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Considerable interest in the field of organometallic oxides
has developed owing to the remarkable properties of meth-
ylalumoxane (MAO) as activator for metallocene catalysts
in olefin polymerization.[1,2] Full details of the structure of
MAO are currently still elusive. Numerous efforts have
been made to synthesize characterizable alumoxanes of gen-
eral composition {RAlO}n, in attempts to elucidate their
role in polymerization reactions.[3] Due to the oxophilicity of
aluminum, these alumoxanes tend to readily undergo associ-
ation by forming oligomers with cyclic or cage structures.
The first structurally characterized alkylalumoxane
{(tBu)2Al-O-AlACHTUNGTRENNUNG(tBu)2} was a monomeric binuclear species
with a linear Al-O-Al arrangement and only available when
the vacant sites of aluminum were occupied by coordinate
pyridine molecules.[4] Later related analogues were obtained
with the support of sterically encumbered ligands.[5] Howev-
er, the trinuclear alumoxane with an open-chain structure is
so far rare. The only example is the [Mes*(Et)Al-O-Al-ACHTUNGTRENNUNG(Mes*)-O-Al(Et)2] (Mes*=Me3C6H2), which dimerizes to a
ladder-like hexanuclear structure as a result of forming O!

Al donor–acceptor bonds.[1,6] The recent successful isolation
of well-defined, soluble, heterobi- and heterotrimetallic
oxides in our laboratory[7] was the motivation for preparing
trinuclear alumoxanes with an acyclic Al-O-Al-O-Al ar-
rangement, by taking advantage of the OH functionality of
organoaluminum hydroxide [LAlR(OH)] (R=Me, 1; Et, 2 ;
Ph, 3 ; L=CH[C(Me)N(Ar)]2, Ar=2,6-iPr2C6H3).[8] Herein,
we report on the preparation and characterization of the
open-chain trinuclear alumoxanes [{LAlR ACHTUNGTRENNUNG(m-O)}2AlMe]
(R=Me, 4 ; Et, 5 ; Ph, 6), and the reactions of 4 and 6 with
trimethylaluminum to form alumoxanes [{LAlR ACHTUNGTRENNUNG(m-
OAlMe2)}2] (R=Me, 7; Ph, 8) containing the Al4O2 core.

Reaction of two equivalents of [LAlMeOH] (1) with one
equivalent of AlMe3 proceeded in toluene under mild condi-
tions to give an opaque solution. After removal of all the
volatiles under vacuum, the residue was extracted with tolu-
ene to afford a colorless crystalline solid [{LAlMe ACHTUNGTRENNUNG(m-
O)}2AlMe] (4, Scheme 1) in moderate yield.
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The absence of the OH stretching frequency of 4 was con-
firmed by IR spectroscopy, while the most intense peak
(m/z 977) in the mass spectrum is assignable to a monomeric
fragment [M+�Me] with the correct isotopic pattern. The
1H NMR spectrum of 4 exhibits two singlets (d =�0.76,
�0.51 ppm) in a ratio of 2:1 at high field, corresponding to
the methyl groups of AlMe and (m-O)2AlMe, respectively.
In the 13C NMR spectrum, the chemical shifts for the three
Al bound methyl groups are identical (d=�12.2 ppm).
Other resonances can be easily assigned to the backbone of
the ligand. The 27Al NMR shows two overlapping broad res-
onances centered at d= 69.57 ppm. The NMR spectra (in-
cluding NOE experiments) are in full agreement with the
assumed acyclic structure in solution. The solid-state com-
pound 4 is sensitive to air, but is thermally rather stable
with a surprisingly high melting point of 287 8C. The single-
crystal X-ray analysis of 4 exhibits the monomeric composi-
tion,[9] although further refinement was hindered as a result
of statistical disorder occurring at the {AlMe ACHTUNGTRENNUNG(m-O)}2AlMe
unit. In analogous reactions discrete molecular alumoxanes
[{LAlEt ACHTUNGTRENNUNG(m-O)}2AlMe] (5) and [{LAlPh ACHTUNGTRENNUNG(m-O)}2AlMe] (6)
were smoothly obtained by using ethyl- and phenyl-substi-
tuted organoaluminum hydroxide precursors, 2 and 3, re-
spectively. Both 5 and 6 have been characterized by elemen-
tal analysis, spectroscopic methods and X-ray studies.

