhatov, B.; Rakitin, Y. V.;
Novotortsev, V. M.; Ellert, O. G.; Kalinnikov, V. T.Inorg. Chim.
Acta 1980, 39, 91-97.

Figure 1. Molecular structure of1 with thermal ellipsoids at 50%
probability and all H atoms omitted for clarity. Selected bond distances
[Å] and angles [deg]: Cr(2)-Cr(3) 2.4895(5), Cr(2)-O-Cr(3) 79.66(6),
Cr(2)-C(4) 2.085(2), Cr(2)-C(5) 2.243(2), Cr(3)-C(5) 2.301(2), Cr(3)-
C(6) 2.081(2), Cr(2)-O(1) 1.9373(15), Cr(3)-O(1) 1.9494(15), Cr(1)-
Cp* centroid 1.782, Cr(1)-Pn five-membered ring centroid 1.778.

Figure 2. “Cutaway” view of the molecular structure of2 with one Cp*
ring and all Cr(3)-Cp* bonds removed, allowing the bridging OEt group
clearly to be seen. Thermal ellipsoids are at 50% probability, and all H
atoms have been omitted. Selected bond distances [Å] and angles [deg]:
Cr(2)-Cr(3) 2.4800(12), Cr(2)-O-Cr(3) 79.03(11), Cr(2)-C(4) 2.089-
(6), Cr(2)-C(5) 2.225(6), Cr(3)-C(5) 2.267(6), Cr(3)-C(6) 2.079(6),
Cr(2)-O(1) 1.944(4), Cr(3)-O(1) 1.954(4), Cr(1)-Cp* centroid 1.786, Cr-
(1)-Pn five-membered ring centroid 1.783.
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chromium atom in1 and2 a sixteen-electron configuration
(as in a chromocene).17 The existence of strong metal-metal
interaction between Cr(2) and Cr(3) here is supported by
variable-temperature SQUID magnetometry, the results of
which are shown for1 in Figure 3 (the magnetic behavior
of 2 is very similar). For both speciesøm does not obey the
Curie law, the effective magnetic moment (µeff ) x(8ømT)
µB) steadily increasing with temperature from a value of ca.
3 µB at 5 K. The magnetic moment of chromocene is
essentially temperature-independent between 12 and 300 K,
and has a value of 3.00µB at 300 K.18 The magnetism of1
and2 can be modeled successfully as the superposition of a
chromocene species and an antiferromagnetically coupled
CrII2 dimer unit; the experimental molar susceptibilities were
fitted to an expression combining a Curie-Weiss term for
an S ) 1 chromocene, together with a term describing two
antiferromagnetically coupledS ) 1 centers (for which the
temperature dependence of the molar susceptibility may be
derived from the Heisenberg-Dirac-van Vleck model with
spin HamiltonianĤ ) -2J‚S1‚S2)19 and a correction for

temperature-independent paramagnetism (TIP), shown below.
Satisfactory fits were obtained by least-squares analysis.

Theg-values for the Cr dimer units (g2) were held constant
at 2.00;g-values for the chromocene fragment (g1) were fitted
and are consistent with those found for other chromocenes,20

reflecting the large orbital contribution to the magnetic
moment from a degenerate3E configuration. The magnitude
of the antiferromagnetic coupling between chromium atoms
is very similar for compounds1 and2 and is indicative of
significant metal-metal interaction. The starting material and
its closely related alkyl analogue [Cr(Cp*)(µ-Me)]2 (where
rCr-Cr ) 2.263(3) Å) also display magnetic behavior at-
tributed to antiferromagnetically coupledS) 1 Cr centers;15

[Cr(Cp)(µ-OCMe3)]2 has been determined likewise to be an
antiferromagnetic complex.13a The values of the exchange
constants,J, obtained for1 and2 lie between those found
for [Cr(Cp*)(µ-Cl)]2 and [Cr(Cp*)(µ-Me)]2 (-212 cm-1 and
-471 cm-1, respectively), consistent with the Cr-Cr dis-
tances observed which are intermediate between the chloro
and methyl complexes. The values for1 and2 similarly are
compatible with the smallerJ-value determined for [Cr(Cp)-
(µ-OCMe3)]2 (-246 cm-1). The magnetic behavior of these
pentalene-bridgedanti-trimetallics is therefore well-described
as the sum of that due to a chromocene and a pair of
antiferromagnetically coupled chromium(II) fragments, en-
tirely consistent with the coordination environments observed
in the crystal structures.

We have shown by the formation of these chromium
complexes that pentalene can behave unusually as a bridging
species between three metal atoms in ananti-geometry,
resulting in the division of this ligand intoη5-cyclopentadi-
enyl and (µ:η2:η2)-allyl functionalities. Potentially, these
complexes may display interesting reactivity arising through
cooperative interactions between the chromium atoms, and
investigations into this are in progress.
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Figure 3. Plots oføm (×) andµeff (O) vsT for 1. The solid lines represent
the calculated values from a fit of the data using the expression in the text;
least-squares analysis affordsJ ) -356 cm-1, g1 ) 2.25, θ ) -0.48 K
with g2 ) 2.00, TIP ) 0.00159 cm3 mol-1. For 2 a similar fit gives
parametersJ ) -382 cm-1, g1 ) 2.21,θ ) -0.86 K with g2 ) 2.00, TIP
) 0.00128 cm3 mol-1.

øm ) (2NAg1
2µB

2

3k(T - θ)) + (2NAg2
2µB

2

kT )( e2J/kT + 5e6J/kT

1 + 3e2J/kT + 5e6J/kT) +

TIP

COMMUNICATION

Inorganic Chemistry, Vol. 42, No. 24, 2003 7709


