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Interaction of Co(acac)2 with 2 eq. of Ti(OiPr)4 in hexane leads to an equimolar mixture of the new heterometallic
complex [Co2Ti2(acac)2(O

iPr)10] (1) and the known heteroleptic alkoxide Ti2(acac)2(O
iPr)6. When redissolved in

iPrOH 1 is destroyed, forming [Co2(acac)4(
iPrOH)2] (2) as the only isolable crystalline product. Reaction of Co(acac)2

with 3 eq. of Ta(OiPr)5 gives [Co2Ta2(O
iPr)14] (3) together with Ta(acac)(OiPr)4. Reaction of Ni(acac)2 with 4 eq. of

Nb(OiPr)5 produces the heterometallic complex [NiNb2(O
iPr)12] (4). Reactions of M(acac)2 (M = Co, Ni, Mg and Zn)

with Al(OiPr)3 in 1 : 2 ratios provides access to [MAl2(O
iPr)4(acac)4] [M = Co (5), Ni (6), Mg (7)] and [Zn2Al2(O

iPr)6-
(acac)4] (8) respectively. When redissolved in iPrOH, [NiAl2(O

iPr)4(acac)4] (6) is destroyed, forming a mixture of
[Ni2(acac)4(

iPrOH)2] (9), Al(OiPr)3 and Al(acac)3. Interaction of M(acac)2, (M = Co, Ni) with metal isopropoxides
in iPrOH as well as their recrystallization from iPrOH give 2 and 9 respectively. 5–7 are unstable in the hydrocarbon
solution on heating, decomposing with formation of [M2Al2(O

iPr)6(acac)4], along with Al(acac)3 and heterometallic
alkoxide species. Mg(acac)2 was found to recrystallize unchanged from the solutions of Ti(OiPr)4 in toluene. The
solution structure and stability of the heterometallic complexes has been investigated by UV-Vis spectroscopy and
NMR, and the details of their decomposition on sublimation by mass-spectroscopy. The factors influencing the
formation and stability of heterometallic complexes originating from the reactions of divalent metal acetylacetonates
with metal isopropoxides are discussed.

Introduction
Heterometallic alkoxides of late transition elements, and of
cobalt in particular, are of interest as precursors of materials
for catalytic applications.1 The common approach to bimetallic
derivatives based on interaction of the alkoxides of two metals
is not applicable in this case as the homometallic complexes of
late transition metals are polymeric solids displaying very low
reactivity.2 A promising route to the heterometallic com-
pounds appears to be offered by the interaction of late
transition metal β-diketonates with early transition metal
alkoxides which was earlier reported to provide access to
Zr2Co4(µ6-O)(µ-OC3H7)8(OC3H7)2(acac)4

3 and Zr3Fe4(µ4-O)-
(µ-OC3H7)6(OC3H7)4(acac)3

4 and recently also to M2
IIM2

V-
(acac)2(OMe)12, [M

II = Co, Ni, Zn, Mg; MV(OMe)5, M
V = Ta,

Nb].5 As application of solutions containing metal β-diketon-
ates together with early transition metal isopropoxides repre-
sents a rather common approach in sol–gel technology, it was
interesting to find out what chemical reactions occur under
their preparation and what kind of species can be present in
these systems. It is to be mentioned that a considerable number
of acetylacetonato-isopropoxides, and in particular NiAl2-
(acac)4(O

iPr)4, have been reported by Mehrotra 6 to be formed
on treatment of the corresponding heterometallic isopropox-
ides with acetylacetone, but very little structural characteriz-
ation was provided for these species. No unequivocal data
have been presented so far on their stability in solution and on
transition into the gas phase.

† Electronic supplementary information (ESI) available: synthesis
details for 5–7; microanalysis data for 1–9; tables of selected
bond lengths and angles for 1–5 and 7–9; variable temperature
1H NMR spectra for 7 and 8; UV-Vis spectrum of 6 in
toluene after various times. See http://www.rsc.org/suppdata/dt/b2/
b206662a/

Experimental
All manipulations were carried out in a dry nitrogen atmos-
phere using Schlenk techniques or a glove box. Waterfree MII-
(acac)2 (M = Co, Ni) was obtained by sublimation of MII-
(acac)2�xH2O (Aldrich Chemical Company Inc.) at 110–145 �C
and 1 mmHg. Waterfree Zn(acac)2 was obtained by reflux-
ing Zn(acac)2�xH2O (Aldrich Chemical Company Inc.) with
dry toluene with subsequent evaporation, repeated twice.
Mg(acac)2 was prepared by refluxing magnesium metal with
acetylacetone. The slurry and solvent were transferred to a new
flask, the solvent was removed by decantation and the crystals
were washed with boiling toluene and evaporated to dryness,
repeated twice. Ta(OiPr)5 and Nb(OiPr)5 were prepared by
anodic oxidation of the metal in isopropanol and purified
according to conventional techniques.7,8 Ti(OiPr)4 was pur-
chased from Aldrich and distilled prior to use. Al(OiPr)3 was
obtained by reaction of aluminium foil with isopropanol and
purified by recrystallization from toluene. Isopropanol (Merck,
p.a.) was purified by distillation over Al(OiPr)3 and hexane and
toluene (Merck, p.a.) by distillation over LiAlH4. The metal
ratio in the bimetallic complexes was determined, exploiting the
facilities of the Arrhenius Laboratory, Stockholm University,
Sweden, on a JEOL-820 scanning electron microscope (SEM),
supplied with a Link AN-10000 energy dispersive spectrometer
(EDS). Mass-spectra were recorded using a JEOL JMS-SX/SX-
102A mass-spectrometer applying electron beam ionization
(U = 70 eV) with direct probe introduction. UV-Vis spectra
were registered for 0.025–0.05 M solutions in toluene using a
Hitachi U-2001 spectrophotometer. IR spectra of Nujol
mulls were registered with a Perkin-Elmer FT-IR spectrometer
1720 X. 1H NMR spectra were recorded for the CDCl3 solu-
tions on a Bruker 400 MHz spectrometer. The results of micro-
analysis (C, H) were obtained for all the reported compounds in
the Laboratory of Organic Microanalysis of the Moscow StateD
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University, Russia and Mikrokemi AB, Uppsala, Sweden using
the combustion technique.