Compound 5 crystallizes in the orthorhombic space group
Pna21. The X-ray crystal structure of 5 contains two four-co-
ordinate and one three-coordinate Al center (Figure 1). To
the best of our knowledge 5 represents the first example of
a trinuclear alumoxane with a stable acyclic Al-O-Al-O-Al
core. The atoms in the {AlEt ACHTUNGTRENNUNG(m-O)}2AlMe unit are essential-
ly coplanar, and the bridging oxygen atoms deviate only

marginally from the Al3 plane (e.g., O(1) 0.025, O(2)
0.027 �). In comparison, a related trimeric alumoxane
[(LAl)2ACHTUNGTRENNUNG(MeAl) ACHTUNGTRENNUNG(m-O)3], which also bears two four-coordinate
Al and one three-coordinate Al, forms a highly puckered
six-membered (AlO)3 ring.[10] The Al(3)�O bond lengths
(1.6647, 1.666 �) of 5 are shorter than those observed in
[(LAl)2ACHTUNGTRENNUNG(MeAl) ACHTUNGTRENNUNG(m-O)3] (1.708 �)[10] and [(tBu)2Al-O-Al-ACHTUNGTRENNUNG(tBu)2(py)2] (1.711 �; py= pyridine),[4] but longer than those
(1.648(7) �) found in the homoleptic aluminum aryloxide
[Al ACHTUNGTRENNUNG(OAr*)3].[11] Moreover, they fall in the range of the pre-
dicted Shannon–Prewitt radii (1.65–1.68 �) in terms of
three-coordinate Al and two-coordinate O.[12] The O-
Al(Me)-O angle (123.268) of 5 is larger than that in [(LAl)2-ACHTUNGTRENNUNG(MeAl) ACHTUNGTRENNUNG(m-O)3] (115.538)[10] and those in the monosubstituted
organoalumoxane [(Mes*AlO)4] (117.92, 119.858).[6] We
assume that the short Al(3)�O bond length is mainly due to
the ionic contribution rather than to the Al�O p bonding,[13]

with the result that the bond angles are more easily distort-
ed due to the higher non-directed ionic bond character.[13a]

The Al(3)-O-Al angles are 141.76 and 151.328. In a broader
sense, compound 5 can be considered as consisting of a
trapped MeAlO species, the monomer of MAO,[14] with a
strong ionic Al�O bond.ACHTUNGTRENNUNG[{LAlPh ACHTUNGTRENNUNG(m-O)}2AlMe] (6, Figure S1 in the Supporting In-
formation) crystallizes in the monoclinic space group C2/c,
and shows again a monomeric structure. The phenyl groups
on Al are arranged in a trans conformation to each other,
similar to those found in the ethyl analogue (5). In contrast,
these two phenyl groups tilt from the Al3 plane by about
718, owing to the steric hindrance of the substituents. The
Al(3)�O bond separation of 6 (1.6682 �) is a little longer,
but comparable to those in 5. The angle for O-Al(3)-O is
120.838 and furnishes the methyl-substituted Al in a nearly
perfect three-coordinate trigonal plane, as evidenced by the
angle sum around Al(3) (359.998).

