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Potential single-source molecular precursors [Ba{(µ-ddbfo)2MRx}2] (ddbfoH ) 2,3-dihydro-2,2-
dimethylbenzofuran-7-ol; M/R/x ) Al/Me/2, Al/Et/2, Ga/Me/2, or Zn/Et/1) for mixed metal oxide materials
were prepared by the reaction of barium aryloxide [Ba(ddbfo)2(ddbfoH)2] ·3ddbfoH with an appropriate
organometallic compound in toluene. The precursors were characterized by elemental analysis, IR and
NMR spectroscopy, and single-crystal X-ray structural analysis. The Ba/Al2 and Ba/Ga2 complexes undergo
thermal decomposition to give mixed metal oxides BaM2O4 (M ) Al, at 1300 °C for both Me and Et
derivatives; Ga, at 1430 °C). Instead, the Ba/Zn2 complex decomposes to a mixture of BaCO3 and different
metal oxides. The chemical composition and surface morphology of heterobimetallic oxides were analyzed
by SEM-EDS and X-ray powder diffraction (XRD) that revealed the formation of highly pure oxide
materials with micrometer particle sizes.

Introduction

For the last two decades, there has been a growing
interest in the development of the chemistry of mixed-
metal bi- and polynuclear oxo-, alkoxo- and alkoxo-
organometallic complexes. Such interest derives from their
fascinating structural chemistry, interesting catalytic prop-
erties, and high potential for industrial applications.1 High
applicability of such compounds is an effect of a coopera-
tion of two different metals in a single molecule which
gives rise to properties that are not a simple sum of the
properties of the individual metals and is often crucial
for a system to achieve the desired activity. The classical
example would be the cooperation of titanium and
aluminum in an olefin polymerization catalyst.2 Instead,
well-defined group 2 heterobimetallic alkoxo complexes
are known as very efficient single-source precursors (SSP)
for the fabrication of highly pure oxide-ceramic materi-
als.3 These are crucial for today’s technology and are
utilized for the production of superconductors, microelec-
tronic circuits, sensors, and ferroelectric materials. Also
most computer chips contain oxide components.

The fact that most of the heterobimetallic alkoxo species
can generate bimetallic or multimetallic oxides has resulted

in high research activity in the field. The literature cites many
ways to prepare high purity metal oxides. For instance,
alkoxides or alkoxo-organometallic complexes are perfect
candidates for sol-gel and MOCVD (metal-organic chemi-
cal vapor-phase deposition) conversion to appropriate oxide
products.4 Many other techniques like ion implantation,
plasma spray, or electrodeposition of ceramic powders may
also be used to obtain the desired composites.5 “Single-
source” bimetallic compounds can generate ceramic materials
in a single step. Such materials deliver both elements of a
final product eliminating the need to match the reaction rates
required from a multicomponent precursor mixture. Ex-
tremely important in this technique is the fact that the desired
stoichiometry is achieved on the molecular level. This is due
to the selective formation of the heterometallic compound,
which can be subsequently thermolyzed to yield the targeted
highly pure oxide product.6

Among many possible heterobimetallic complexes, those
which contain alkaline-earth metals have lately attracted some
special interest. Magnesium containing compounds are for
instance excellent polymerization initiators or substrates for
halogen exchange reactions.7 Barium containing compounds
are a little scarcer although some interesting examples were
lately published.8

The population of structurally characterized heterobimetallic
complexes of heavier alkaline-earth metals is not significantly
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large and includes some alkoxo, alkoxo-hydride, and alkoxo-
organometallic complexes.1 For example, Veith and co-workers
recently reported some well-defined barium/group 4 metal
complexes [BaZr2(OtBu)10],9 [BaTi3(OiPr)14],10 and [Ba2Zr-
(OtBu)8(HOtBu)] ·2THF.9 Also Hubert-Pfalzgraf and co-
workers reported some very interesting barium-copper and
barium-yttrium species [YBa2(HFIP)7(THF)3], [BaCu-
(HFIP)4(DME)2], [Y2Ba(HFIP)4(thd)4], [BaCu2(HFIP)4(thd)2],
and [YCu(HFIP)(thd)] (HFIP ) 1,1,1,3,3,3-hexafluoro-2-
propoxide; thdH ) 2,2,6,6-tetramethyl-3,5-heptanedione).11

In our research group we have also synthesized several
structurally interesting heterobimetallic alkoxo-organome-
tallic complexes containing second group metals.12 Lately
we have published a few interesting calcium aluminum
species containing alkoxo and aryloxo ligands.12a In this
paper, we report results of our further study on the subject
and present the synthesis of a few mixed-metal aryloxo-
organometallic barium complexes, an excellent single-source
precursors for oxide materials.

Experimental Data

All reactions were conducted under dinitrogen using standard
Schlenk techniques. Solvents were treated as follows: toluene,
distilled from Na/benzophenone; hexanes, distilled from P2O5.
AlMe3, GaMe3, ZnEt2, and ddbfoH (2,3-dihydro-2,2-dimethylben-
zofuran-7-ol) were obtained from Aldrich and used without further
purification unless stated otherwise. Infrared spectra were recorded
on a Perkin-Elmer 180 spectrophotometer in Nujol mulls.
Thermogravimetric-differential thermal analyses (TGA-DTA) were
recorded on a Setaram SETSYS 16/18. The thermolyzed products
were characterized recording X-ray powder diffraction (XRD)
patterns with a DRON-1 diffractometer using Cu KR radiation (λ
) 1.5418 Å) filtered with Ni. The measurements were done for 2θ
) 5-120° with the 2θ step ) 0.1°. Microscope analyses were
performed with a Philips SEM 515 microscope equipped with an
EDAX 9800 spectrometer (30 kV, linear resolution 5 nm). NMR
spectra were obtained on a BRUKER ESP 300E spectrometer. GC-
MS analyses were recorded on a gas chromatograph with a mass
detector HP 5971A and an infrared detector HP5965B (Hewlett-
Packard). Microanalyses were conducted with an ARL Model 3410
+ ICP spectrometer (Fisons Instruments) and a VarioEL III CHNS
(in-house). Thermal decompositions were performed using Tube
Furnace PR-50/1800.