Synthesis and isolation of the products obtained

Interaction of Co(acac)2 with 2 eq. of Ti(OiPr)4. Co(acac)2

(0.379 g, 1.45 mmol) and Ti(OiPr)4 (1.040 g, 3.36 mmol) were
dissolved in 4 ml of hexane and refluxed for half an hour. The
purple solution obtained was left to crystallize overnight at
4 �C. The precipitate, purple platelet crystals, was isolated by
decantation and dried in vacuo. Yield 0.56 g (77%).

[Co2Ti2(acac)2(OiPr)10] 1. IR/cm�1: 1721w, 1592s, 1521s,
1329m, 1274m, 1163s, 1128s, 1014s, 956s, 850m, 831w, 769w,
687w, 657w, 619m, 545w, 462m. UV-Vis, λ/nm (ε/dm3 mol�1

cm�1): 500 (86), 565 (117). MS, m/z [I (%), interpretation]: 305
[16.1, Ti(acac)2(O

iPr)�], 283 [1.8, Ti(OiPr)3(OC3H6)
�], 269 [49.5,

Ti(OiPr)3(OC2H4)
�], 265 [19.3, Ti(acac)(OiPr)2

�], 263 [12.5,
Ti(acac)2(OH)�], 257 [100, Co(acac)2

�], 242 [100, Ti(OiPr)3-
(OH)� and Co(acac)(CH3COCHCO)�], 225 [15.7, Ti(OiPr)3

�],
181 [14.2, Ti(acac)(OH)2

�], 163 [13.1, TiO(acac)�], 158 [100,
Co(acac)�], 143 [17.1, Co(CH3COCHCO)�].

The supernatant was slowly evaporated in vacuo. The residue
was found to contain both purple platelet crystals with Co : Ti =
1 : 1 and also prismatic colorless crystals containing only Ti as
metal (by SEM-EDS). Investigation of single crystals of the
latter showed unit cell parameters identical to those earlier
described for Ti2(O

iPr)6(acac)2 
9 thus testifying the formation of

the latter as byproduct.

Solvolysis of [Co2Ti2(acac)2(O
iPr)10] (1) in iPrOH. A portion

of 1 (0.191 g, 0.19 mmol) was dissolved at room temperature in
2 ml iPrOH giving a bluish violet solution which was left to
crystallize at �30 �C for a week. The pink prismatic crystals
obtained were isolated by decantation and dried in vacuo. Yield
0.028 g (46%).

[Co2(acac)4(
iPrOH)2] 2. IR/cm�1: 3402s br, 1655m sharp,

1596s, 1521s, 1307w, 1259m, 1200m, 1160s, 1133s, 1018s, 950s,
931s, 855w, 812w, 768m, 665m, 621m, 570m, 463w, 420m.
UV-Vis, λ/nm (ε/dm3 mol�1 cm�1): 470 (74), 490 (76), 510 (72),
575 (54).

Interaction of Co(acac)2 with 3 eq. of Ta(OiPr)5. Co(acac)2

(0.118 g, 0.46 mmol) and Ta(OiPr)5 (0.652 g, 1.37 mmol) were
dissolved in 2 ml of toluene and refluxed for half an hour. The
purple solution obtained was left under a septum at �30 �C for
two months. The slow diffusion of toluene through the septum
led to the almost complete evaporation of the solution leaving a
mixture of purple platelets and colorless blocks. The crystals
were dried in vacuo and separated by hand under the micro-
scope. No exact yield could be established, but an almost
quantitative transformation could be observed.

[Co2Ta2(OiPr)14] 3 (purple platelets). IR/cm�1: 1159s, 1128s,
1003s, 840m, 820m, 789sh, 575s, 462m, 423m. UV-Vis, λ/nm
(ε/dm3 mol�1 cm�1): 540 (67), 590 (61).