The structures of 5 and 6 suggest that the less hindered
three-coordinate Al could act as a Lewis acid site, while the
two-coordinate O atoms still have “an open environment”[6]

and hence represent potential Lewis base sites. This feature
highly resembles the cage-opened product of [{(tBu)Al ACHTUNGTRENNUNG(m3-
O)}6] upon breaking one of its Al�O bonds along the verti-
cal edge of the cage.[3d] It is therefore possible to study the
reactivity of the Al-O-Al-O-Al chain towards different spe-
cies. When 4 was treated with 1,4-dioxane, the acyclic con-
formation was stabilized by a coordinate donor solvent mol-
ecule at the Al site (4 a·1.5 dioxane, Scheme 1), as revealed
by X-ray single-crystal structural characterization of
[{LAlMeACHTUNGTRENNUNG(m-O)}2AlMe ACHTUNGTRENNUNG(dioxane)] (Figure S2 in the Support-
ing Information). In contrast, the Al-O-Al-O-Al chain is
also reactive to some Lewis acids. The reaction of 4 and 6
with each of two equivalents of AlMe3 only consumed one
equivalent and consequently resulted in the methyl transfer
products [{LAlR ACHTUNGTRENNUNG(m-OAlMe2)}2] (R=Me, 7; Ph 8) in modest
yield. Both compounds crystallize in the triclinic space
group P1̄. In the asymmetric unit, two crystallographically
independent molecules are found with minor differences in
their dimensions. As shown in Figure 2, compound 7 is a

Figure 1. Molecular structure of 5·0.8 toluene. Thermal ellipsoids are
drawn at the 30% probability level, and the hydrogen atoms of the L
ligand are omitted for clarity. Selected bond lengths [�] and angles [8]:
Al(1)�O(1) 1.6920(18), Al(1)�N(1) 1.927(5), Al(1)�N(2) 1.898(5),
Al(1)�C(53) 1.962(3), Al(2)�O(2) 1.7045(18), Al(2)�N(3) 1.904(6),
Al(2)�N(4) 1.915(5), Al(3)�O(2) 1.6647(18), Al(3)�O(1) 1.666(2),
Al(3)�C(55) 1.930(4); N(2)-Al(1)-N(1) 96.60(10), N(3)-Al(2)-N(4)
95.57(11), O(1)-Al(3)-O(2) 123.26(10), O(2)-Al(3)-C(55) 118.30(14),
O(1)-Al(3)-C(55) 118.27(14), Al(3)-O(1)-Al(1) 141.76(12), Al(3)-O(2)-
Al(2) 151.32(12).
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dimer of composition [{LAlMeACHTUNGTRENNUNG(m-O)AlMe2}2] and consists
of a (Me2AlO)2 four-membered ring that is supported by
two terminal (LAlMe) subunits. The Al�O bonds in the
(AlO)2 ring (av 1.8493 �) are shorter than the average dis-
tance (1.865 �) for the ring Al�O bonds in [((tBu)2Al ACHTUNGTRENNUNG{m-
OAlACHTUNGTRENNUNG(tBu)2})2]

[4] and a little longer than that in a coordina-
tion polymer containing dimeric [{Me2Al ACHTUNGTRENNUNG(m-O)AlMe2}2] alu-
moxane units (av 1.8295 �).[15] It is interesting to note that
compound 7 is a methyl-substituted analogue of the tetranu-
clear alumoxane [{LAlMeACHTUNGTRENNUNG(m-OAlH2)}2] that carries two hy-
drogen atoms on each aluminum atom in the ring.[16] Com-
pound [{LAlMe ACHTUNGTRENNUNG(m-OAlH2)}2] features a cis arrangement of
two methyl groups on the terminal Al atoms,[16] while their
equivalent in 7 is trans with respect to each other. The struc-
tural features of [{LAlPh ACHTUNGTRENNUNG(m-OAlMe2)}2] (8, Figure S3 in the
Supporting Information) are highly analogous to those of 7.
The ring Al�O bonds (av 1.8553 �) in 8 are slightly longer
compared to those in 7. An alternative route allowed the
access to compounds 7 and 8 by the reaction of
[LAlR(OH)] with stoichiometric amounts of AlMe3 in tolu-
ene (Scheme 1).