[Ba(ddbfo)2(ddbfoH)2] ·3ddbfoH (1 ·3ddbfoH). A Schlenk flask
fitted with a reflux condenser with a N2 inlet/oil bubbler was charged
with metal Ba (2.43 g; 17.69 mmol), 20.00 mL of 2,3-dihydro-

2,2-dimethyl-7-benzofuranol (ddbfoH; 22.02 g; 132.76 mmol), and
10 mL of C6H5CH3. The mixture was stirred at 90 °C until all the
metal was consumed (usually 6-7 h). The mixture was cooled down
to room temperature and filtered, and the volatiles were removed
by oil pump vacuum. A total of 80 mL of hexanes was added to
the resulting oily powder, and the mixture was stirred for 15 min.
The white precipitate was filtered off, washed with hexanes (3 ×
15 mL), and dried to give 1 ·3ddbfoH as a white powder (13.56 g,
10.56 mmol, 60%). Calcd for C70H82O14Ba (1284.70): C, 65.44;
H, 6.43. Found: C, 65.29; H, 6.41. Colorless blocks of 1 ·3dbbfoH
were grown by layering hexanes over a toluene solution of
1 ·3dbbfoH.

1H NMR (CDCl3, 298 K): δ ) 10.8 (br s, OH), 7.42-6.62 (m,
3H of Ph), 2.69 (s, CH 2), 1.38 (s, 2CH 3). 13C{1H} NMR (CDCl3,
298 K): δ ) 147.3 (s, (C(Ophenoxo))C(O)), 144.4 (s, C(Ophenoxo), 127.4
(s, C(H)C(CH2)), 121.9 (s, (CH)CH(CH)), 116.6 (s, (CH)CH(C)),
115.1 (s, C(Ophenoxo)CH(CH)), 88.1 (s, C(CH3)2), 43.7 (s, CH2), 27.9
(s, 2CH3).

[Ba{(µ-ddbfo)2AlMe2}2] (2-Me). A Schlenk flask was charged
with 1 ·3ddbfoH (1.85 g; 1.44 mmol) and C6H5CH3 (60 mL). The
clear solution was stirred vigorously at 0 °C, and 4.32 mL of AlMe3

(2 M solution in C6H5CH3; 8.72 mmol) was added dropwise. The
reaction was warmed to room temperature. After 0.5 h the solution
became cloudy. The suspension was stirred for 24 h, and the white
precipitate was filtered off.13 The clear solution was reduced in
volume to approximately 40 mL. After 72 h colorless block crystals
were formed. They were filtered off, washed with hexanes (3 ×
10 mL), and dried by oil pump vacuum to give 2 in 76% yield
(0.99 g; 1.09 mmol). Calcd for C44H56Al2BaO8 (904.19): C, 58.45;
H, 6.24. Found: C, 58.22; H, 6.17. IR (cm-1, Nujol mull): 1890
(vw), 1810 (vw), 1616 (vs), 1588 (m), 1490 (vs), 1462 (vs), 1372
(s), 1310 (vs), 1288 (s), 1236 (m), 1192 (s), 1160 (m), 1132 (s),
1112 (s), 1056 (m), 1038 (vs), 968 (w), 902 (w), 866 (s), 844 (m),
768 (vs), 720 (s), 672 (s), 590 (m), 528 (w), 496 (w), 478 (m), 376
(w).

1H NMR (toluene-d8, 298 K): δ ) 7.04-6.58 (m, 3H of Ph),
2.56 (s, CH2), 1.23 (s, 2CH3), -0.17 (s, 2Al-CH3). 13C{1H} NMR
(toluene-d8, 298 K): δ ) 152.3 (s, (C(Ophenoxo))C(O)), 151.4 (s,
C(Ophenoxo), 129.1 (s, C(H)C(CH2)), 127.3 (s, (CH)CH(CH)), 120.3
(s, (CH)CH(C)), 118.1 (s, C(Ophenoxo)CH(CH)), 93.6 (s, C(CH3)2),
46.8 (s, CH2), 32.1 (s, 2CH3), -4.8 (s, 2Al-CH3). GC-MS: analysis
confirmed a MeH evolution during reaction. Purity of BaAl2O4 (%):
C, 0.03; H, 0.00. SEM-EDS: Ba:Al ) 0.5 (0.01).

[Ba{(µ-ddbfo)2AlEt2}2] (2-Et). 1 ·3ddbfoH (0.85 g; 0.66 mmol),
C6H5CH3 (40 mL), and 3.30 mL of AlEt3 (1.0 M solution in
C6H5CH3; 3.30 mmol) were combined in a procedure analogous to
that for 2-Me. The analogous workup gave after 96 h colorless
block crystals of 2-Et. They were filtered off, washed with hexanes
(3 × 10 mL), and dried by oil pump vacuum to give 2-Et in 43%
yield (0.27 g; 0.28 mmol). Calcd for C48H64Al2BaO8: C, 60.03; H,
6.73. Found: C, 58.87; H, 7.04. IR (cm-1, Nujol mull): 1888 (vw),
1814 (vw), 1616 (vs), 1594 (m), 1486 (vs), 1466 (vs), 1375 (s),
1306 (vs), 1285 (s), 1240 (m), 1192 (s), 1158 (m), 1133 (s), 1111
(s), 1056 (m), 1043 (vs), 898 (s), 856 (s), 788 (s), 712 (w), 650 (s),
614 (m), 596 (w), 448 (s), 424 (s), 390 (w).

