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Pentacoordinate carbon is an unusual entity. When it is
observed, it exists in the form of a bridging alkyl group[1] or, in
a few rare cases, as an interstitial atom in a metal cluster
complex.[2] Although several examples of bridging alkyl
groups have been structurally characterized,[3±15] the hydrogen
atoms associated with such bridges have not always been
located in the X-ray diffraction studies. We describe here the
first example of a bridging methyl group structurally charac-
terized with neutron diffraction[4] and show that it can adopt a
trigonal-bipyramidal-like geometry.

The title compound 1 is the mixed-metal complex
[Nd(AlMe4)3] (isolated as a cocrystalite with Al2Me6),[8] which
contains asymmetrical methyl bridges between neodymium

and aluminum atoms. Pale purple-blue crystals of 1 were
produced by the reaction of excess Al2Me6 with [Nd(NMe2)3-
(LiCl)3][8] and recrystallized from hexane. The transportation
and mounting of the crystals for neutron diffraction was
challenging because of the moisture and temperature sensi-
tivity of the sample (it decomposes above ÿ408C).[16] The
crystal was mounted in a specially designed anaerobic cold-
box. A crystal with approximate volume 1.0 mm3 was sealed
in an aluminum container under a helium atmosphere and
cooled to 100 K for neutron data collection. A total of 4535
reflections were scanned and refinement of the structure with
4013 independent F2

o values yielded final agreement factors of
R� 0.142 and Rw� 0.139 based on 3s data.[17] Despite the fact
that these values are relatively high (due to the small size of
the crystal and also possibly due to partial decomposition
during the difficult crystal-mounting procedure), the final
geometrical results (distances, angles, and their esd�s) are
quite respectable.

A molecular plot of the structure (Figure 1) shows the
sixfold coordination of carbon atoms around neodymium.
Each AlMe4 unit is coordinated to the central Nd atom

Figure 1. Stucture of [Nd(AlMe4)3] as determined by single-crystal neu-
tron diffraction. Each methyl group is oriented such that one hydrogen
atom (labeled H1A, H2A, etc.) is essentially trans to the Nd atom. Average
distances [�] and angles [8]: NdÿC 2.598(11), NdÿH 2.649(13), NdÿAl
3.138(10), AlÿC(bridge) 2.087(11), AlÿC(terminal) 2.006(11), CÿHA

1.09(1), CÿHB, C 1.08(1); Nd-C-HA 173.8(8), HB-C-HC 107.4(9), Al-C-HB,C

123.2(9), Nd-C-Al 83.4(4), Nd-C-HB, C 80.3(4), Al-C-HA 91.2(10), HA-C-
HB,C 102.2(14).

through two bridging methyl groups, which in turn are
oriented such that two of their three H atoms are directed
at the Nd atom. The coordination number around Nd is either
six (if only NdÿC bonds are counted) or eighteen (if Nd ´´´ H
interactions are included). Apparently, it is the steric unsatu-
ration of the larger NdIII atom rather than the enhanced Lewis

[6] a) K. Schank, A. Weber, Chem. Ber. 1972, 105, 2188; b) B. Föhlisch, D.
Krimmer, E. Gehrlach, D. Käshammer, ibid. 1988, 121, 1585.

[7] The a-ketoacetal 6 was isolated as a diastereoisomeric mixture. The
compounds were not separated since the acetalic stereocenter is lost
during generation of the siloxyallyl cation intermediate.

[8] Less than 0.1 equivalent of TMSOTf sufficed for this transformation;
cf also ref. [4].

[9] With the Mosher ester of the deprotected cycloadduct (Scheme 3) and
by comparison with an independently prepared sample of (ÿ)-2-
hydroxy-8-oxabicyclo[3.2.1]oct-6-en-3-one: I. C. Rose, PhD thesis,
University of Hannover, 1997.

[10] T. F. J. Lampe, H. M. R. Hoffmann, Tetrahedron Lett. 1996, 37, 7695
and references therein. J. M. Weiss, H. M. R. Hoffmann, Tetrahedron:
Asymmetry 1997, 8, 3913.
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acidity of the AlIII center, which directs the methyl hydrogen
atoms towards neodymium rather than aluminum.