Furthermore, we were interested in whether the methyl-
transfer reaction between the Al-O-Al-O-Al chain and
[Cp2ZrMe2] could occur to form a complex with catalytic ac-
tivity for the ethylene polymerization, as was shown for the
alumoxane cage [{(tBu)AlACHTUNGTRENNUNG(m3-O)}6].[3d] The in situ NMR
tube reaction of an equimolar mixture of 4 and [Cp2ZrMe2]
in C6D6 at ambient temperature demonstrated the weak
presence of {Cp2ZrMe} fragment in terms of the new sin-
glets at d=5.40 and 0.19 ppm corresponding to Cp ligands
and the zirconium methyl group, respectively. However,
only a trace of polyethylene was produced by this mixture

in toluene solution during the polymerization experiment.
Reflux in toluene for 10 h of an equivalent amount of 4 and
[Cp2ZrMe2] promoted the shift of complexation equilibrium
towards the methyl-transfer product, and finally it turned
out to be the heterobimetallic oxide [LAlMe ACHTUNGTRENNUNG(m-
O)ZrMeCp2],[8a] with concomitant formation of the dimeric
[{LAlMeACHTUNGTRENNUNG(m-O)AlMe2}2] (7). The reaction of 4 could adopt
the following course as illustrated in Scheme 2. In the first

step complexation of [Cp2ZrMe2] with the Lewis acidic site
of 4 to form [{LAlMeACHTUNGTRENNUNG(m-O)}2Al(Me) !Me-Zr(Me)Cp2] oc-
curred. Following this, an attachment of Zr to the adjacent
oxygen took place forming a donor–acceptor complex. At
this point a methyl-transfer occurs, and finally the cleavage
of the O�Al bond of the (Zr)O�AlACHTUNGTRENNUNG(Me2) moiety proceeds
due to the strong steric repulsion of the Cp and L ligands.

Nevertheless, no intermediate could be unambiguously
detected by NMR analysis that shows the Al ACHTUNGTRENNUNG(m-Me)Zr link-
age or (AlZrO2) four-membered ring. The acyclic Al-O-Al-
O-Al chain of 4 lends its reaction with [Cp2ZrMe2] a unique
pattern when compared with that of the cage alumoxane
[{(tBu)AlACHTUNGTRENNUNG(m3-O)}6]

[3d] or MAO. Compounds 4–6 are also
found to be reactive with water to give the respective mono-
hydroxide precursors [LAlR(OH)] (1–3).

In conclusion, we report on the synthesis of stable alu-
moxanes 4–6, which represent a new type of trinuclear alu-
moxanes containing an acyclic Al-O-Al-O-Al core showing
ambivalent reactivity at both Lewis acidic and basic sites.
Treatment of 4 and 6 with AlMe3 resulted in tetranuclear
alumoxanes 7 and 8, respectively, bearing a (Me2AlO)2 four-
membered ring. The novel trinuclear alumoxanes 4–6 are
promising precursors for further studies assembling higher
tetranuclear homo- or heteroalumoxanes.

Acknowledgements

This work was supported by NSFC (20902112, 20972129, and 20423002),
China Postdoctoral Science Foundation (20090460748), and the Deutsche
Forschungsgemeinschaft.

Keywords: aluminum · alumoxanes · hydroxides · Lewis
acids · oxides

[1] H. W. Roesky, I. Haiduc, N. S. Hosmane, Chem. Rev. 2003, 103,
2579 – 2595.

Figure 2. Molecular structure of 7. Thermal ellipsoids are drawn at the
30% probability level, and the hydrogen atoms of the L ligand are omit-
ted for clarity. Selected bond lengths [�] and angles [8]: Al(1)�O(1)
1.745(3), Al(1)�N(2) 1.902(3), Al(1)�N(1) 1.929(3), Al(1)�C(6) 1.961(4),
Al(2)�O ACHTUNGTRENNUNG(1 A) 1.830(3), Al(2)�O(1) 1.863(3), Al(2)�C(7) 1.946(4),
Al(2)�C(8) 1.963(4); N(2)-Al(1)-N(1) 96.48(14), O(1)-Al(2)-O(1A)
87.98(13), Al(1)-O(1)-Al(2A) 143.97(17), Al(2)-O(1)-Al(2A) 92.02(13).