[Ta(acac)(OiPr)4] (colorless blocks). IR/cm�1: 1595m,
1525m, 1459s, 1373s, 1330m, 1284w, 1159s, 1128s, 1003s, 980s,
952s, 863sh, 836m, 817s, 781sh, 727w, 692w, 657w, 571s, 458m,
419m. MS, m/z [I (%), interpretation]: 457 [92.1, Ta(OiPr)3-
(acac)�], 417 [28.0, Ta(OiPr)4

�], 355 [15.4, TaO(OiPr)(acac)�],
313 [43.6, TaO(OH)(acac)�], 249 [12.8, Ta(OH)4

�].

Interaction of Ni(acac)2 with 4 eq. of Nb(OiPr)5. Ni(acac)2

(0.417 g, 1.63 mmol) and Nb(OiPr)5 (2.679 g, 6.90 mmol) were
dissolved in 5 ml of toluene and refluxed for half an hour. The
resulting bluish violet solution was left to crystallize for 3 weeks
at �30 �C. The needle-shaped bluish violet crystals obtained
were separated by filtration and dried in vacuo. Yield 1.191 g
(68%).

[NiNb2(OiPr)12] 4. IR/cm�1: 1161s, 1128s, 1003s, 843m,
816m, 754w, 583s, 462m, 431sh. UV-Vis, λ/nm (ε/dm3 mol�1

cm�1): 440 (285), 530 (154), 585 (136), 765 (49). MS, m/z [I (%),
interpretation]: 329 [100, Nb(OiPr)4

�].

Interaction of Co(acac)2 with 2 eq. of Al(OiPr)3. Co(acac)2

(0.287 g, 1.11 mmol) and Al(OiPr)3 (0.445 g, 2.18 mmol) were
dissolved in 2 ml of toluene and heated to reflux (with complete
dissolution of the aluminium alkoxide). The pinkish purple
solution obtained was left to crystallize overnight at �30 �C.
No formation of the solid phase could be observed. It was then
evaporated to dryness and the residue was redissolved in 2.5 ml
hexane on heating. The resulting solution was left to crystallize
overnight at �4 �C. The purple cubo-octahedral crystals were
separated by decantation and dried in vacuo. Yield 0.314 g [38%
based on Co(acac)2].

Interaction of MII(acac)2 (MII � Co, Ni, Mg) with 2 eq. of
Al(OiPr)3 and 2 eq. Hacac. In a typical procedure MII(acac)2

(∼0.4 g) and Al(OiPr)3 (∼1.0 g), MII : Al = 1 : 2, were dissolved in
toluene, refluxed for 10 min, and then cooled to �4 �C in the
refrigerator (2 h). 2 eq. of acetylacetone were then added drop-
wise by syringe with vigorous stirring. The reaction mixture was
slowly evaporated in vacuo leaving (by microscopic observation)
exclusively the cubo-octahedral crystals of the corresponding
[MIIAl2(acac)4(O

iPr)4].
[CoAl2(acac)4(OiPr)4] 5. IR/cm�1: 1599s, 1404m, 1377s,

1358m, 1283m, 1182w, 1167w, 1132s, 1027m, 968s, 929m, 832m,
766m, 680w, 634m, 599w, 575w, 493s, 474s. UV-Vis, λ/nm
(ε/dm3 mol�1 cm�1): 500 (116), 550 (180). MS, m/z [I (%), inter-
pretation]: 757 [2.0, Al4(O

iPr)11
�], 721 [0.8, Al4(OH)(OiPr)10

�],
655 [3.9, Al4O(OiPr)9

�], 553 [8.6, Al3(O
iPr)8

�], 257 [30.9,
Co(acac)2

�], 242 [40.8, Al(acac)2(OH)�], 229 [100, Al(acac)-
(OiPr)(OC2H4)

�], 225 [86.7, Al(acac)2
�], 171 [43.5, Al(acac)-

(OC2H5)
�], 158 [83.4, Co(acac)�], 141 [91.8, AlO(CH3COCH-

COCH2)
�], 127 [87.7, AlH(acac)�], 126 [40.1, Al(acac)�].

[NiAl2(acac)4(OiPr)4] 6. IR/cm�1: 1599s, 1402m, 1380s,
1284m, 1185w, 1163w, 1134s, 1028m, 967s, 930m, 831m, 767m,
678w, 600w, 575w, 495s, 475s. UV-Vis, λ/nm (ε/dm3 mol�1

cm�1): 410 (195), 530 (122), 580 (102), 750 (41). MS, m/z [I (%),
interpretation]: 757 [36.1, Al4(O

iPr)11
�], 655 [48.8, Al4O-

(OiPr)9
�], 553 [75.2, Al3(O

iPr)8
�], 256 [23.1, Ni(acac)2

�], 242
[22.3, Al(acac)2(OH)�], 229 [72.6, Al(acac)(OiPr)(OC2H4)

�],
225 [61.0, Al(acac)2

�], 171 [30.4, Al(acac)(OC2H5)
�], 157 [16.2,

Ni(acac)�], 141 [44.5, AlO(CH3COCHCOCH2)
�], 127 [27.7,

AlH(acac)�], 126 [13.0, Al(acac)�].
[MgAl2(acac)4(OiPr)4] 7. IR/cm�1: 1615sh, 1599s br, 1529s,

1288s, 1186w, 1159m, 1136s, 1023s, 976s, 933s, 828m, 770s,
676w, 657w, 622m, 591m, 575sh, 548w, 505s, 482s, 419m. 1H
NMR, ppm: 5.36 (singlet, 4H, CH, acac), 3.82 (septet, 4H, CH,
iPr), 1.94 (singlet, 12H, CH3, acac), 1.86 (singlet, 12H, CH3,
acac), 1.28 (doublet, 6H, CH3, 

iPr), 1.26 (doublet, 6H, CH3,
iPr), 1.11 (doublet, 6H, CH3, 

iPr), 1.09 (doublet, 6H, CH3, 
iPr).