The most significant feature about the structure of 1 is the
fact that the carbon atoms of the bridging methyl groups
adopt approximately trigonal-bipyramidal (tbp) configura-
tions. In each of the six methyl bridges, one of the three
hydrogens (labeled H1A, H2A, etc.) is essentially trans to the
Nd atom (average Nd-C-HA angle 173.8(8)8). Thus, Nd and
HA take up the axial positions of the tbp, while Al, HB, and HC

occupy the equatorial positions (Figure 1). All other molec-
ular parameters are as expected.[18]

The present structure determination is the first neutron
diffraction study of a compound with bona fide intramolecular
methyl bridges. As mentioned in reference [4], a weak
intermolecular methyl interaction of the type SiÿCH3 ´´ ´ Mg
was observed in polymeric [Mg{CH(SiMe3)2}2] by single-
crystal neutron diffraction.[6] In that case, the carbon atoms
were also found to be distorted trigonal-bipyramidal, but of a
different type with equatorial H atoms and axial positions
occupied by Si and a relatively long C ´´´ Mg interaction
(2.535(4) �). Another example is illustrated by the neutron
analysis of tetrameric [Li(BMe4)] in which intermolecular B ±
CH3 ´´´ Li interactions were found.[7]

Low-temperature X-ray analysis of the heteroleptic com-
plex [Nd(NiPr2){(m-NiPr2)(m-Me)AlMe2}{(m-Me)2AlMe2}][10]

revealed an analogous orientation of the hydrogen atoms of
the bridging methyl groups as in 1. In contrast, the methyl
bridge found in the low-temperature X-ray analysis of Al2Me6

adopts a symmetric (and hence different) geometry, whereby
the pseudo-C3 rotation axis of the bridging CH3 group bisects

the Al-C-Al angle (I).[9] The bonding in
Al2Me6 is generally accepted to be of
the usual three-center two-electron
type, involving a three-center over-
lap of two Al orbitals and an sp3

hybrid orbital from carbon. In
[{(C5H5)2Y(CH3)}2] the H atoms in the
symmetrical Y-CH3-Y bridge are ar-
ranged in a manner similar to I,[11] while
in other complexes of the type

[(C5R5)2Ln(AlMe4)] (with Ln-CH3-Al bridges) the H atoms
were not located.[3, 12] Related structures include compounds
with linear symmetric Zr-CH3-Zr[13] and Lu-CH3-Lu[14]

bridges, and one compound with a linear asymmetrical Yb ±
CH3 ´´´ Be[15] bridge, all involving C atoms in tbp configura-
tions with equatorial hydrogen atoms.

It is interesting to note that the tbp geometry of the carbon
atom in [Nd(AlMe4)3] bears a superficial resemblance to a
carbon atom in an SN2 transition state. Although there is a
fundamental difference (the SN2 transition state being a ten-
electron system while the bridging methyl group in 1
represents an eight-electron system), the validity of the
atomic geometry for this type of five-coordinate carbon is
established.

The main Nd-C bonding in [Nd(AlMe4)3] is almost certainly
augmented by Nd ´´´ H interactions involving the HB and HC

atoms. These interactions are presumably weak: a normal
bridging Nd ± H bond length can be estimated from the NdIII

ionic radius[19] to range from 2.23 ± 2.36 �, based on the value

for Th ± H of 2.29(3) � measured from the neutron analysis
of [{ThH2Cp*2 }2].[21] In contrast, the Nd ± H distances in 1,
ranging from 2.58(2) to 2.75(2) �, are quite long and
correspond to weaker-than-covalent bonding forces, probably
of the agostic variety (vide infra).[23]

The apparent tbp coordination of the carbon atom is
intriguing. Trigonal-bipyramidal coordination normally cor-
responds to sp3d hybridization, but this is obviously not an
option for carbon. In 1 the ªaxialº C ± HA distances (average
1.09(1) �) are not perceptibly different from the ªequatorialº
C ± HB,C distances (average 1.08(1) �), which would have
been expected for a normal tbp geometry. Perhaps one way of
rationalizing the bonding in 1 is to
start with the ªnormalº symmetric
bridge (as found in I) and then to
imagine the CH3 group being ªtippedº
towards Nd to accommodate addi-
tional C ± H ´´´ Nd agostic interactions
(II), Nd-C-HB,C 80.3(4)8).