1H NMR (toluene-d8, 298 K): δ ) 7.05-6.45 (m, 3H of Ph);
2.51 (s, CH2); 1.24 (s, 2CH3); 1.67 (t, 2Al-CH2CH3); 0.53 (q, 2Al-
CH2CH3). 13C{1H} NMR (toluene-d8, 298 K): δ ) 147.4 (s,
(C(Ophenoxo))C(O)), 144.5 (s, C(Ophenoxo), 126.6 (s, C(H)C(CH2)),
123.1 (s, (CH)CH(CH)), 117.8 (s, (CH)CH(C)), 115.5 (s, C(Ophe-
noxo)CH(CH)), 90.0 (s, C(CH3)2), 43.7 (s, CH2), 28.3 (s, 2CH3),
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19.9 (s, 2Al-CH2CH3), 10.9 (s, 2Al-CH2CH3). Purity of BaAl2O4

(%): C, 0.04; H, 0.00.
[Ba{(µ-ddbfo)2GaMe2}2] (3). 1 ·3ddbfoH (1.17 g; 0.91 mmol),

C6H5CH3 (40 mL), and 2.30 mL of GaMe3 (2 M solution in
C6H5CH3; 4.55 mmol) were combined in a procedure analogous to
that for 2. The analogous workup gave after 48 h colorless cubic
crystals of 3. They were filtered off, washed with cold hexanes (3
× 10 mL), and dried by oil pump vacuum to give 0.56 g of
analytically pure product (62%; 0.57 mmol). Calcd for
C44H56O8BaGa2 (989.66): C, 53.40; H, 5.70; Ba, 13.87. Found: C,
52.56; H, 6.13; Ba, 14.10. IR (cm-1, Nujol mull): 1884 (vw), 1700
(vw), 1612 (vs), 1580 (m), 1486 (vs), 1308 (vs), 1286 (s), 1234
(m), 1192 (m), 1160 (m), 1130 (s), 1112 (m), 1056 (m), 1034 (s),
968 (vw), 870 (s), 840 (w), 776 (s), 764 (vs), 748 (s), 720 (s), 620
(m), 600 (m), 574 (s), 540 (m), 488 (m), 472 (m), 368 (vw).

1H NMR (toluene-d8, 298 K): δ ) 7.03-6.41 (m, 3H of Ph),
2.56 (s, CH2), 1.25 (s, 2CH3), -0.29 (s, 2Ga-CH3). 13C{1H} NMR
(toluene-d8, 298 K): δ ) 151.5 (s, (C(Ophenoxo))C(O)), 150.4 (s,
C(Ophenoxo), 129.5 (s, C(H)C(CH2)), 126.2 (s, (CH)CH(CH)), 119.3
(s, (CH)CH(C)), 117.3 (s, C(Ophenoxo)CH(CH)), 92.4 (s, C(CH3)2),
47.2 (s, CH2), 31.5 (s, 2CH3), -1.3 (s, 2Ga-CH3). GC-MS: analysis
confirmed a MeH evolution during the reaction. Purity of BaGa2O4

(%): C, 0.04; H, 0.00. SEM-EDS: Ba:Ga ) 0.5 (0.01).
[Ba{(µ-ddbfo)2ZnEt}2] (4). 1 ·3ddbfoH (1.20 g; 0.93 mmol),

C6H5CH3 (40 mL), and 5.00 mL of ZnEt2 (1.0 M solution in
hexanes; 5.00 mmol) were combined in a procedure analogous to
that for 2. A similar workup (10 mL of hexanes were added to the
filtrate) gave after one week colorless pillar crystals. They were
filtered off, washed with cold hexanes (3 × 10 mL), and dried by
oil pump vacuum to give 4 in 47% yield (0.43 g; 0.44 mmol). Calcd
for C44H54O8BaZn2 (978.95): C, 53.98; H, 5.56; Ba, 14.03. Found:
C, 54.11; H, 5.37; Ba, 13.56. IR (cm-1, Nujol mull): 1884 (vw),
1704 (vw), 1610 (s), 1578 (m), 1484 (vs), 1458 (s), 1368 (m), 1306
(vs), 1284 (s), 1262 (w), 1232 (m), 1190 (w), 1160 (m), 1136 (m),
1104 (m), 1052 (m), 1036 (s), 956 (vw), 940 (vw), 872 (s), 840
(w), 780 (m), 760 (s), 744 (m), 736 (w), 720 (s), 696 (vw), 616
(m), 574 (m), 518 (w), 484 (w), 462 (w), 368 (vw).

1H NMR (toluene-d8, 298 K): δ ) 7.11-6.46 (m, 3H of Ph),
2.53 (s, CH2), 1.58 (s, CH3), 1.37-1.32 (m, 3H of 2Zn-CH2CH3),
0.40-0.36 (m, 2H of 2Zn-CH2CH3). GC-MS: analysis confirmed
a EtH evolution during reaction.