Solvolysis of [NiAl2(acac)4(O
iPr)4] (6) in iPrOH. A portion of

6 (0.091 g, 0.12 mmol) was dissolved in 1.0 ml toluene and then
1.0 ml of isopropanol was added to the solution obtained. The
initially bluish violet solution changed color first to brown and
then to greenish brown. It was then left to crystallize under a
septum at �30 �C for one month in a freezer. A small crop of
bright green prismatic crystals was collected and identified to be
an isopropanol solvate of nickel acetylacetonate (compound 9)
by a single crystal X-ray study.

[Ni2(acac)4(
iPrOH)2] 9. 3460sh, 3281s br, 1599s, 1377s,

1315w, 1287w, 1256s, 1194m, 1163m, 1128s, 1019s, 945s, 926s,
859w, 832w, 817w, 774s, 762s, 676m br, 657sh, 614w, 579s,
486m, 416s. UV-Vis, λ/nm (ε/dm3 mol�1 cm�1): 530 (10), 645
(18), 745 (12).

Solvolysis of [MgAl2(acac)4(O
iPr)4] (7) in toluene. A portion

of 7 (0.814 g, 1.15 mmol) was dissolved in 2 ml toluene
and refluxed for 1 h. It was then left to crystallize overnight at
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�30 �C. The needle-shaped crystals formed were separated by
decantation and dried in vacuo, and the volume of the parent
solution was reduced then to about 1 ml and it was again left
to crystallize overnight. The crop of needle-shaped crystals
formed was again separated by decantation, dried in vacuo and
joined with the product obtained on the first crystallization.
This product was identified to be Al(acac)3

10 by its IR, 1H
NMR spectra and the single crystal parameters determined for
four randomly chosen crystals. Yield 0.467 g (94%).

Interaction of Zn(acac)2 with 2 eq. of Al(OiPr)3 and 2 eq.
Hacac. Zn(acac)2 (0.332 g, 1.26 mmol) and Al(OiPr)3 (0.514 g,
2.52 mmol) were dissolved in 3 ml of toluene and warmed to
reflux (with complete dissolution of the aluminium alkoxide).
The colorless solution thus obtained was cooled to �4 �C in the
refrigerator (2 h) and then acetylacetone (0.25 ml, ≈2.5 mmol)
was added dropwise by syringe with vigorous stirring. No
visible changes occurred with the solution. The solution was
diluted with 1.5 ml of hexane and left overnight at �30 �C for
crystallization. The thin platelet crystals formed were separated
by filtration and dried in vacuo. Yield 0.338 g (73%).

[Zn2Al2(acac)4(OiPr)6] 8. IR/cm�1: 1614sh, 1603s, 1529s,
1288m, 1190m, 1167s, 1136s, 1085w, 1027s, 1011sh, 972s, 933s,
828m, 770s, 731m, 700w, 684w, 657w, 630m, 583s, 490s, 478s,
435w, 416w. 1H NMR, ppm: 5.36 (singlet, 4H, CH, acac), 4.21
(septet, 2H, CH, iPr), 3.92 (septet, 4H, CH, iPr), 1.95 (singlet,
12H, CH3, acac), 1.89 (singlet, 12H, CH3, acac), 1.31 (doublet,
12H, CH3, 

iPr), 1.24 (12H, CH3, 
iPr), 1.12 (doublet, 6H, CH3,

iPr), 1.04 (doublet, 6H, CH3, 
iPr).

Preparative sublimation of [CoAl2(acac)4(O
iPr)4] (5). A por-

tion of 5 (0.116 g) was placed in a 150 mm long Schlenk tube,
12 mm in diameter, and heated slowly to 160 �C with the help of
a poly(ethyleneglycol) bath on continuous evacuation to 10�2

mmHg (35 mm of the total length of the tube were placed into
the liquid). The pinkish violet sample melted at 116–118 �C and
the drops of light pinkish liquid started to condense on the part
of the tube not dipped into the bath. On subsequent heating to
140–150 �C in the upper part of the condensate there was
observed the formation of round aggregates of platelet crystals.
The residue on the bottom had darkened and solidified and the
experiment was stopped. The determination of the unit cell
parameters for the platelet crystals that were colorless under the
microscope showed them to be Al(acac)3. The liquid condensate
did not solidify at the room temperature for several hours and
in ∼24 h became a glassy solid. Its IR spectrum did not differ
significantly from that of 5 in the position of the bands, but the
band corresponding to the presence of acetylacetonate ligands
(1599 cm�1) was at a noticeably higher relative intensity, indi-
cating the higher content of this ligand in the product of
sublimation.