Scheme 2. Proposed mechanism for the reaction of 4 with Cp2ZrMe2.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 12530 – 1253312532

H. W. Roesky, H. Li et al.

http://dx.doi.org/10.1021/cr020376q
http://dx.doi.org/10.1021/cr020376q
http://dx.doi.org/10.1021/cr020376q
http://dx.doi.org/10.1021/cr020376q
www.chemeurj.org


[2] a) W. Kaminsky, Catal. Today 1994, 20, 257 – 271; b) H. Sinn, W. Ka-
minsky, Adv. Organomet. Chem. 1980, 18, 99–149; c) H.-H. Brint-
zinger, D. Fischer, R. M�lhaupt, B. Rieger, R. Waymouth, Angew.
Chem. 1995, 107, 1255 –1283; Angew. Chem. Int. Ed. Engl. 1995, 34,
1143 – 1170.

[3] a) J. L. Atwood, D. C. Hrncir, R. D. Priester, R. D. Rogers, Organo-
metallics 1983, 2, 985 – 989; b) A. W. Apblett, A. C. Warren, A. R.
Barron, Chem. Mater. 1992, 4, 167 –182; c) C. J. Harlan, M. R.
Mason, A. R. Barron, Organometallics 1994, 13, 2957 –2969; d) C. J.
Harlan, S. G. Bott, A. R. Barron, J. Am. Chem. Soc. 1995, 117,
6465 – 6474; e) Y. Koide, S. G. Bott, A. R. Barron, Organometallics
1996, 15, 2213 – 2226; f) C. E. Bethley, C. L. Aitken, C. J. Harlan, Y.
Koide, S. G. Bott, A. R. Barron, Organometallics 1997, 16, 329 –341;
g) J. Storre, C. Schnitter, H. W. Roesky, H.-G. Schmidt, M. Nolte-
meyer, R. Fleischer, D. Stalke, J. Am. Chem. Soc. 1997, 119, 7505 –
7513; h) M. Watanabi, C. N. McMahon, C. J. Harlan, A. R. Barron,
Organometallics 2001, 20, 460 –467; i) W. J. Zheng, H. W. Roesky, M.
Noltemeyer, Organometallics 2001, 20, 1033 – 1035; j) W. J. Zheng,
N. C. Mçsch-Zanetti, H. W. Roesky, M. Noltemeyer, M. Hewitt, H.-
G. Schmidt, T. R. Schneider, Angew. Chem. 2000, 112, 4446 –4449;
Angew. Chem. Int. Ed. 2000, 39, 4276 –4279.

[4] M. R. Mason, J. M. Smith, S. G. Bott, A. R. Barron, J. Am. Chem.
Soc. 1993, 115, 4971 –4984.

[5] a) W. Uhl, M. Koch, W. Hiller, M. Heckel, Angew. Chem. 1995, 107,
1122 – 1124; Angew. Chem. Int. Ed. Engl. 1995, 34, 989 – 990; b) C. N.
McMahon, A. R. Barrron, J. Chem. Soc. Dalton Trans. 1998, 3703 –
3704; c) Y. Peng, G. Bai, H. Fan, D. Vidovic, H. W. Roesky, J.
Magull, Inorg. Chem. 2004, 43, 1217 –1219; d) H. Zhu, J. Chai, V.
Jancik, H. W. Roesky, W. A. Merrill, P. P. Power, J. Am. Chem. Soc.
2005, 127, 10170 – 10171; e) Z. Yang, H. Zhu, X. Ma, J. Chai, H. W.
Roesky, C. He, J. Magull, H.-G. Schmidt, M. Noltemeyer, Inorg.
Chem. 2006, 45, 1823 –1827.

[6] R. J. Wehmschulte, P. P. Power, J. Am. Chem. Soc. 1997, 119, 8387 –
8388.