This ªtippingº (or tilting) towards
the large Lewis acidic Nd center
results in a nearly linear Nd-C-HA

angle of 173.88, as opposed to an angle of 147.58 expected
for a symmetrical bridge of type I. Such a ªtippedº geometry
has been found in several structures suspected to have
C ± H ´´´ M agostic interactions, mostly metal ± alkyl (III) or

metal ± alkylidene (IV) complexes involving the early tran-
sition metals Ti and Ta.[24] In those molecules, the existence of
agostic interactions between C ± H bonds and electron-
deficient metal atoms is manifested by highly distorted and
unusually small M-C-H angles.

Finally, we should include a few words about the Al2Me6

ªsolvateº molecule present in the crystal. The terminal Al4 ±
C14 and Al4 ± C15 distances are similar to those found in
[Nd(AlMe4)3], but the bridging Al4 ± C13 distance is longer
(2.17(3) �). The Al4-C13-Al4' angle is 72.8(13)8, close to the
value of 75.78 observed in the low-temperature X-ray study of
Al2Me6.[9c] However, only two out of the three H atoms could
be located at the bridging position C13. Given their location,
this strongly suggests that the Al2Me6 solvate molecule is
disorderedÐa feature of the structure that unfortunately
could not be conclusively resolved in this study. Our attempts
to model this disorder are described in the details of the
structure analysis.[17]
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The temperature at which molecular solids exhibit macro-
scopic magnetic properties is strongly dependent on the
dimensionality of the structure and on the magnitude of the
exchange interactions between the spin carriers.[1] Only a few
species meet the criteria at room temperature, namely,
hexacyanometalates[2, 3] and an adduct of vanadium and
tetracyanoethylene;[4] they exhibit ferro- or ferrimagnetic
ordering. In these compounds a three-dimensional structure
and a fairly strong exchange coupling are probably the cause
of high-temperature magnetic ordering.

Most strategies for designing molecular magnetic materials
involve antiferromagnetically coupled alternating metal ions
with different spins that do not compensate one another.
These ferrimagnetic structures are assembled with polyden-
tate bridging ligands such as oxalato, oxamato, oxamido,
oximato, and dithiooxalato groups.[5] The use of these ligands
has been fruitful, and several structures of high dimensionality
have been reported. These include a few three-dimensional
structures in which control over the chirality of the coordi-
nation sphere of the metal was achieved.[6±8] However, the
Curie temperatures of these materials are low because the
compounds contain either diamagnetic bridging ligands,
which are poor mediators of the magnetic interactions, or
diamagnetic metal ions.

In contrast, the metal-radical approach[9, 10] exploits the
direct coordination of a ligand atom of high spin density to the

[1] a) J. Holton, M. F. Lappert, R. Pearce, P. I. W. Yarrow, Chem. Rev.
1983, 83, 135; b) G. A. Olah, G. K. S. Prakash, R. E. Williams,
Hypercarbon Chemistry, Wiley, New York, 1987.

[2] a) M. Tachikawa, E. L. Muetterties, Prog. Inorg. Chem. 1981, 28, 203;
b) H. Schmidbaur, Chem. Soc. Rev. 1995, 24, 391.

[3] For a listing of molecular parameters (distances and angles) involving
bridging alkyl groups, see Table 5 in J. Holton, M. F. Lappert, D. G. H.
Ballard, R. Pearce, J. L. Atwood, W. E. Hunter, J. Chem. Soc. Dalton
Trans. 1979, 45. The subject of bridged hydrocarbyl transition metal
complexes has also been reviewed in reference [1a].

[4] Neutron diffraction studies on related systems include a powder study
on (LiCD3)4, a molecule containing triply bridging methyl groups
(hexacoordinate carbon),[5] a single-crystal study of polymeric
[Mg{CH(SiMe3)2}2], a compound containing intermolecular methyl
interactions of the type Si ± CH3 ´´´ Mg,[6] and a single-crystal study of
tetrameric [LiBMe4], a compound with two different kinds of B ±
CH3 ´´´ Li bridges.[7]

[5] E. Weiss, T. Lambertsen, B. Schubert, J. K. Cockcroft, A. Wieden-
mann, Chem. Ber. 1990, 123, 79.
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Soc. Chem. Commun. 1970, 16; c) J. C. Huffmann, W. E. Streib, ibid.
1971, 911.
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