Crystallography

The data collection for all the single crystals of compounds
studied was carried out at 22 �C (for details see Table 1). All the
structures were solved by direct methods. The coordinates of
the metal atoms were obtained from the initial solutions and for
all other non-hydrogen atoms found in subsequent difference
Fourier syntheses. The structures were refined by least-squares
first in isotropic and then in anisotropic approximations [except
for: two pairs of methyl groups, defined by the methyne atoms
C(30) and C(40) which were disordered because of the thermal
motion in 1; the structure of 3, where the rotational disorder
and a too low data-to-parameter ratio precluded the aniso-
tropic refinement of the carbon atoms and compound 4, where
the orientational disorder precluded the successful carrying out
of this step for the carbon atoms, due to the proximity of posi-
tions with partial population and a too low data-to-parameter
ratio. The population of the alternative positions in 4 was
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refined independently on the supposition of the total popu-
lation being unity. No anisotropic refinement has been made for
the central two bridging alkoxide groups, disordered between
two symmetrically dependent positions. The population of
½ for each orientation was in this case imposed by the sym-
metry operation. The disorder of the carbon atoms precluded
the possibility to calculate geometrically the hydrogen atom
positions in this structure]. The coordinates of the hydrogen
atoms were calculated geometrically and were included into the
final refinement in isotropic approximation for all the com-
pounds (except for 4). All calculations were performed using
the SHELXTL-NT program package 11 on an IBM PC.

CCDC reference numbers 168879 and 168880 for com-
pounds 1 and 2 and 189538–189544 for compounds 3–9,
respectively.

See http://www.rsc.org/suppdata/dt/b2/b206662a/ for crystal-
lographic data in CIF or other electronic format.

Results and discussion

Reaction pathways

Heterometallic species with M : M� � 1 : 1. The data on the
molecular structures of the heterometallic complexes of
divalent metals in combination with the early transition metals,
such as titanium(), zirconium(), niobium(), tantalum()
and molybdenum() derivatives of primary alcohols indi-
cated that the complexes of 1 : 1 composition most often
displayed structures belonging to the so called titanium
methoxide, Ti4(OMe)16,

12 or simply M4X16-type, where four
edge-sharing octahedra are combined in a fragment of a CdI2-
type layer, the metal atoms being arranged in a planar rhom-
bus.13,14 Formation of the heteroleptic β-diketonato-alkoxide
heterometallic species of this type has been observed on reac-
tions of Co(acac)2 with Zr(OnPr)4 giving Co2Zr2(acac)2-
(OnPr)10,

15 Ba(thd)2 with Ti(OEt)4 giving Ba2Ti2(thd)4(OEt)8-
(EtOH)2,

16 and also MII(acac)2 (MII = Co, Ni, Mg, Zn) with
niobium and tantalum methoxides giving MIIM2

V(acac)2-
(OMe)12,

5 and Co and Ni acetylacetonates with MoO(OMe)4

giving M2
IIMo2O2(acac)2(OMe)10.

17 It was interesting to
investigate whether the interaction of divalent metal acetyl-
acetonates with metal alkoxides—derivatives of secondary
alcohols, like isopropanol—follows the same pattern.

The large size of the isopropoxo-ligand was intended to
enforce a 1 : 2 stoichiometry on the reaction according to
eqn. (1) (Scheme 1) opening up the possibility for the partial

removal of bidentate acetylacetonate ligands to permit the
reduction of the total number of donor atoms [in analogy with
the reaction pathway observed for the interaction of MII(acac)2

with MV(OMe)5].
5 We expected in this case the formation of an

analog of the Co2Zr2(acac)2(O
nPr)10

15 compound, where the
M4X16-type structure is conserved, but the number of donor
atoms is reduced due to pentacoordination of the cobalt atoms.
The investigation of the nature of the reaction products con-
firmed that the reaction followed eqn. (1), but the molecular
structure of the heterometallic species obtained turned out to
belong to a different, linear chain-structure type: M2M�2X14.

Scheme 1

This result appeared reasonable, taking into account that a con-
siderable number of heterometallic isopropoxides, for example
BaNb2(O

iPr)12(
iPrOH)2 or LaNb2(O

iPr)13,
8 display chain-like

molecular structures.
Obtaining heterometallic species with a chain-like molecular

structure opens up the prospect for the preparation of deriv-
atives of early transition metals other than titanium with the
same type of molecular structure using the interaction of acetyl-
acetonates with their isopropoxides. It was then evident that
the structure of the M2M2�X14-type should be a homoleptic
alkoxide complex for M = MII, and M� = MV (14 = 2 × 2 � 5 × 2,
i.e. number of donor atoms is equal to the sum of the formal
charges—no bidentate ligands necessary). At the same time, for
the methoxide derivatives, it has been found that the action of
MV(OR)5 results in removal of an acac-ligand in the form of
MV(acac)(OR)4. This opened up the possibility to approach the
M2M2�(O

iPr)14 type complexes using eqn. (2), Scheme 1 (react-
ant ratio—MII : MV = 1 : 3), which was realized for the cobalt–
tantalum derivative.