Oxide Preparation. In a typical procedure the precursor was
heated at the desired temperature for 5 h. After decomposition, oxide
products were identified by XRD. The morphologies and elemental
compositions of BaAl2O4 and BaGa2O4 particles were investigated
using scanning electron microscopy-energy-dispersive spectrom-
etry (SEM-EDS). Carbon and hydrogen contaminations were
examined by elemental analysis.

Details of X-ray Data Collection and Reduction. Data were
collected using a KUMA KM4 CCD (ω scan technique) diffrac-
tometer equipped with an Oxford Cryosystem-Cryostream cooler.
The space groups were determined from systematic absences and
subsequent least-squares refinement. One frame checked every 50
frames showed no crystal decay. Lorentz and polarization correc-
tions were applied. The structures were solved by direct methods
and refined by full-matrix-least-squares on F2 using the SHELXTL
Package.14 Non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atom positions were calculated and

added to the structure factor calculations but were not refined.
Scattering factors, and ∆f′ and ∆f′′ values, were taken from the
literature.15

All data (except structure factors) have been deposited with the
Cambridge Crystallographic Data Centre in association with earlier
communications (1 · 3ddbfoH and 2-Me)12g or as supplementary
publications CCDC 648548 (2-Et), CCDC-648549 (3), and CCDC-
648550 (4). Copies of the data can be obtained free of charge by
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK
(e-mail: deposit@ccdc.cam.ac.uk).

Results and Discussion

Synthesis of 1. As mentioned in the introduction, well-
defined heterobimetallic alkoxides are excellent single-source
precursors (SSP) for the oxide-ceramic materials. The
literature describes few basic routes of their preparation,1

and of all these methods the ones with homoleptic substrates
are especially useful. Hence, as an initial point of our project,
we prepared the mononuclear barium 7-benzofuranoxide
[Ba(ddbfo)2(ddbfoH)2] ·3ddbfoH (ddbfoH ) 2,3-dihydro-2,2-
dimethylbenzofuran-7-ol); 1 ·3ddbfoH) that was easily ob-
tained in a direct reaction of metallic barium with an excess
of ddbfoH in toluene as shown in Scheme 1. The workup
gave 1 ·3ddbfoH in 60% isolated yield as colorless crystals.
The air-sensitive compound is soluble in aromatic hydro-
carbons and CH2Cl2 and can be stored under N2 for extended
periods.

Compound 1 ·3ddbfoH gave correct microanalysis and was
characterized by NMR spectroscopy (1H and 13C) as sum-
marized in Experimental Section. 1H NMR showed that all
ligands are equivalent in solution (one set of proton signals),
suggesting their mutual interaction through numerous hy-
drogen bonds. This is further supported by a very broad
singlet of the OH group located at 10.79 ppm.

The TGA analysis of 1 ·3ddbfoH shows the melting to
start at 128 °C, which followed by slow decomposition that
at approximately 160 °C leads to a mass loss of 40.6%.
Further heating to >600 °C gives rise to an overall mass
loss of 73.5% which corresponds to the extrusion of four
ligand moieties. No MS analysis of the volatiles was
performed.

Crystal Structure of 1 ·3ddbfoH. Crystallization of
1 ·3ddbfoH from the biphasic toluene/hexanes system gave
colorless crystals, and the crystal structure was determined
as outlined in the Experimental Section and Table 1.

(14) Sheldrick, G. M. SHELXTL, version 5.10; Bruker AXS Inc.: Madison,
WI.

(15) Cromer, D. T.; Waber, J. T. In International Tables for X-ray
Crystallography; Ibers, J. A., Hamilton, W. C., Eds.; Kynoch:
Birmingham, U.K., 1974; Vol. 4, pp 72-98, 149-150; Tables 2.2B
and 2.3.1.

Scheme 1. Synthesis of 1
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Refinement showed mononuclear species with four O,O′-
chelating ligands in the metal coordination sphere and three
ligand molecules in the outer sphere. The molecular structure
of 1 ·3ddbfoH is shown in Figure 1, and the key metrical
parameters are given in Table 2. In the complex molecule
the metal atom is surrounded by four bidentate ligands. The
eight-coordinating barium atom remains between 2.835(19)
and 2.696(2) Å from the oxygen atoms. Such values are
much higher than those in [Ba2(Odpp)(µ-Odpp)3]16 (2.488(2)
Å; Odpp ) 2,6-diphenylphenolate) suggesting the presence
of neutral OH groups in the proximity of the barium atom.

Indeed, closer analysis of the O-H and O · · ·H distances
showed that in the solid state the neutral ddbfoH molecules
remain in the coordination sphere of barium. From this
perspective, 1 ·3ddbfoH should formally be regarded as an
ionic compound [Ba(ddbfoH)4][ddbfo]2 · ddbfoH with two
anionic ddbfo ligands and one neutral benzofuranol outside
the coordination sphere of the metallic cation. Similar
compounds with organic17 and metal containing anions
outside the coordination sphere were reported.18

Synthesis of 2-4. The presence of neutral 7-benzofura-
nols in the barium coordination sphere made 1 · 3ddbfoH
an attractive target for the transformation into a hetero-
bimetallic species via O metalation. A similar proton
abstraction approach to heterobimetallic compounds has

lately been explored by Singh and Roesky.19 In their work
a large variety of heterobimetallic oxo complexes were
obtained from metal hydroxides and appropriate organo-
metallic precursors. A similar approach has also been
utilized by Mehrotra and co-workers for the synthesis of
group 2 metal aluminates.20

As shown in Scheme 2 the organometallics AlMe3, AlEt3,
GaMe3, or ZnEt2 were combined with 1 ·3ddbfoH in toluene
at 0 °C. Workups gave heterobimetallic [Ba{(µ-
ddbfo)2AlMe2}2] (Ba/MeAl2; 2-Me), [Ba{(µ-ddbfo)2AlEt2}2]
(Ba/EtAl2; 2-Et), [Ba{(µ-ddbfo)2GaMe2}2] (Ba/Ga2; 3), and
[Ba{(µ-ddbfo)2ZnEt}2] (Ba/Zn2; 4) as colorless crystalline
species in 43-76% yields. They were unstable in the air
but could be stored under dinitrogen for weeks. They are
soluble in most organic solvents excluding aliphatic hydro-
carbons. Compounds 2-4 were characterized by elemental
analysis and IR and NMR (1H and 13C) spectroscopy as
summarized in Experimental Section.