[7] a) H. W. Roesky, S. Singh, K. K. M. Yusuff, J. A. Maguire, N. S. Hos-
mane, Chem. Rev. 2006, 106, 3813 –3843; b) J. Chai, V. Jancik, S.
Singh, H. Zhu, C. He, H. W. Roesky, H.-G. Schmidt, M. Noltemeyer,
N. S. Hosmane, J. Am. Chem. Soc. 2005, 127, 7521 – 7528; c) P. M.
Gurubasavaraj, S. K. Mandal, H. W. Roesky, R. B. Oswald, A. Pal,
M. Noltemeyer, Inorg. Chem. 2007, 46, 1056 –1061; d) S. Nembenna,
H. W. Roesky, S. K. Mandal, R. B. Oswald, A. Pal, R. Herbst-Irmer,
M. Noltemeyer, H.-G. Schmidt, J. Am. Chem. Soc. 2006, 128,
13056 – 13057; e) S. Singh, V. Jancik, H. W. Roesky, R. Herbst-Irmer,
Inorg. Chem. 2006, 45, 949 –951; f) S. Singh, H. W. Roesky, Dalton

Trans. 2007, 1360 – 1370; g) L. W. Pineda, V. Jancik, H. W. Roesky,
R. Herbst-Irmer, Inorg. Chem. 2005, 44, 3537 –3540; h) S. K.
Mandal, P. M. Gurubasavaraj, H. W. Roesky, R. B. Oswald, J.
Magull, A. Ringe, Inorg. Chem. 2007, 46, 7594 –7600; i) S. Nemben-
na, S. Singh, A. Jana, H. W. Roesky, Y. Yang, H. Ye, H. Ott, D.
Stalke, Inorg. Chem. 2009, 48, 854 –860.

[8] a) G. Bai, S. Singh, H. W. Roesky, M. Noltemeyer, H.-G. Schmidt, J.
Am. Chem. Soc. 2005, 127, 3449 – 3455; b) Y. Yang, P. M. Gurubasa-
varaj, H. Ye, Z. Zhang, H. W. Roesky, P. G. Jones, J. Organomet.
Chem. 2008, 693, 1455 – 1461; c) Y. Yang, T. Schulz, M. John, Z.
Yang, V. M. Jim�nez-P�rez, H. W. Roesky, P. M. Gurubasavaraj, D.
Stalke, H. Ye, Organometallics 2008, 27, 769 –777.

[9] a) Cell parameters for 4 (C61H91Al3N4O2): Mr =993.32; a=

12.7989(7), b=15.6593(7), c= 15.8784(10) �; a =90, b= 106.258(6);
g=908 ; V=3055.1(3) �3; Z=2; space group Pn (monoclinic)—the
quality of the crystals could not be improved by repeated recrystalli-
zations from toluene; b) CCDC-777395 (4·1.5 dioxane), CCDC-
776495 (5·0.8 toluene), CCDC-776496 (6), CCDC-776497 (7), and
CCDC-776498 (8·toluene) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

[10] G. Bai, H. W. Roesky, J. Li, M. Noltemeyer, H.-G. Schmidt, Angew.
Chem. 2003, 115, 5660 – 5664; Angew. Chem. Int. Ed. 2003, 42, 5502 –
5506.

[11] M. D. Healy, A. R. Barron, Angew. Chem. 1992, 104, 939 –941;
Angew. Chem. Int. Ed. Engl.Angew. Chem. Int. Ed. 1992, 31, 921 –
922.

[12] a) M. A. Petrie, M. M. Olmstead, P. P. Power, J. Am. Chem. Soc.
1991, 113, 8704 –8708; b) R. D. Shannon, C. T. Prewitt, Acta Crystal-
logr. Sect. B 1969, 25, 925 –946; c) R. D. Shannon, Acta Crystallogr.
Sect. A 1976, 32, 751 – 767.

[13] a) P. J. Brothers, P. P. Power, Adv. Organomet. Chem. 1996, 39, 1–
69; b) R. H. Cayton, M. H. Chisholm, E. R. Davidson, V. F. DiStasi,
P. Du, J. C. Huffman, Inorg. Chem. 1991, 30, 1020 –1024.

[14] H. W. Roesky, Inorg. Chem. 2004, 43, 7284 –7293.
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