An analogous calculation showed that the M2M2�X14 com-
position for the derivatives of the divalent metals and alu-
minium [14 = 2 × 2 × 2(from acac) � 2 × 3(from OiPr)] can be
achieved by reaction of their acetylacetonates and aluminium
isopropoxide in a 1 : 1 ratio, see eqn. (3), Scheme 1 ‡

Heterometallic species with M : M� � 1 : 2. The species of the
M2M2�X14-type were built up of two tetrahedral blocks for the
divalent metal atoms at the center and two octahedral blocks at
the periphery. The question raised at this point was: Why not
the linear chain structure with only one tetrahedral unit in the
center for the titanium derivative and can such a structure be
obtained for the niobium and tantalum derivatives? We applied
then one more equivalent of 3MV(OiPr)5 [reactant ratio 1 : 4,
eqn. (4), Scheme 2], which permitted us to obtain a nickel–

niobium derivative with the molecular structure of the
MM2�X12-type. The formation of a representative of this struc-
ture type did not occur in the case of titanium isopropoxide
supposedly due to its relative weakness as a Lewis acid, a
stronger donor unit consisting of two tetrahedra being neces-
sary in this case. It should be mentioned that the same reason
lies supposedly behind the inability of titanium isopropoxide to
affect the poorly soluble magnesium acetylacetonate (remain-
ing unchanged in its presence even on prolonged reflux).

The success achieved in the preparation of the [NiNb2-
(OiPr)12] (4) has drawn our attention to the synthesis of the
bimetallic derivatives of divalent metals and aluminium, being
of interest in connection with the preparation of spinel coat-
ings.18 We have first simply analyzed the interaction of the
cobalt acetylacetonate and aluminium alkoxide in a 1 : 2 ratio
and have found that this reaction is associated with the ligand

Scheme 2

‡ The synthesis and structural investigation of Co2Al2(acac)4(O
iPr)6 has

been carried out and reported by our group 19 since the submission of
this paper for publication.
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redistribution according to eqn. (5), Scheme 2. It was then clear
that the system, even in this case, had a trend towards formation
of the complexes of the MM2�X12 structure type, but needed
additional donor atoms to be provided. The latter was achieved
by the addition of two equivalents of acetylacetone per divalent
metal derivative and gave the quantitative yields of the corre-
sponding acetylacetonato-alkoxides [eqn. (6), Scheme 2] except
for zinc, where only the tetranuclear [Zn2Al2(acac)4(O

iPr)6] (8)
could be isolated. The observed trend to formation of a
M2M�2X14 type structure can in this case be explained by much
smaller difference in Lewis acidity and basicity between zinc
and aluminium compounds compared to those of the com-
pounds of the other divalent metals used.

Solvolysis of isopropoxo-acetylacetonate complexes. Solvoly-
sis by alcohol. An attempt at recrystallization of compound 1
from iPrOH was found to produce cobalt acetylacetonate
solvate with isopropanol, [Co(acac)2(

iPrOH)]2, 2, as the only
crystalline isolable product, thus confirming the earlier general
observation that polar, protic solvents such as alcohols often
destroy the heterometallic alkoxide complexes derived from two
metals which have only a small difference in Lewis acid–base
properties.5 The same kind decomposition could even be
observed for the acetylacetonato-isopropoxoaluminates in the
presence of the parent alcohol [eqns. (9) and (10), Scheme 3].

The UV-Vis spectral study of the solutions of 6 in the toluene :
isopropanol (1 : 1) mixture has shown very distinct and easily
observable color changes from bluish violet to brownish green
and then bright green, corresponding to the coordination
changes for nickel atoms from tetrahedral to octahedral. The
isolation of the nickel acetylacetonate solvate from this mixture
indicates that the solvolysis occurs with complete decom-
position of the heterometallic species. The isopropanol solvates
of cobalt and nickel acetylacetonates were found to be the only
isolable crystalline products on reaction of the corresponding
M(acac)2 with metal isopropoxides in the presence of iPrOH.

The decomposition of heterometallic species on addition of
Lewis bases was earlier observed for the alkoxide β-diketonates
both for the late transition metals in combination with niobium
and tantalum 5 and for yttrium–barium and barium–copper
derivatives.20

Solution thermolysis of acetylacetonato-isopropoxoaluminates
in inert solvents. 1H NMR study of the transformation of the
[MgAl2(acac)4(O

iPr)4] (7) solution in an inert solvent on heating
has shown very clearly its rather quick decomposition at 50 �C
with formation of Al(acac)3 and a new complex with the 2 : 1
intensity ratio for the alkoxide functions, corresponding sup-
posedly to the formation of a magnesium analog of complex 8
[eqn. (7), Scheme 3]. Complex 8 itself turned out to be much
more stable, but also decomposed slowly with the formation of
Al(acac)3. These data indicated that heating of the solutions
should be avoided in the application of compounds 5–7 for the
preparation of spinel materials. At the same time, the quite low
solubility of the aluminium acetylacetonate in toluene com-
pared to that of the bimetallic isopropoxides of the divalent
metals (which is practically unlimited), permits the supposition
that the isopropoxoaluminate derivatives may be obtained by
the reaction of metal acetylacetonates with aluminium iso-
propoxide on prolonged reflux. This supposition is indirectly

Scheme 3

confirmed by the possibility of almost quantitative separation
of Al(acac)3 from the products of the prolonged reflux of 5 in
toluene.