In all the reactions there is an organometallic driven
abstraction of the OH protons from the barium inner sphere
7-benzofuranols. This leads to the subsequent evolution of
methane (2-Me and 3) or ethane (2-Et and 4) and results in
a linkage of benzofuranoxo ligands to form a pair of four-
coordinating ligands in which the buckling role is played
by the MRx

+ (2-Me and 3, R ) Me, x ) 2; 2-Et, R ) Et, x

Table 1. Crystallographic Data for 1 ·3ddbfOH-4

complex

1 ·3ddbfoH 2-Me 2-Et 3 4

chemical formula C70H82BaO14 C44H56BaAl2O8 C48H64BaAl2O8 C44H56BaGa2O8 C44H54BaZn2O8

formula weight 1284.70 904.19 960.29 989.66 978.95
temp (K) 100(1) 100(1) 100(1) 85(1) 100(1)
space group P21/c C2/c P1j C2/c P1j
a [Å] 20.147(3) 12.500(2) 12.991(3) 12.474(5) 10.508(5)
b [Å] 14.825(3) 17.710(2) 18.174(4) 17.861(5) 11.444(5)
c [Å] 21.798(3) 20.468(2) 21.696(4) 20.432(5) 19.927(5)
R [deg] 90.0 90.0 67.58(3) 90.0 89.2(1)
� [deg] 99.13(2) 103.25(1) 88.40(3) 103.26(5) 82.2(1)
γ [deg] 90.0 90.0 89.16(3) 90.0 70.3(1)
V [Å3] 6428.1(18) 4410.5(10) 4733.3(17) 4431(2) 2234(2)
Z 4 4 4 4 2
F [g/cm3] 1.327 1.362 1.348 1.484 1.454
µ(Mo KR) [mm-1] 0.682 0.989 0.924 2.135 1.984
R1 (>2σ) 0.0440 0.0378 0.0334 0.0228 0.0365
wR2 (>2σ) 0.0736 0.0744 0.0777 0.0461 0.0685

Figure 1. View of 1 ·3ddbfoH.

4234 Chem. Mater., Vol. 20, No. 13, 2008 John et al.



) 2; 4, R ) Et, x ) 1) moieties as shown in Scheme 2. The
proposed structures of 2-4 are nicely supported by 1H NMR
spectra. In 2 and 3 a signal pattern of aromatic protons similar
to that found in the free ligand is observed. Also well-
developed signals corresponding to organometallic fragments
are observed at -0.17 for 2-Me, 1.67 (t, CH3), and 0.53 (q,
CH2) for 2-Et and at -0.29 ppm for 3. Moreover, in 13C
NMR the carbon atoms of the alkyl group of MR2

+ fragment
are observed at -4.8 for 2-Me, 19.9 (s, CH2) and 10.9 (s,
CH3) for 2-Et, and -1.3 ppm for 3.

The 1H NMR of 4 showed the right resonances of ethyl
CH2 and CH3 groups at 0.40-0.36 and 1.37-1.32 ppm,
respectively, but the pattern of aromatic protons of the ddbfo
ligand was not so straightforward as for 2 and 3. Here the
region was much more complex, exhibiting a set of multiplets
located between 7.11 and 6.46 ppm. This along with the
lowest solubility of 4 within a series suggested additional
interactions that were further confirmed by X-ray analysis.
Because of the low solubility of 4, the 13C NMR spectrum
has not been measured.

Crystal Structures of 2-4. The crystal structures of 2-4
were determined as outlined in Table 1 and described in the
Experimental Section.

Figure 2 (top and center) presents molecules of complexes
2 and 3 that are isomorphic. The bottom view shows a
superposition of both complexes. They crystallize in mono-
clinic space group C2/c as colorless block crystals.

Both neutral complexes are composed of one barium atom
and two group 3 atoms. The barium atom is surrounded by
eight oxygen atoms of four ddbfo ligands. Each aluminum/
gallium atom is four-coordinate and is occupied by two donor
oxygen atoms of aryloxo ligands and two carbon atoms of
methyl groups. The Ba-O bond distances (see Table 2) range
from 2.728(17) to 2.819(17) Å in 2-Me and from 2.712(16)
to 2.829(19) Å in 3, which is comparable to other Ba-O
bond distances reported in the literature for mixed-metal
compounds.8–11,16,21,22 The Al-O bond distances in 2 fall
within 1.808(18) and 1.811(19) Å, and the Al-C distances
are 1.962(3) and 1.964(3) Å.

Barium and aluminum/gallium centers are bridged by
aryloxo oxygen atoms of benzofuranoxide ligands. The
bridging Ba-O-M′ bond angles equal 109.65(8) and
107.49(8)° for 2-Me and 109.67(7) and 111.47(7) for 3.

The compound 2-Et crystallizes in the P1j space group with
two molecules in the asymmetric unit. The molecule of 2-Et
is “isostructural” to those of 2-Me and 3 and is presented in
Figure 3.

The coordination mode of both Ba and Al atoms is
identical and the metric parameters are very close to those
of 2-Me.

Also the molecular structure of 4 is similar to those of 2
and 3. The complex crystallizes in the triclinic system and
shows an eight-coordinate barium atom bound to four
deprotonated benzofuranoxo ligands. The two ZnEt+ moi-
eties are coordinated to aryloxo oxygen atoms. The zinc
centers are three-coordinate. Such a coordination number on
a zinc site has already been observed in Ba[Zn(CH2SiMe3)3]2,
(THF)4Ca[(MeZn)2(µ-PSiiPr3)2], and [(THF)BaN(SiMe3)2]2-
Zn4Et2(PSitBu3)4.8b

Ba-O distances in 4 (Figure 4) are within the 2.739(2)-
2.791(2) Å range for Ba-O(alkoxo) and 2.794(2)-2.898(3) Å

Table 2. Selected Bond Lengths (Å) and Angles (deg) for 1 ·3ddbfoH-4

1 ·3ddbfoH 2-Me 2-Et 3 4

Ba1-O(10) 2.835(19) 2.8189(18) 2.7839(19) 2.8086(19) 2.788(2) 2.825(2)
Ba1-O(11) 2.762(2) 2.7281(17) 2.7457(18) 2.7742(17) 2.7570(15) 2.791(2)
Ba1-O(20) 2.835(19) 2.787(2) 2.801(2) 2.820(2) 2.8290(19) 2.859(2)
Ba1-O(21) 2.728(19) 2.7795(18) 2.770(2) 2.750(2) 2.7121(16) 2.739(2)
Ba1-O(30) 2.832(18) 2.8194(18) 2.7918(18) 2.794(2)
Ba1-O(31) 2.696(2) 2.7493(18) 2.7543(18) 2.764(2)
Ba1-O(40) 2.778(18) 2.8434(19) 2.8063(19) 2.898(3)
Ba1-O(41) 2.714(18) 2.7738(18) 2.7773(18) 2.748(2)
M′1-O(11) 1.8081(19) 1.8119(19) 1.8051(19) 1.9167(15) 1.953(2)
M′1-O(21) 1.811(2) 1.8094(19) 1.8070(19) 1.9165(13) 1.9519(19)
M′2-O(31) 1.8076(18) 1.8158(19) 1.947(2)
M′2-O(41) 1.8106(19) 1.813(2) 1.956(2)
M′1-C(1) 1.962(3) 1.976(3) 1.973(3) 1.964(2) 1.961(3)
M′1-C(2) 1.964(4) 1.985(3) 1.980(3) 1.966(2)
M′2-C(3) 1.973(3) 1.975(3) 1.966(3)
M′2-C(4) 1.978(3) 1.975(3)
Ba-O(11)-M′1 109.65(8) 108.40(8) 107.62(8) 109.67(7) 106.92(13)
Ba-O(21)-M′1 107.49(8) 107.52(8) 108.52(9) 111.47(7) 108.93(13)
Ba-O(31)-M′2 108.69(9) 108.13(9) 108.41(12)
Ba-O(41)-M′2 107.61(9) 107.31(9) 108.68(12)

Scheme 2. Syntheses of 2-4

4235Chem. Mater., Vol. 20, No. 13, 2008Mixed-Metal Aryloxo-Organometallic Precursors



for Ba-O(ether) distances. The O(alkoxo)-Ba-O(alkoxo) bond
angles range from 55.99(5) to 144.17(5)°. The Zn(1)-O(11),
Zn(1)-O(21), Zn(2)-O(31), and Zn(2)-O(41) distances are
1.954(18), 1.952(18), 1.947(19), and 1.956(19) Å, respec-
tively. The O(11)-Zn(1)-O(21) and O(31)-Zn(2)-O(41)
bond angles are 83.34(8) and 83.50(7)°, respectively. More-

over, bond angles between O(11)-Zn(1)-C(1), O(21)-
Zn(1)-C(1), O(31)-Zn(2)-C(3), and O(41)-Zn(2)-C(3)
are 136.76(10), 133.83(10), 137.83(10), and 135.79(10)°,
respectively. All bond distances and angles are comparable
to those reported in the literature.21a,22a,23 Although the

(16) Deacon, G. B.; Forsyth, C. M.; Junk, P. C. J. Organomet. Chem. 2000,
607, 112.

(17) Love, C. P.; Torardi, C. C.; Page, C. J. Inorg. Chem. 1992, 31, 1784.
(18) (a) Kanters, J. A.; Smeets, W. J. J.; Venkatasubramanian, K.; Poonia,

N. S. Acta Crystallogr., Sect. C 1984, 40, 1701. (b) Day, V. W.;
Eberspacher, T. A.; Frey, M. H.; Klemperer, W. G.; Liang, S.; Payne,
D. A. Chem. Mater. 1996, 8, 330.

(19) Singh, S.; Roesky, H. W. Dalton Trans. 2007, 1360.
(20) Sharma, M.; Singh, A.; Mehrotra, R. C. Synth. React. Inorg. Met.-

Org. Chem. 2002, 32, 1223.
(21) (a) Arion, V. B.; Bill, E.; Reetz, M. T.; Goddard, R.; Stöckigt, D.;

Massau, M.; Levitsky, V. Inorg. Chim. Acta 1998, 282, 61. (b) Petrella,
A. J.; Craig, D. C.; Lamb, R. N.; Raston, C. L.; Roberts, N. K. Dalton
Trans. 2004, 327. (c) Evans, W. J.; Giarikos, D. G.; Greci, M. A.;
Ziller, J. W. Eur. J. Inorg. Chem. 2002, 453. (d) Petrella, A. J.; Roberts,
N. K.; Craig, D. C.; Raston, C. L.; Lamb, R. N. Chem. Commun.
2003, 2288.