Behavior of the acetylacetonato-isopropoxides of divalent metals
on evaporation

Being interested in the possibility to purify the samples of
alkoxide acetylacetonates by sublimation described in the liter-
ature 6 for 6, we have studied the electron ionization mass-spec-
tra of compounds 1, 5 and 6, hoping to find the heterometallic
species to be present in the gas phase. Unfortunately, the mass-
spectra have provided proof for decomposition of the com-
plexes, the fragments corresponding to fragmentation of the
homometallic acetylacetonates of the divalent metals being the
only species containing these metal atoms. Another factor indi-
cating the decomposition on evaporation, and not under ioniza-
tion by the electron beam in the gas phase, was the total ratio of
intensities of the peaks containing the divalent metal atoms and
those containing aluminium: in all the cases it was lower than
1 : 3, while a ratio of 1 : 2 would be required if the evaporation
occurred without decomposition. The preparative study of the
sublimation of 5 revealed the formation of crystalline Al(acac)3

as one of the major products of this process, confirming the
results of the mass-spectral studies. No fragments at all contain-
ing the late transition metal atom were found in the mass-spec-
trum of the homoleptic alkoxide compound 4, indicating the
decomposition to be the major process under thermal treatment
in vacuo even in this case. This permits us to conclude that the
alkoxide complexes of late transition metals in general cannot
be purified by sublimation in contradiction to the data
presented in ref. 6.

Crystal and molecular structures

The centrosymmetric linear molecular structure of compound 1
(see Fig. 1 and Table TS2, ESI) contains in its center a pair of

Co(OiPr)4 tetrahedra sharing a common edge. Two Ti(OiPr)4-
(acac) octahedra are attached to the opposite (OR)2-edges of
this pair, all alkoxide groups at the cobalt atoms being thus
bridging ones. The tetrahedral arrangement of ligands around
the Co atoms is slightly distorted: the bridges between two
cobalt atoms are practically symmetric [Co(1)–O(6) 1.923(9),
Co(1)–O(6)#1 1.933(9) Å], while the bridges between the cobalt
and titanium atoms differ more from each other in length and
are both longer than the Co–O(R)–Co ones [Co(1)–O(7)
1.946(10), Co(1)–O(1) 1.959(10) Å]. The tetrahedral arrange-
ment around the cobalt is rather strongly linearly distorted with
only 77.7(4)–80.0(4)� angles between the neighboring oxygen
atoms. All the observed Co–O distances are very close to the
Co–µ-OPr bond lengths earlier discovered in Zr2Co4(µ6-O)-
(µ-OC3H7)8(OC3H7)2(acac)4

3 and Zr3Fe(µ4-O)(µ-OC3H7)6-
(OC3H7)4(acac)3

4 [1.930(6), 1.935(5) Å]. The octahedral
arrangement for the titanium atoms is rather severely distorted:
the Ti–O distances for the terminal alkoxide ligands are much
shorter [Ti(1)–O(5) 1.773(9), Ti(1)–O(2) 1.773(11) Å] than both

Fig. 1 Molecular structure of [Co2Ti2(acac)2(O
iPr)10] (1).
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the Ti–µ-OR ones [Ti(1)–O(7) 1.945(10), Ti(1)–O(1) 2.012(9) Å]
and those to the oxygen atoms of acetylacetonate ligand [Ti(1)–
O(3) 2.024(11), Ti(1)–O(4) 2.088(10) Å]. The observed Ti–O
bond lengths are, in fact, practically coinciding with those in
the structure of Ti2(acac)2(µ-OiPr)2(O

iPr)2, also containing the
Ti(OiPr)4(acac) fragments with analogous structural functions.9

The centrosymmetric molecular structures of the structurally
analogous compounds 2 and 9 (see Fig. 2 and Tables TS3 and

TS9 respectively) contain two [MII(µ,η2-acac)(acac)(iPrOH)]
[MII = Co (2), Ni (9)] octahedra, sharing a common edge (both
MII-atoms and the µ,η2-acac-groups lying in the equatorial
plane). The found MII–O bond lengths fall into the usually
observed ranges for the ligands involved.3–5

The centrosymmetric molecular structure of compound 3
(Fig. 3, Table TS4) is surprisingly close in appearance to that of

compound 1: the cobalt atoms are tetrahedrally coordinated,
the two terahedra sharing a common edge with each other and
the opposite edges with two Ta(OiPr)6-octahedra (the difference
with 1 given by the presence of two isopropoxide ligands
instead of an acetylacetonate one). The same kind of dis-
tortion of the Co(OiPr)4-tetrahedra occurs with a bit more
asymmetric and shorter bridges between the Co-atoms [Co(1)–
O(6A) 1.911(19), Co(1)–O(6) 1.943(17) Å] and in contrast more
symmetric and a bit longer bridges between the cobalt and the
tantalum atoms [Co(1)–O(1) 1.946(17) and Co(1)–O(2) 1.95(2)
Å]. The tantalum–oxygen bond lengths are noticeably longer
for the bridging ligands [1.95(2)–1.97(2) Å], compared to the
terminal ones and fall into the range usually observed for the
tantalum isopropoxides.7

The centrosymmetric crystal structure of compound 4 (Fig. 4,
Table TS5) originates from the combination of two non-centro-
symmetric NiNb2(O

iPr)12-molecules with the common nickel
and niobium atoms and the two arrangements of the alkoxide
ligands (with equal probability) turned nearly exactly 90� with

Fig. 2 Molecular structure of [Co2(acac)4(
iPrOH)2] (2).

Fig. 3 Molecular structure of [Co2Ta2(O
iPr)14] (3).

respect to one another. The Ni(OiPr)4-tetrahedra are rather
strongly linearly distorted with only a 78.6(6)–78.8(6)� angle
between the two pairs of neighboring oxygen atoms. The
nickel–oxygen bond lengths [1.889(15)–1.947(13) Å] are very
close to those observed for the analogous cobalt-containing
tetrahedra in 1 and 3. The bond lengths and angles inside the
Nb(OiPr)6-octahedra fall into the ranges observed usually for
the niobium isopropoxides.8

The centrosymmetric crystal structure of compound 5 (Fig. 5,

Table TS6) is built up of the non-centrosymmetric CoAl2(acac)4-
(OiPr)4 molecules containing a linearly distorted Co(OiPr)4

tetrahedron in the center and two symmetrically identical
Al(acac)2(O

iPr)2 octahedra turned 90� with respect to one
another. The bond lengths and angles inside the cobalt-based
tetrahedra are very close to those in 1 and 3 described above.
The aluminium-based octahedra are rather symmetric with the
almost orthogonal arrangement of the metal–oxygen bonds
and bond lengths and angles very close to those observed in the
related homometallic complex Al2(O

iPr)2(Et2acac)4.
10

The centrosymmetric crystal structure of the compound 7
(Fig. 6, Table TS7, compound 6 has an analogous structure, but
the details of its structural study will be reported separately
together with spinel thin film elaboration and characteriz-

Fig. 4 Molecular structure of [NiNb2(O
iPr)12] (4).

Fig. 5 Molecular structure of [CoAl2(acac)4(O
iPr)4] (5).

Fig. 6 Molecular structure of [MgAl2(acac)4(O
iPr)4] (7).
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ation) 21 is built up of the non-centrosymmetric MgAl2(acac)4-
(OiPr)4 molecules closely analogous those of compound 5. The
only difference lies in the slightly higher symmetry realized for
this molecule, so that there is present only one symmetrically
independent magnesium–oxygen bond Mg(1)–O(3) 1.935(2) Å,
and only one symmetrically independent acetyacetonate ligand
with almost symmetric attachment to the aluminium atom
[Al(1)–O(1) 1.996(3) and Al(1)–O(2) 1.900(3) Å].

The centrosymmetric molecular structure of compound 8
(Fig. 7, Table TS8) is in its turn an analog of the structures of 1

and 3. Its central part is composed of two edge-sharing linearly
distorted Zn(OiPr)4-tetrahedra and the peripheral ones—by the
Al(acac)2(O

iPr)2 octahedra. The Zn–O bond lengths are quite
logically slightly longer than the Co–O and Ni–O ones
[1.946(5)–1.960(6) Å] and in good agreement with those
observed in the structures of Zn(µ-OCEt3)2[N(SiMe3)2]2

22 and
I2Zn2Ta4O4(O

iPr)14.
23 The geometry of the aluminium-based

fragment is identical to those described above for compounds 5
and 7.

Conclusions
The data presented in this work together with analysis of data
in the literature permit the formulation of a number of general
considerations concerning the formation and stability of the
heterometallic alkoxide complexes: (1) The formation of the
heterometallic alkoxide complexes appears, in the majority of
cases, to be a thermodynamically controlled process, resulting
in formation of species displaying molecular structures belong-
ing to a relatively small number of structural types as has
already been suggested in refs. 13 and 24. This opens up
the prospect of relatively simple design for novel alkoxide
complexes via choice of ligands with the proper number of
donor atoms (and proper steric requirements) to fit a chosen
model. Detailed explanation of this Molecular Structure Design
Concept is provided in ref. 25. (2) Application of solvents able
to act as Lewis bases should be avoided in the synthesis and the
heterometallic precursors should have similar Lewis acidities.
(3) The lability of the heterometallic alkoxide complexes
(especially the heteroleptic ones), which is rather high in gener-
al, can easily lead to different reaction products at differ-
ent temperatures, because of the easy redistribution of ligands
in these species in solution. (4) Sublimation or distillation
of the heterometallic compounds leads very often to their

Fig. 7 Molecular structure of [Zn2Al2(acac)4(O
iPr)6] (8).

decomposition due to very strong differences in volatility for
the possible homometallic products. Data on the possibility
of distillation for the heterometallic derivatives of the late
transition metals published so far 6 were found to be erroneous.
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