(22) (a) van Veggel, F. C. J. M.; Harkema, S.; Bos, M.; Verboom, W.;
Woolthuis, G. K.; Reinhoudt, D. N. J. Org. Chem. 1989, 54, 2351.
(b) Guillemot, G.; Solari, E.; Rizzoli, C.; Floriani, C. Chem.-Eur. J.
2002, 8, 2072. (c) van Veggel, F. C. J. M.; Bos, M.; Harkema, S.;
Verboom, W.; Reinhoudt, D. N. Angew. Chem., Int. Ed. 1989, 28,
746.

Figure 2. Molecular structure of 2-Me (top), 3 (center), and their
superposition (bottom; light grey, 2-Me; dark grey, 3).

Figure 3. Molecular structure of 2-Et.

Figure 4. Molecular structure of 4.
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coordination number of the zinc atom seems to be three, the
earlier mentioned obscurities in a signal pattern of the phenyl
ring in the 1H NMR spectrum of 4, compared to 2 and 3,
suggested the possible existence of the long distance agostic
Zn · · ·C interaction. Careful analysis indeed showed the
contact of the zinc atom with a carbon atom of the
neighboring phenyl ring of 2.897 Å. Similar contacts were
observed in [Zn(2-methylallyl)2] (2.919(1) Å).24

Thermogravimetry and Powder XRD of 2-4. Hetero-
bimetallic 2-4 were next tested as sources for oxide
materials. They all have the correct ratio of metals to serve
as precursors for double oxides. The thermal decomposition
of 2-4 was investigated first with the use of TGA analysis
under N2, and the results are presented in Figure 5. It clearly
shows that 2-4 when heated from room temperature up to
1200 °C within 4 h underwent multistep noncompleted
thermal decomposition. The curves show that the inception
of decomposition (weight loss) occurs at 128, 180, 188, and
185 °C for 2-Me, 2-Et, 3, and 4, respectively. TGA as well
as microscopic observations showed no signs of sublimation.

Within the temperature range 25-1200 °C the precursor
2-Me undergoes three major stages of weight loss. The first
one occurring at 128-210 °C is associated with a 2.7% loss
of the initial mass. The second occurs at 210-350 °C and
is characterized by a 3.6% loss of the initial mass. Finally,
the third noticeable weight loss (13.9% of the initial mass)
is observed at 350-680 °C, and further slow decomposition
takes place up to and over 1200 °C. As to the higher
homologue 2-Et, the first mass loss (3.2%) occurs at
180-220 °C. The other two appear at 483-580 °C and
1010-1200 °C (9.0 and 10.0% of initial mass loss, respec-
tively) showing that the exchange of the R group at the
aluminum center slightly increased decomposition temper-
atures. Precursor 3 also decomposes in three observable steps
in the temperature regions 188-410 °C (13.7%), 410-840
°C (17.3%), and 840-1025 °C (8.5% of the initial mass loss).
Finally, compound 4 (at the temperature range 25-950 °C)
decomposes in four steps in temperature regions of 185-270

°C (11.3% mass loss), 270-420 °C (22.6% weight loss),
420-625 °C (10.7% of initial weight loss), and between 625
and 830 °C with 20.5% loss of the initial mass. Unfortu-
nately, the subsequent weight losses observed in TGA
experiments (similarly as for 1 ·3ddbfoH) do not correspond
with the weight losses that could be predicted when a specific
number of ligands was liberated. From this perspective no
clean processes were observed for 1 ·3ddbfoH-4. Moreover,
as can be clearly noticed at the TGA curves for 2-Me, 2-Et,
and 3, further mass loss can be predicted for all compounds
above 1200 °C which in our opinion is related to thermal
stability of barium carbonate (probable intermediate) at this
temperature. Also the fact that all the experiments were
carried out in anaeorbic conditions might be the cause of
not definite thermal decomposition of 2-4 that is evident
due to the light gray color of the residues suggesting
substantial content of organic material. In general, decom-
position of metal aryloxides is much more challenging
compared to that alkoxo derivatives. Metal complexes with
chelating and bulky aryloxo groups are nonvolatile and much
more stable than monodentate alkoxides. Hence, thermal
decomposition of metal aryloxo derivatives is much more
complex and usually a long lasting process.

On the basis of phase diagrams compounds 2-4 were next
thermolyzed in oxidative atmosphere (air). The resulting
materials were analyzed by XRD analysis. The diffraction
patterns shown in Figure 6 that were obtained for 2-Me and
2-Et thermolyzed at 1300 °C are identical with that for
BaAl2O4 reported in the literature.25 The diffraction peaks
obtained for precursor 3 thermolyzed at 1430 °C match
exactly those of BaGa2O4 as shown in Figure 7.26 For all
these precursors no residual peaks of BaCO3 were observed
at lower 2θ values (2θ < 10°). The XRD pattern for
compound 4 which was thermolyzed at above 1000 °C can
be assigned to the mixture of BaCO3 and ZnO reported in

(23) Uhlenbrock, S.; Wegner, R.; Krebs, B. J. Chem. Soc., Dalton Trans.
1996, 3731.

(24) Benn, R.; Grondey, H.; Lehmkuhl, H.; Nehl, H.; Angermund, K.;
Krüger, C. Angew. Chem., Int. Ed. Engl. 1987, 26, 1279.

(25) (a) Hoerkner, W.; Mueller-Buschbaum, H. Z. Anorg. Allg. Chem. 1979,
451, 40. (b) Tomaszewski, P. Phase Transitions 1992, 38, 127.

Figure 5. TGA curves of 2-4. Figure 6. XRD patterns: (a) BaAl2O4 (ICSD 10036), (b) precursor 2-Me,
and (c) 2-Et (both decomposed at 1300 °C).
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the Inorganic Crystal Structure Database (see Figure 8).27

Later, when the BaCO3-ZnO system was thermolyzed at
the temperatures up to and above 1200 °C, further decom-
position was observed to finally give a mixture of BaCO3,
BaO, ZnO, and mixed metal oxides BaZnO2 and Ba2ZnO3.
Elemental analysis of the final powder did not match any
specific mixture of oxides.28

SEM-EDS Analysis. The morphology and elemental
composition of the 2-Me and 3 samples were determined
by SEM and EDS analyses (see Figures 9 and 10). Stan-
dardless EDS analyses performed on many grains revealed
a Ba:M atomic ratio of 0.50 ( 0.01 for 2-Me and 3. No
other elements except oxygen were detected in the EDS
spectra (residual carbon content from the high purity
conducting carbon tabs used to fix the powder samples was
identified). The presence of carbonate residues was excluded
by additional analysis (elemental analysis, Fourier transform

infrared, and XRD analysis in the lower 2θ values). Results
of EDS analyses are consistent with the phase identification
by XRD, where BaAl2O4 (precursor 2-Me) and BaGa2O4

(precursor 3) appear to be the only compounds present in
the samples.

Conclusions

In conclusion, we have presented a simple, high-yield
synthetic route to access barium-containing heterobimetallic
species, potential single-source precursors for oxide-ceramic
materials. This synthetic method comprises reaction of
barium aryloxide with appropriate organometallic agents. The
presented method is an alternative to conventional methods
and the Pechini process29 and comprises SSP-I/SSP-II
precursors.6

Monobarium aluminate25 and monobarium gallate26,30

were first prepared by conventional methods. The major
disadvantages of these methods are that the final oxide
product is not pure and, in many cases, the metal to metal
ratio is not strictly determined. We have demonstrated that
the compounds 2 and 3 exemplify effective precursors for
heterobimetallic oxides of composition BaM2O4, where M
) Al and Ga. As showed by SEM-EDS analysis that double
oxide samples are highly pure. Spinels of composition AB2O4

(where A ) Ca2+, Sr2+, Ba2+; B ) Al3+, Ga3+) are known
to show interesting ferroic properties. Moreover, such double
oxides present many different polymorphic forms.25,26,30–36

As we have shown, not all of the potential heterobimetallic

(26) (a) Kahlenberg, V.; Fischer, R. X.; Parise, J. B. J. Solid State Chem.
2000, 154, 612. (b) Kahlenberg, V.; Weidenthaler, C. Solid State Sci.
2002, 4, 963.

(27) Inorganic Crystal Structure Database, Version 2006-01.
(28) Spitsbergen, U. Acta Crystallogr. 1960, 13, 197.

(29) Pechini, M. P. U.S. Patent 3,330,697, 1967.
(30) Hoppe, R.; Schepers, B. Naturwissenschaften 1960, 47, 376.
(31) Suketoshi, I.; Banno, S.; Suzuki, K.; Inagaki, M. Z. Phys. Chem. 1977,

105, 173.
(32) Suketoshi, I.; Banno, S.; Suzuki, K.; Inagaki, M. Z. Phys. Chem. 1977,

107, 53.
(33) Huang, S. Y.; von der Mühll, R.; Ravez, J.; Couzi, M. Ferroelectrics

1994, 159, 127.
(34) Deiseroth, H. J.; Müller-Buschbaum, H. Z. Anorg. Allg. Chem. 1973,

402, 201.
(35) Schulze, A. R.; Müller-Buschbaum, H. Z. Anorg. Allg. Chem. 1981,

475, 205.
(36) Müller-Buschbaum, H.; Schmachtel, W. Z. Naturforsch. 1976, 31,

1605.

Figure 7. XRD patterns: (a) �-BaGa2O4 (ICSD 91281) and (b) precursor 3
decomposed at 1430 °C.

Figure 8. XRD patterns: (a) precursors 4 decomposed at 1000 °C, (b) BaCO3

(ICSD 15196), and (c) ZnO (ICSD 26170).

Figure 9. SEM micrographs of BaAl2O4.

Figure 10. SEM micrographs of BaGa2O4.
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precursors can be utilized to form desired double oxide
systems. We have presented that compound 4 decomposed
at 1000 °C to the mixture of BaCO3 and ZnO. In a higher
temperature (>1200 °C) system, it further decomposes to a
mixture of BaCO3 and mono- and mixed-metal oxides. Even
so, compound 4 exemplifies a structurally interesting alkoxo-
organometallic compound with three-coordinate zinc atoms.
In the literature, there are few known examples of such a
rare coordination number on zinc centers.37
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(37) (a) Lewiński, J.; Ochal, Z.; Bojarski, E.; Tratkiewicz, E.; Justyniak,
I.; Lipkowski, J. Angew. Chem., Int. Ed. 2003, 42, 4643. (b)
Bukhaltsev, E.; Goldberg, I.; Vigalok, A. Organometallics 2004, 23,
4540.

4239Chem. Mater., Vol. 20, No. 13, 2008Mixed-Metal Aryloxo-Organometallic Precursors


